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ABSTRACT

This report describes the development of a low-order, linear model of
the Experimental Breeder Reactor II (EBR-II), including the primary
system, intermediate heat exchanger, and steam generator subsystems.
The linear model is developed to represent full-power steady state
dynamics for low-level perturbations. Transient simulations are
performed using model building and simulation capabilities of the
computer software Matrixy.” The inherently safe characteristics of the
EBR-II are verified through the simulation studies. The results
presented in this report also indicate an agreement between the linear
model and the actual dynamics of the plant for several transients. Such
models play a major role in the learning and in the improvement of
nuclear reactor dynamics for control and signal validation studies.

This research and development is sponsored by the Advanced Controls
Program in the Instrumentation and Controls Division of the Oak Ridge
National Laboratory.

*Matrixy, Version 5.0, ©1985 by Integrated Systems, Inc
Santa Clara, California.
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1. INTRODUCTION

1.1 PURPOSE OF RESEARCH

The development of advanced liquid metal reactor technology involves
research activities in various fields such as safety, controls, signal
processing, and reliability, in which dynamic modeling plays a major
role and is a useful tool for system engineers. New design ideas can be
developed and simulated using dynamic models which are most likely to
represent a certain mode of operation of interest. The focus in this
study has been on developing a low-order, linear model of the
Experimental Breeder Reactor II (EBR-1I) representing the full-power
steady state operation of the plant.

The EBR-II is a liquid metal fast breeder reactor built during the early
1960s as an engineering test facility in which the inherent capability
of sodium-cooled fast reactors to sustain unprotected loss-of-coolant
accidents was demonstrated successfully. The EBR-II tests and
demonstrations, which are highly important in the development of future
advanced reactors, have been studied extensively in the past using
nonlinear large-scale models of the plant. Besides studying the safety
aspects, recent research projects have included advanced controls and
signal validation issues in which most of the known methods use linear
modeling. Thus, an important motivation for developing a low-order,
linear EBR-II model has been to provide the necessary mathematical
testing environment for applications in which linear techniques are
widely used.

Although the linear models cannot represent the entire physics of a
plant, they can provide efficient predictions of certain tramsients. It
is well known that large-scale systems such as nuclear power plants tend
to behave in a linear fashion for low-level perturbations around steady
state operation; therefore, the linear models are expected to provide
close predictions of such transients. Another important point is that
linear modeling enables us to classify the subsystems of a plant in
terms of the degree of their linearity with respect to other subsystems.
Using such information, large-scale nonlinear models can be simplified
within some reasonable limits of computational accuracy. We assume that
a low-order, linear EBR-II model will be adequate in simplifying some
models, including the entire nonlinear representation of actual plant
dynamics. :

The general trend towards low-order modeling, at the developmental stage
or through model reduction techniques, is in order to reduce computation
costs and provide efficient real-time applications. Commercial software
aims at satisfying the criteria stated above. One of the latest
developments is the simulation and control software, Matrixy, which
includes several integration algorithms as well as some model reduction
techniques. It also provides model building structure for handling
large-scale system models. The EBR-II model described in this report is
simulated and partially constructed using Matrixy.



Evaluation of this software through the applications of this work was
one of the goals.

1.2 RECOGNITION OF SIMILAR WORK

The concept of advanced IMR design based upon the expected fuel cycle
economy and the inherently safe features has been investigated based on
the pioneering prototypes such as the Fast Flux Test Facility (FFTF) and
EBR-I1. There have been many studies since then, mainly including the
safety tests and their predictions using generic computer codes. EBR-
IT data from several instrumented assemblies were used in the validation
of codes NATDEMO, DSNP, COBRA-WC, FORE-2M, COMMIX-1A, SASSYS, SSC,
MINET, and CORA.! These successful efforts include detailed transient
analyses of large perturbations as in the Shutdown Heat Removal Test
(SHRT) program at EBR-II.

One of the first examples of low-order modeling of nuclear plants was
developed by Kerlin? entitled, Pressurized Water Reactor Modeling for
Long-Term Power System Dynamics Simulation. This work verified the
adequacy of low-order modeling for low-level perturbations. It also
demonstrated the effectiveness of linear models in comparison with
nonlinear versions. An early study by Madell® is entitled Analysis of
the Linear Components of the PRD in EBR-II. Linear modeling of the EBR-
I1 primary system was developed by Green‘ in a cost-benefit analysis
study. A similar development was completed by Marshall® associated with
a numerical Fourier transform technique in dynamic system analysis.

1.3 SCOPE OF THIS REPORT

This report is intended to provide a simple low-order, linear model of
the EBR-II primary and steam generator systems that can be considered as
the reference point for future extensions and improvements. The purpose
of this study is not to develop a linear model for the prediction of
test transients, but rather to create a test bed for the applications of
linear methods of classical and modern control theories. The wvalidation
of the linear model is incomplete, but the comparison with the available
test data is encouraging. The linear model is also adequate for
representing the steady state dynamic behavior, which may be used for
modern control theory applications.® The future of linear modeling of
EBR-II is strongly dependent on the direction of the needs in advanced
LMR development. Since the recent interests are related to issues such
as automation and advanced reactor control, the linear modeling may find
more applications.



1.4 DEVELOPMENT AND APPLICATION

The EBR-II plant consists of three subsystems: the primary system, the
steam generator system, and the balance of plant system. In this study,
the dynamic modeling of the EBR-II includes the primary and steam
generator subsystems (the primary system includes the reactor core,
sodium tank, and the intermediate heat exchanger). A previously
developed primary system model* is modified and updated with the most
recent available data. The modified primary model is a linear, lumped-
parameter model with 37 state variables. The formulation is made using
the point reactor kinetics equation, Mann’s heat transfer model, and the
first-order transport-lag approximation.‘ The six-group precursor
equations of the Greene model are replaced with one "averaged" precursor
equation, which is a well-known physical model reduction technique.?
Another modification is made in the intermediate heat exchanger (TIHX)
side of the Greene model. The five-lump configuration is converted to a
ten-lump model. Mann’s five-lump model is valid only if the ratio of
total heat capacity to overall heat transfer coefficient is smaller than
about 2 s.’ The IHX data of the EBR-II are such that the ratios for the
primary and the secondary sides both exceed the 2-s limit when the IHX
is divided into five lumps. Using the ten-lump model, the 2-s limit is
not exceeded. The open-loop simulation results verify that the physical
consistency and the computational accuracy are retained with these
modifications. Important reactivity feedback mechanisms, namely, the
Doppler, steel expansion, core sodium expansion, inner and outer
reflector expansion, and fuel expansion effects, are included in the
model. The core bowing and control rod reactivity feedback effects are
not taken into consideration because their contribution to steady state
operation is not significant.

The development of the steam generator model is accomplished using the
energy and mass balance equations for 13 different regions. The system
includes seven shell-and-tube type evaporators, two shell-and-tube type
superheaters, and a steam drum. Evaporator dynamics is represented
using a moving boundary approach.® This technique has been used in
several previous studies and gives accurate results. The moving
boundary approach uses the height of the subcooled region as a state
variable, which is a function of the saturation pressure and
temperature. In the boiling region, a homogeneous flow model is
considered.® This is the assumption of the homogeneous steam-water
mixture with average enthalpy, quality, and demnsity. The downcomer and
the evaporator flows are represented by the momentum equations. The
friction multiplier for the boiling region is an integral average taken
over the boiling region.l® The lumped-parameter steam generator model
uses 20 state variables including the three-element controller dynamics.
A proportional-integral (PI) controller is designed for drum level
control using three signals, namely feedwater flow, steam flow, and drum
water level. The actuator is the feedwater flow valve which is
represented as a first-order system in the model. The design objective
of the three-element controller is to maintain the drum level at its

steady-state value of 8 in. (~20 cm) below the centerline at 100% power
level.



The responses of the open-loop models to standard perturbations are
obtained through simulations using the special features of Matrixy. The
combined model is also tested for the same perturbations. The inherent
stability characteristics of the EBR-II subsystems are verified.



2. BRIEF DESCRIPTION OF THE EBR-II"

2.1 GENERAL FEATURES

The Experimental Breeder Reactor II (EBR-II) is a liquid metal fast
breeder reactor located at the National Reactor Testing Station in
Idaho. The plant consists of a heterogeneous, unmoderated, sodium-
cooled reactor (62.5 MWt); an intermediate sodium coolant loop; a steam
plant which produces 20 MW of electrical power through a conventional
turbine generator; and a fuel processing system consisting of systems
for disassembly, decontamination, fabrication, and assembly of fuel
elements and subassemblies. Both the reactor and the associated fuel
recycle facilities were designed with the philosophy of providing a
highly flexible installation that would permit the investigation and
evaluation of various core configurations, types of fuel, fuel element
designs, and processing techniques. The reactor, primary coolant
system, and the fuel-handling system components are submerged in a large
primary sodium tank. This concept is also sometimes referred to as the
pool-type design (such as the Phoenix and Super-Phoenix liquid metal
reactors in France).

The original purpose of the EBR-II facility was to demonstrate
the feasibility of fast reactors for central station power
plant applications. It was also intended to prove that a
breeding ratio greater than unity could be obtained in a
power-producing reactor. When the purpose of the facility was
redirected to provide irradiation services for the development
of fuels and structural materials, the transition required
changes in several original concepts of operation, including
an increase in overall core size to compensate for reactivity
losses to the system caused by additional irradiation
experiments. Other changes made were in fuel enrichment, in
blanket composition, and in operating philosophy from that of
an engineering test facility to that of a high-priority
neutron producer.

A simple functional description of the plant can be stated as
follows. Heat generated by nuclear fission in the core is
absorbed by liquid sodium that circulates through the reactor.
The absorbed heat is transferred in a shell-tube type
intermediate heat exchanger to nonradiocactive secondary
sodium. The secondary sodium transfers the heat to the steam
system in the steam generator which includes sodium-to-
water/steam shell-and-tube type heat exchangers. The
resulting superheated steam drives a turbine generator to
produce electricity and is condensed to water in the
condenser. The heat transferred to the condenser is
dissipated to the atmosphere by cooling towers.!

"For a similar description of the EBR-II system, see I. K. Madni,
Modeling Considerations for the Primary System of the EBR-II,

BNL/NUREG/51797, June 1984. Further information is available from
ref. 11.



Figure 2.1 is a schematic of the primary and sodium systems, and

Fig. 2.2 shows the detailed primary cooling system. A summary of the
EBR-II design and operating data is reproduced in Table 2.1 (from
ref. 12).

The secondary sodium system, an intermediate closed loop between the
pPrimary system and the steam system, absorbs heat produced in the
primary system and transfers the heat to the steam system. The flow of
secondary sodium is regulated manually to absorb all heat in excess of
that required to maintain the primary bulk sodium at a constant
temperature of 700°F (~371°C).

Heat transfer between the primary and secondary sodium occurs in the
intermediate heat exchanger submerged in the primary tank bulk sodium.
The heated secondary sodium then flows from the reactor building through
yard piping to the sodium boiler building where it enters the steam
generator. Heat transfer between the secondary system and the steam
system is effected at this interface to produce superheated steam used
to drive the turbine generator.

2.2 PRIMARY SYSTEM

The primary system is housed in the reactor plant (see Fig. 2.3) and
contains reactor, primary, and shutdown cooling systems; a neutron
shield; instrumentation, control, and safety drive systems; a fuel-
handling system; a primary tank and biological shield; and fuel
unloading and interbuilding transfer, primary sodium purification, and
argon blanket gas systems.

The reactor contains a central core of fissionable fuel material that is
completely surrounded by radial and axial blankets. The fuel and
blanket materials are contained within a cylindrical reactor vessel. 1In
the radial and upper axial direction, a neutron shield surrounds the
vessel. Fuel bearing subassemblies contain upper and lower axial
blanket regions in addition to the fuel material. Blanket subassemblies
contain only blanket material.

2.2.1 Reactor Core

The reactor core consists of 53 fuel subassemblies, 12 control rod
subassemblies, and 2 safety rod assemblies. The active core height is
14.22 in. (~35.5 cm) and has an equivalent diameter of 19.94 in.
(~49.85 cm). Each fuel assembly consists of 91 fuel elements. The
subassemblies are hexagonal in shape. Figure 2.4 shows the typical core
cross section. The fuel alloy composition contains 95% by weight
uranium (48.4% enrichment) and other elements. As shown in Fig. 2.5,
the core assembly consists of the upper blanket, core, and lower
blanket. The upper and lower blanket subassemblies consist of 19 pins
each, each 18 in. (~45 cm) long. The core fuel elements have sodium
thermal bonding between the fuel and the cladding. The total number of
fissions/cm®-s is 4.4 x 10 (average).



tL. 218°'-9°

SECTION ¢-C

5-TON CRANE

76=-TON CRARE

. CRANE BRIDGE

CONCRETE NISSILE SHIELD
ARIPPER - HOLD-DOWN MNECH.
CONTROL 20D DRIVES
STORAGE RACK DRIVE
ROTATING PLEGS

SLAST SMIELD

- REACTOR YESSEL COVER
HEUTRON SHIELD

. BASEMENT

- SODIUN PURIFICATION CELL
Na-T0-Na NEAT EXCHANGER
REACTOR

SUBASSEMBLY STORABE RACK

—

18] m : SUBBASENENT
.._3 o ® . PRINARY TANK
: T@
TIETI A
CLEARANCE 20’
CLEARANCE

ITURTTR
76" TOTAL 1 7
TRAVEL $

EL. 129'-0"

@ SRR L RACR RIS e W

.\.
R R Y e

GLAEL PR A sl 2 Y
SRR EIROR D

e

SECTION C-

Fig. 2.1. EBR-II primary and secondary sodium systems. Source:
EBR-II System Design Descriptions, Vols. 1 through 5, Argonne National
Laboratory, Argonne, Il1l., June 1972.

PRIMARY COOLANT AUXILIARY PoNP

CONCRETE BICLORICAL SHIELDING



MAIN PRIMARY PUMPS

MANUAL CPERATORS
FOR L. P. THROTTLE VALVES

SECONDARY SODILM

QUTLET
» u2
SECONDARY SOOV
INLET
NEAT EXCHANGER .
mNozZie ’ ] | AUX. PUMP BUS BARS
LOW PRESSURE
THROTTLE VALVE
. L /
0w LEVEL~__ )
CENTRIFUGAL PUP. s =TS CERTRIFUGAL PUMP
~ il — - - -
© Lol
BELT DVFFUSER ~— . _| e X
y ‘ | N
INTERMEDIATE  —— | ‘ PRIMARY AUX. EM PUNP
HEAT EXCHANGER
SoDm NLET— | t ™ PUMP INTAKE
REACTOR
MAW PURP DISCHARGE | f e MAIN PUMP DISCHARGE
t | BALL-JOINT
BALL-JOINT CONRECTOR T ¢ 1 COMNECTOR
LOW PRESSURE SO0 ) - mee LOW PRESSURE S0DIUM
HIGH PRESSURE SOCIUM 4 v | HIGH PRESSURE SODIUM
t REACTOR COOLART
! QUTLET (TOTAL FLOW
rLom et l ” t ™~ FLOW TUBE
- (&
1
*AMARY soDiuw ouTLET il 7 ) \
Low PREsSURE o0 . \Q
‘ 7 MAGRETIC
MAGNETIC < 4 \ b FLOWETERS
FLOMWETERS 3
N
— = /
\
7 \ \ GRID PLENUM ASSEMBLY
WIGH PRESSURE INLET NIGH PRESSURE PLENUM
LO® PRESSURE IRLET LO® PRESSURE PLEMUM

Fig. 2.2. EBR-I1I primary cocling system. Source: EBR-II System

Design Descriptions, Vols. 1 through 5, Argonne National Laboratory,
Argonne, I11., June 1972.



Table 2.1. Summary of EBR-II design and

operating data

From
Operational 100% power ref. a
Heat output, MW 62.5
Gross electrical output, MW 20
Primary sodium temperature to reactor, °F (°C) 700 (~371)

Primary sodium temperature from reactor, °F (°C)
Sodium flow rate through reactor, gpm

Sodium maximum velocity in core, ft/s (m/s)
Secondary sodium flow rate, gal/min (£/min)
Secondary sodium temperature to IHX, °F (°C)
Secondary sodium temperature from IHX, °F (°C)
Core equivalent diameter, in. {(cm)

Core composition, fuel alloy %
Stainless steel %
Sodium volume %

Subassemblies
Core
Control (rod and thimble)
Safety (rod and thimble)
Inner blanket
Outer blanket
Total
Configuration

Fuel pin diameter, in. (cm)

Fuel pin length, in. (cm)

Fuel tube 0D, in. (em)

Fuel tube wall thickness, in. (cm)
Fuel elements/subassembly

Total fission cm’/s at center
Power density average, MW/%
Power density maximum, MW/{
Specific power, MW/kg
Maximum heat flux, Btu/h-ft?
Average heat flux, Btu/h-ft?

883 (~472.7)
9,000

23.8 (~7.25)
5,890 (22,382)
588 (~308.8)
866 (~463.3)
19.94 (49.85)

31.8
19.5
48.7

53

12

2

60

510

637
Hexagonal

0.144 (~0.36)
14,22 (~35.5)
0.174 (~0.43)
0.009 (~0.22)
91

3.7 x 1013
0.735
1.23
0.311
929,000
619,000

"Adapted from Addendum to Hazard Summary Report on EBR-II,
L. J. Koch, W. B. Lowenstein, and H. O. Monson, Argonne National

Laboratory, ANL-5719, January 1964,
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2.2.2 Inner and Outer Blankets

The reactor vessel assembly also consists of inner and outer blanket
subassemblies. There are 66 inner and 510 outer blanket subassemblies.
Each of these consists of 19 cylindrical elements, containing 60%
uranium, with sodium bonding. The total pin length for the blanket
subassemblies is 50 in. (~125 cm). Figure 2.6 shows the reactor vessel
assembly with upper and lower blanket sections and inner and outer
blanket sections.

2.2.3 Control Rods

EBR-II contains 12 control subassemblies with a fuel pin section
identical to the active core subassemblies. Figure 2.7 shows the cross
section of a control rod subassembly with an axial void section above
the core (normally filled with sodium). Two safety rods provide
shutdown reactivity during reactor loading operation, and these are
driven from below the core. '

About 85.3% of the heat is generated in the active core region, 1.9% in
the upper and lower blankets, 9.8% in the inner blanket, 2.2% in the
outer blanket, and the remaining (0.8%) in the neutron shield.

2.3 PRIMARY COOLING SYSTEM

Figure 2.2 shows a detailed flow path of sodium through the core, the
intermediate heat exchanger, the primary pumps, and the connecting
piping. The total sodium coolant flow rate through the core is

3.81 x 10° 1b,/h (1.725 x 10°%kg/h). The secondary sodium flow rate is
2.5 x 105 1b,/h (1.132 x10° kg/h). The inlet temperature of secondary
sodium to the intermediate heat exchanger is about 588°F (~309°C), and
the outlet temperature is 866°F (~463°C). This is alsc the inlet
temperature to the steam generator.

Figure 2.8 is a detailed schematic of the intermediate heat exchanger
(IHX). This equipment is at an elevation above the reactor vessel. The
coolant from the primary sodium tank is pumped through the core and the
blanket assemblies. From the reactor vessel the primary coolant enters
the shell side of IHX, then flows down and discharges into the bulk
sodium in the primary tank. The secondary sodium enters and leaves the
IHX at the top, flowing through tubes in the IHX.

2.4 SEGCONDARY SYSTEM

The steam generator and distribution system uses the heat delivered by
the primary cooling system to produce superheated steam at 820°F
(~437.7°C), 1250 psig, and delivers at a rate of 240,000 1b,/h

(108,862 kg/h) (when the reactor is operating at full power of 62.5 MW)
to a conventionally designed turbine generator to produce 20 Mie.
Figure 2.9 shows the basic steam generator components: a steam drum
with moisture-separating components, two shell-and-tube type once-
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through superheaters, and seven shell-and-tube type recirculating
evaporators. The feedwater flows out of the drum through the downcomer
pipes to the bottom of seven parallel-connected evaporators, as shown in
Fig. 2.10. The feedwater rises through the duplex tubes, absorbing heat
from the sodium flowing in the shell, and is returned to the steam drum
through the riser nozzles. The saturated steam-water mixture [six parts
water and one part steam at 579°F (~303.8°C) at full power] hits the
moisture-separating components, the condensed water recirculates through
the downcomer, and the dry steam flows into the superheater section.

The superheater details are shown in Fig. 2.11.

The evaporator assembly has an overall length of 30 ft 2 in. (~9 m 5 cm)
and a maximum diameter of 56 in. (~140 cm). It consists of a shell
assembly through which the sodium flows and a tube assembly through
which the water flows (Fig. 2.12). The shell assembly consists of a
schedule 20 pipe, two tee headers, a baffle nest assembly, and two
sodium sheets with thermal plates.

Two parallel-connected once-through superheaters are shell-and-tube type
heat exchangers (Fig. 2.13). The superheaters convert saturated steam
at 578°F (~303°C) to superheated steam at 820°F (~438°C) by absorbing
heat from the secondary sodium. The superheater assembly has exactly
the same dimensions as the evaporators because it is an inverted and
modified evaporator assembly. The modification is made by inserting
core tubes in the duplex tubes. The core tubes decrease the cross-
sectional area of the duplex tubes to cause the steam velocity to be
increased.

The steam drum is mounted above the evaporators with its centerline at
the 154-ft (~46-m) elevation, and it is 48 ft (~14 m) long with a 4-ft
(120-cm) ID. The water/steam mixture that enters the drum through the
riser nozzles at the centerline is deflected downward by diffuser plates
anchored across each side of the drum above the riser nozzles. The
diffuser plates prevent the water/steam mixture from impacting directly
on the deflector and screen assembly; they also cause diffusion of the
saturated steam to the side and bottom of the drum to cause initial
fallout of the heaviest moisture particles. The steam passes through
the primary and final screen dryer assemblies located on each side of
the drum near the top and extending along the entire length of the drum.

In the EBR-II, the natural recirculation-type steam generator is
selected over the once-through type because of its proven operation and
inherent stability. Other design specifications especially
characteristic of the EBR-II are the location of evaporators and
superheaters with sodium on the shell side with water/steam flowing
through the tubes to minimize stress corrosion and the use of bonded
duplex tubes and double tube sheets to minimize the possibility of
interaction between sodium and water/steam.!!
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2.3 EBR-II CONTROL SYSTEMS

EBR-II reactivity control is maintained by using 12 control rods and 2
safety rod subassemblies as described in Sect. 2.2.3. A computer-
controlled rod drive system controls reactor power during steady state
and also changes reactor power. An error signal from the reactor power
reading is the input to the digital computer. The permanent automatic
control rod drive system (ACRDS) provides a fast-speed automatic mode
plus two slow-speed modes, manual and automatic. The technical
specification limit of reactivity insertion is 0.01 $/s (safety
related). The reactor is subcritical when the control rods are fully
withdrawn. The control rod contains fuel elements in the approximate
center and provides positive reactivity as it is inserted into the
active core region. The two safety rods are always fully inserted for
normal operations. They are automatically ejected from the core when
hazardous incidents are detected,!

The primary sodium flow (loop between core and IHX) is controlled by
motor-driven impeller-type primary pumps and the pumping rate is
variable from 0 to 100% in a continuous stepless manner. There are no
valves or other control devices in the main sodium loop. During normal
operation the pump is operated at a flow rate sufficient to maintain
bulk sodium temperature at 700°F (~371°C) at all power levels.

Secondary sodium flow is controlled by an electromagnetic pump. Flow is
adjustable from 0 to 100% of full flow capacity by varying the voltage
applied to the pump windings. The control signal is adjusted manually
from the sodium recirculating pump panel.

The feedwater temperature is controlled by bypassing some feedwater
around the last heater, mixing a portion of the 480°F (~248.8°C)
feedwater with the 568°F (~298°C) water to maintain 550°F (~288°C)
input. The bypass valve is manually controlled from the steam panel in
the main control room.

The turbine generator is controlled by two circuits. The primary
circuit controls the speed and load of the turbine while the secondary
circuit controls the turbine stop valve to trip the turbine when an
abnormal condition occurs.

The main control of the steam generator is by the steam drum level
control. This control system is capable of single-element, four-
element, or manual control. The controller accepts four analog signals:
steam-drum level, feedwater flow, steam flow, and blowdown flow. The
actuator is the feedwater valve.



3. EBR-II PRIMARY SYSTEM MODEL DEVELOPMENT

3.1 INTRODUCTION

A nodal formulation of the reactor core and the intermediate heat
exchanger is presented. The core model includes the active core, inner
and outer blankets, lower and upper reflectors, and piping. The 25-
node model is shown in Fig. 3.1. The formulation of the core model is
partially adapted from earlier work by S. R. Greene.* All the system
parameters are recalculated and updated using ref. 11. Two changes made
in the Greene model include an application of a physical model reduction
method? and a modification in the IHX model formulation. Physical and
numerical reasons for these modifications are explained in the following
sections. Core bowing and control rod expansion reactivity effects have
not been taken into account in the present model.

The intermediate heat exchanger (IHX) is modeled using 12 state
variables and includes the primary sodium tank, as shown in Fig. 3.1.
The core and IHX models are coupled into one module for the purpose of
simulation studies. The governing equations for each subsystem, the
definition of wvariables, and the table of parameters are presented in
the following sections.

3.2 REACTOR CORE

The active core dynamics are described by the point reactor kinetics
equations.*

3.2.1 Reactor Kinetics

d &P -Br 6P é6C o 0 Pext
- o= = —— =— 4+ X o +) — §T; + , (3.1
dt P, A P, P, T A A
d §&C 6F 6C
—_— - .ff — 3 — (3.2)
dt P, A P, P,
where
) = denotes variation from the steady state value,
P = power,
P, = steady state power,
Br = total delayed neutron fraction,
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A = neutron generation time,
c = precursor concentration,

a; = temperature reactivity feedback coefficient corresponding to
temperature T,,

Pext = eXternal reactivity,
A = precursor average decay constant,
T; = temperature of the ith region.

The neutronic data and the reactivity feedback coefficients are given in
Tables 3.1 and 3.2, respectively. The core bowing reactivity effect
becomes significant at high temperatures. The structural material
inside the vessel expands radially when some critical temperature point
is exceeded and replaces a corresponding amount of coolant volume.
Resultant effects are less heat removal, because the coolant volume is
reduced, and a contribution to the temperature reactivity feedback
phenomena. Compared to the other reactivity mechanisms, however, this
behavior is complicated and not as dominant as other feedback effects.
Figure 3.2 shows the core bowing reactivity effect temperature
dependence with respect to other reactivity effects.® A recent study
at ANL'® reports that the uncertainty in predicting a numerical value
for the thermal bowing coefficient is high (the reactivity effects have
been verified by data from rod drop, reactor oscillator, or power
reactivity decrement tests). In the EBR-II core, another significant
reactivity feedback effect comes from the control rod expansion at high
temperatures. Expansion of a control rod introduces more neutron
absorber into the core, which is a negative reactivity effect and
improves the safety margins.

For low-order modeling purposes, these mechanisms may be ignored without
losing much information about system behavior for small transients
around the steady state. Thermal bowing cannot be handled without
increasing the order of the model by introducing some radial lumps. At
steady state conditions, we assume that the control rod expansion
reactivity effect is negligible.

Using the data given in Table 3.1 and averaging the mean lifetime over
the six precursor groups, we obtain

6
Y Bl
i=1

1= —— .
B (3.3)

Using Eq. (3.3), an average precursor equation is replaced with the six-
group equations of the Greene model. This is a well known physical
model reduction technique? that gives accurate results when low-order
kinetic models are needed. Reducing the order of a model saves
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EBR-II neutronic data

Precursor decay

constant Delayed neutron Mean lifetime
(s fraction (s)
A; = 0.0127 B, = 0.000252 £, = 78.74
Az = 0.0317 B, = 0.00147 £, = 31.5457
Az = 0.1150 By = 0.001344 2; = 8.6957
A, = 0.311 B, = 0.002941 £, = 3.2154
As = 1.4 Bs = 0.001024 £y = 0.7143
Ag = 3.78 Bs = 0.000237 2g = 0.2645
Total delayed neutron fraction Br = 0.007278
Neutron generation time A =1.55x%x 107 s
Average precursor mean lifetime I =12.1077 s
Average decay constant X = 1/% = 0.08259 s7!

Table 3.2. EBR-II reactivity feedback coefficients

Coefficient sp/°F Coupled parameter
Doppler +0.222 x 107° Fuel temperature
Steel expansion -0.720 x 107 Clad temperature
Core Na expansion -0.481 x 107> Core Na temperature
Upper reflector -0.223 x 107° Upper reflector Na
expansion temperature

Lower reflector -0.223 x 107 Lower reflector Na
expansion temperature

Inner reflector -0.120 x 107 Inner reflector Na
expansion temperature

Fuel expansion ~0.200 x 1073 - Fuel temperature
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computational time and associated cost. The calculated parameters are
listed in Table 3.1.

3.2.2 Core Heat Transfer

The heat transfer in the active core region is modeled by using five
differential equations corresponding to five lumps, as shown in

Fig. 3.3. These nodes represent the fuel, sodium bond, cladding, inlet
coolant, and outlet coolant regions. The heat transfer dynamics between
cladding and coolant regions is represented using Mann's model.” In
Mann’s model, the lower coolant lump outlet temperature is assumed to
represent the average lump temperature, which is a coupling parameter
for the heat transfer driving force between the metal and the coolant
regions.

Table 3.3 shows the core heat transfer parameters. The perturbation
forms of the state equations are given below.*
d PgP, &P 1

— T m o — = ————— (§Tp ~ 4
de °°F T (MC)p P, Ry(HCy)g (6T¢ - 6T) (3.4)
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Fig. 3.3. Mann’'s core heat transfer model.
Table 3.3. Core heat transfer parameters
Heat Heat
Power capacity resistance
(Btu/s) (Btu/°F)(°C) (s-°F/Btu) (°C)
P, = 59267 MC, = 34.8 R, = 6.585
MC, = 13.33 Ry = 12.5879
Py = 495471 MCy; = 2,03 R, = 7.0973
MCy = 16.69 r = 0.075
d§Ty 1 1
dt Ry (MCy)y (8Tg — 6Ty) - m (6Ty - 6T,) (3.5)
déT, 1 1
8Ty = 6T) — o= - .
dt Ry(HC,)y (8T c) Ry(HC)e (PTs = 881) (3.6
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dse, 1 2
dt = Ry(Mc,), (8Tc ~ 88 + T(6vp — 88y) (3.7)
dse, 1 2
- - - - 3.8
de Ra(MCp)g (6TC 681) + T (661 6‘82) ’ ( )
where
Tp = fuel temperature,
Ty = sodium-bond temperature,
T, = fuel cladding temperature,
8, = temperature of the i* coolant node,

Ry, R;, Ry = heat transfer resistances,

Y2 = lower axial-reflector coolant outlet temperature,

T = resident time of the coolant in the active core region,
Pg = fraction of power deposited in the fuel,

(C'p)B =~ specific heat capacity of the blanket material,

(Cple = specific heat capacity of the coolant,

My = mass of the blanket material,

Mg - mass of the coolant,

3.2.3 Reflector and Blanket Models

The active core in the EBR-II is surrounded by reflector and blanket
materials, as explained in Sect. 2. The complete core model includes 12
nodes representing the axial and the radial reflector zones and radial
blanket region. The same heat transfer principle is carried out in
developing the state equations as in the core heat transfer model. The
general equations for reflector and blanket regions are described by a

set of three equations for each. The parameter values are listed in
Table 3.4.%

déT), P, 6P U-A
de T (MCy P, (MC,)y

(§Ty - 86T,) (3.9)

dc T (Mc,); (8Tw — 8T + T(68y, - 6Ty) (3.10)
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Table 3.4. Reflector and blanket region data

Upper and lower
reflector Inner reflector Outer blanket

Py = 711.2025 Btu/s Py = 5808.15 Btu/s P; = 1303.87 Btu/s
(MCp)y = 54.70 Btu/°F (MC,), = 378.18 Btu/°F  (MCp), = 1797.85 Btu/°F
(MCp)y = 27.10 Btu/°F (MC,)p = 14.26 Btu/°F (MC,)q = 217.36 Btu/°F
UA, = 71.08 Btu/s-°F Resident time = 0.27 s Resident time = 1.09 s
UAy = 4.62 Btu/s-°F  UA = 32.03 Btu/s-°F UA = 14.89 Btu/s-°F

Resident time = 0.106 s

dsT, U-A 2
Frank (MCo)7 (6Ty — 6T,) + p (6T, — 6T,) , (3.11)
where
Ty = temperature of the metal node,
T, = temperature of the first region coolant node,
T, = temperature of the second region coolant node,
A = total heat transfer area,
T = residence time of the coolant in reflector or blanket
region,
U = metal to coolant heat transfer coefficient,
8,, = inlet coolant temperature,

(Cp)M = specific heat capacity of the metal,

(C,)r = specific heat capacity of the coolant.

3.2.4 Piping and Plenum Models

The model includes six lumps representing the low-pressure plenum, the
high-pressure plenum, the upper plenum, and the three core inlet-outlet
piping regions. A first-order transport lag has been assumed for all
piping. The other assumptions are: (1) constant coolant density,

(2) no axial heat conduction, and (3) no heat gain or loss in the
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piping. The perturbation forms of the state equations are as follows.
The design parameters are given in Table 3.5.%

déTy  M,.Cy My.Cp M3.Cos
T oo, (T~ 5T * gy (5% = 8T s (m - 6T, (3.12)
dsT,, 1
o - 5Ty - 6Tew) (3.13)
dsT; 1
Go <. (88, - 8Tyy) (3.14)
3
dsTy, 1
dt - ;;‘ (Sep - STHI) » (3'15)
dsTy 1
dsT, 1
dt - ;.—6_ (STLI - STL) s (3'17)

Ty = upper plenum temperature,

= reactor outlet temperature,

8, = primary sodium tank temperature,

Ty = low-pressure plenum inlet temperature,
Tgr = high-pressure plenum inlet temperature,
Ty = high-pressure plenum temperature,

v, = upper reflector outlet temperature,

Y = inner reflector outlet temperature,

Ys =~ blanket region outlet temperature,

T, = low-pressure plenum temperature,

7y, = resident time of sodium in reactor outlet piping,
7, = resident time of sodium in the pot,

73 = resident time of sodium in the pot-to-reactor low-pressure
piping,
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Table 3.5. Primary piping and
plenum data

Resident
Time constants times
(s™H (s)
My /M, = 0.1198 T, = 1.54
H,/M, = 0.0288 T, = 552.6
H,/M; = 0.0246 75 = 1.8
T, = 1.78
75 = 1.49
re = 16.28

1, = resident time of sodium in the pot-to-reactor high-pressure
piping,

75 = resident time of sodium in the high-pressure plenum,

75 = resident time of sodium in the low-pressure plenum.

3.2.5 Intermediate Heat Exchanger (IHX) Model

The sodium tank and the IHX are represented by 12 nodes in the model, as
shown in Fig. 3.1. The primary inlet plenum and the sodium tank are
represented by first-order transport-lag approximations. The heat
transfer from the primary to the secondary sodium is modeled using
Mann’s technique.’

For a low-order counterflow heat exchanger model, the system may be
divided into five regions, each representing an average temperature (as
implemented in Greene’s model). The configuration of the model includes
two equal lumps for primary and secondary coolant regions and a single
lump for the tube wall region, as shown in Fig. 3.4. However, there are
cases for which the five-lump configuration becomes insufficient in
representing the system behavior, and some unphysical responses may be
encountered. An analytical identification of the problem has already
been studied,’ and it has been proven that a transfer function written
for the input output pair (T,,,T;,) becomes nonminimum phase if the
corresponding time constants of the five-lump model exceed a certain
limit. One approach to avoid such an unphysical behavior in system
responses is to define average temperatures for smaller portions of the
system by dividing the system into more lumps.
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The EBR-II intermediate heat exchanger data for the ratio (Upg%m/ﬂicp)
is 0.216 s, and the corresponding time constant is 4.62 s, thus
exceeding the acceptable value of 2 s as stated in ref. 7. Therefore,
the IHX model is formulated using two five-lump models connected in
series, as suggested by Ball. The simulation results presented in

Sect. 5 verify that the modification improved the overall heat exchanger
behavior.

Five-lump model state equations are described below.*

d§P, 2 (UA), 2 (va),
ke 6P, - __(Mcp)p +T; §P, + m(ucp)p M (3.18)
d§P, 2 (UA), 2 (UA),
ac " ;; - ?EE;}; 6P, - ;; §P, + ?EE;;; M (3.19)
déM (va), (UA)p + (UA), (UA),
T fl_ﬂ—Cp—)M 6P, W §M + mﬁsl ) (3.20)
dss, (UA), (UA), 2 2
ar " (MC,), &M - ——-—(Mcp)s + —T-; 8§58, + -;-;SS,m ; (3.21)
dss, (UA), (UA), 2 2 ,
T (MC;)ESM - 6%25: e 88, ~ ;;'652 ; (3.22)

The primary inlet plenum and the sodium tank regions are represented by
the following equations.

dsp,, 1 1

dc =77 STow = ;T 6Py (3.23)
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Tg
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T10
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dse, 1
e T, (%P2 - 88

dt
primary inlet plenum temperature,
reactor outlet temperature,
first primary node temperature,
tube wall temperature,
second primary node temperature,
first secondary node temperature,
secondary sodium inlet temperature,
secondary outlet plenum temperature,
sodium tank temperature,
resident time in primary outlet plenum,
resident time in both primary nodes,
resident time in both secondary nodes,

sodium resident time in secondary outlet plenum.

The design parameters are given in Table 3.6,

The corresponding nonzero elements of the linearized system
given in Table 3.7.

(3.24)

matrix A are



Table 3.6. TIHX design data

36

Resident

Heat transfer Heat capacity times

(Btu/s-°F) (Btu/°F) (s)

(UA), = 598.94 (MC,), = 1168 7 = 1.91
(UA), = 505.03 (MCp), = 420.83 Tg = 7.29
(MCp)s = 282.125 79 = 2.86
T = 0.25

Table 3.7. Nonzero elements of system matrix A

of the EBR-II primary system model
(see Table 5.1, list of state variables)

I J A(L,T) I J A(T,J)
1 1 -46955 1 7 -13.282
2 1 46955 7 7 —26.66
3 1 1165.7 16 7 18.867
12 1 4.59
15 1 4.59 8 8 -0.5555
18 1 5.32 9 8 0.614
21 1 0.107
9 9 ~-0.614
1 2 0.0826 22 9 1.834
2 2 -0.0826
10 10 -0.5617
1 3 -9.8179 11 10 0.6711
3 3 -24.612 11 11 -0.6711
4 3 422.29 13 11 18.867
19 11 7.406
3 4 24612
4 4 -812.12 12 12 -1.299
5 4 59.652 13 12 2.622
14 12 2.622
1 5 -46.4516
4 5 391.82 1 13 —0.08632
5 5 -83.285 12 13 1.299
6 5 26.838 13 13 -21.489
14 13 16.245
1 6 -13.282
5 6 33.633 1 14 -0.08632
6 6 -53.505 6 14 26.66
7 6 -0.171 14 14 -18.867



Table 3.7. (continued)
1 J A(I,J) 1 J A(L,J)
15 15 -0.0844 26 26 ~0.5235
16 15 0.1704 27 26 0.549
17 15 0.1714
27 27 ~0.765
1 16 -0.08632. 28 27 0.33
15 16 0.0844 29 27 0.300
16 16 -19.038
17 16 18.696 28 28 -0.549
32 28 0.549
1 17 ~0.08632
17 17 -18.867 27 29 0.216
24 17 0.1198 28 29 0.216
29 29 ~0.655
18 18 -0.0846 30 29 1.060
19 18 2.2461 31 29 1.060
20 18 2.2461
30 30 ~1.398
1 19 -0.3795
18 19 0.0846 29 31 0.355
19 19 ~9.66 30 31 0.337
20 19 5.1611 31 31 ~2.458
1 20 -0.37935 32 32 ~0.765
20 20 -~7.407 33 32 0.333
24 20 0.0288 34 32 0.300
21 21 -0.00828 33 33 -0.549
22 21 0.068 37 33 0.0018
23 21 0.0685
21 22 0.00828 32 34 0.216
22 22 ~1.903 33 34 0.216
23 22 1.7654 34 34 ~0.655
35 34 1.060
23 23 ~1.834 36 34 1.060
24 23 0.0246 ‘
31 35 1.398
24 24 ~0.1732 35 35 ~1.398
34 36 0.355
25 24 0.6493 35 36 0.337
36 36 ~2.458
25 25 -0.6493
26 25 0.5235 8 38 0.5555
10 38 0.5617
37 37 -0.0018




4. EBR-I1T STEAM GENERATOR MODEL DEVELOPMENT

4.1 INTRODUCTION

The EBR-II steam generator is a mnatural circulation, recirculation steam
drum/evaporator system, extracting heat from the sodium to produce
superheated steam at 820°F (~438°C) at full power. The entire system is
divided into 13 lumps, each representing average physical quantities.
The nodal representation is shown in Fig. 4.1. On the evaporator side,
the primary tube wall and the secondary lumps are divided with a moving
boundary determined by the subcooled height. The primary phenomena
included in the model are the homogeneous flow in the boiling region,
the mass and energy dynamics for both primary and secondary regions, the
distribution of mass between downcomer, subcooled, boiling, and drum
regions on the secondary side, and the momentum equation for the flow
from the downcomer to subcooled regions and flow leaving the boiling
region. System dynamics are assumed to be a function of two pressures:
drum pressure and pressure inside the tubes of the evaporator.

Thermodynamic properties are determined at these two pressures. Primary
assumptions used in this model are phase equilibrium, no superheating in
the boiling region, and 100% effectiveness (outlet quality =1) for the
separators. The superheater model considers a single-phase heat
transfer regime. The primary sodium flow is assumed to be constant. A
summary of assumptions used in the model is listed in Table 4.1.

The steam generator is represented by 20 differential equations using
the state-space technique. The evaporator side consists of 13 state
variables, including downcomer and drum water temperatures, drum and
boiling region pressures, drum inlet steam quality, subcooled and drum
levels, primary sodium and tube wall temperatures, and two flows for the
downcomer and rising mixture in the boiling region. Five state
variables of the superheater model are temperatures of the primary
sodium, superheated steam, tube wall, control input, and feedwater flow.
Design parameters are shown in Tables 4.2 through 4.4. The nonzero
elements of the system matrix A are listed in Table 4.5.

4.2 EVAPORATOR AND DRUM BALANCE EQUATIONS

The operation of the EBR-II evaporator is quite similar to that of
U-tube type steam generators; therefore, similar problems are
encountered in modeling these two steam generators. One of the recent
U-tube type steam generator models® suggests that the unknown flow at
the moving boundary between subcooled and boiling regions is a linear
function of the latent heat and the heat transfer rate into the
subcooled region. The assumption used here is the linear dependence
between flow and enthalpy increase caused by the heat transfer into this
region. Another study® suggests that the unknown flows can be
eliminated by algebraic manipulations. Two momentum equations are used
for the unknown flows such as the downcomer flow and the flow leaving
the evaporators, and the boundary flow is approximated as suggested in

38
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Table 4.1. List of assumptions used in the EBR-I1II
steam generator model
Assumption Corresponding region

Phase equilibrium

No superheating

No counterflow

Constant thermal conductivity
Constant heat transfer coefficient
No axial heat transfer

Linear relationship between
boiling height and rising mixture
steam quality

Linear relationship between

heat transfer rate into
subcooled and flow rate

Linear approximation to
thermodynamic variables around

saturation conditions

100% effective moisture
separation

First-order dynamics
Critical flow assumption

Single-phase regime

Evaporator

Drum, evaporator
Recirculation loop
All

All

All

Boiling

Subcooled

Drum, evaporator

Drum

Feedwater valve
Drum steam outlet

Superheaters
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Table 4.2. Evaporator design data®

From

100% power level ref. a
Recirculation ratio 1/7
Primary sodium flow rate, lb. /s 626
Feedwater flow rate, 1lb,/s 75
Secondary flow rate, lb_/s 525
Heat capacity of sodium, Btu/lb,-°F 0.3003
Heat capacity of tube wall, Btu/lb -°F 0.1098
Heat capacity of water, Btu/lb, -°F 1.012
Heat capacity of steam, Btu/lb, -°F 0.639
Number of duplex tubes 72’
Number of evaporator units 7
Secondary cross-sectional area, ft? (m?) 2.56 (~0.23)
Primary cross-sectional area, ft? (m?) 5.04 (~0.45)
Heat transfer area (sodium-metal), ft? (m?) 6260 (563.4)

Heat transfer area (metal-secondary), ft? (m?) 3338 (300.42)

Density of subcooled water, lb,/ft® 45.45
Density of dry steam (at 579°F, ~303.8°C),

1b,/ft? 3.10
Density of liquid sodium, 1b /ft? 48.88
Average density in boiling region, lb;,/ft3 40.97
Saturation temperature, °F (°C) 579 (~303.8)
Temperature at downcomer outlet, °F (°C) 542 (~283.3)

Evaporator steam exit quality 0.1428
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Table 4.2 (continued)

From
100% power level ref. a
Overall heat transfer coefficient
(liquid sodium-tube wall), Btu/ft?-h 1241
Overall heat transfer coefficient
(tube, wall-subcooled water), Btu/ftz-h 988
Overall heat transfer coefficient
(tube wall-boiling region), Btu/ft*-h 1973
Total mass of primary sodium, lbg 6290
Total mass of tube wall, 1lb, 80604
Friction factor of downcomer piping 0.02
Average friction multiplier (boiling) 4.01
Height of downcomer piping, ft (m) 35 (~10.5)
Height of evaporator, ft (m) 27 (8.1)
(38/8Pg)T,,. (around saturation, °F/psi 0.099
(8/8Pg)Ve, (around saturation), fe3/psi-1b, =0.0003
(8/3Pg)h,, (around saturation), Btu/lb,-psi -0.1848
(8/8Pg) p,. (around saturation), 1lb,/ft®-psi -0.0093
(8/3Pg)h, (around saturation), Btu/lb -psi 0.1332
(8/8Pg)p, (around saturation), 1lb,/ft3-psi 0.1400

*Source: EBR-II System Design Descriptions, Vols. 1
through 5, Argonne National Laboratory, Argonne, I11.,
June 1972.
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Table 4.3. Superheater design data

From

100% power level ref. a
Total height, ft 27
Number of duplex tubes 72

Number of units

Temperature of inlet steam °F (°C)
Temperature of superheated steam, °F (°C)
Temperature of primary inlet sodium, °F (°C)
Temperature of primary outlet sodium, °F. (°C)

Overall heat transfer coefficient
(tube wall-steam), Btu/ft?-h

Overall heat transfer coefficient
(sodium-tube wall), Btu/ftz-h

Total mass of primary sodium, 1b,
Total mass of tube wall, 1b,
Cross-sectional area (steam), ft? (m?)
Cross-sectional area (sodium), ft? (m?)

Total heat transfer area
(tube wall-steam), ft? (m?)

Total heat transfer area
(sodium-tube wall), ft? (m?)

Primary sodium flow, 1b /s

Superheated steam flow, 1lb_/s

2

579 (~303.8)
872 (~466.6)
883 (~482.7)

703 (~372.7)

1973

1241
6290
80604
2.56 (~0.23)

5.04 (~0.45)

3338 (300.42)

6260 (563.4)
626

75

®Source: EBR-II System Design Descriptions, Vols. 1
through 5, Argonne National Laboratory, Argonne, Ill.,

June 1972.
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Table 4.4. Steam drum design data

From

100% power level ref. a
Inlet steam quality 0.1428
Outlet steam quality 1
Total length, ft (m) 42 (12.6)
Diameter, ft (cm) 4.26 (127.8)
Drum level (below centerline), in. (cm) 8 (~20)
Density of drum water, lb,/ft? 45.45
Blowdown flow, 1b,/h 20,000
Pressure drop across feedwater valve, psi 100

®Source: EBR-II System Design Descriptions, Vols. 1
through 5, Argonne National Laboratory, Argonne, Ill., June
1972.

ref. 9. The following sections describe the derivation of the model and
the nonzero elements of the coefficient matrix.

4.2.1 Drum Liquid

All water properties in the drum and downcomer regions are evaluated at
the drum pressure. The assumption of perfectly mixed liquids is
applied. The energy balance equations for the water in the drum can be
written as follows:

d
¢ [DeaMeal = Wewhgy — Wpchpe + (1 = X)) Washp . (4.1)

The mass of the water is
Mgp = LeApepyp (4.2)
where
hyp = enthalpy of the liquid in the drum,

My, = total mass of the liquid inside the drum,
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Table 4.5. Nonzero elements of system matrix A of the
EBR-II steam generator model
I J A(I,J) I J A(I,J)
1 1 -2.2898 7 6 -0.0033246
2 1 0.10631
3 1 -0.000039615 1 7 5.689
5 1 0.89941 2 7 -0.58015
6 1 0.30745 3 7 ~0.0010111
7 1 0.29215 5 7 ~3.765
8 1 0.01635 6 7 ~-1.5921
9 1 0.56 7 7 ~1.9124
12 1 0.00778
16 1 0.094 1 8 1.5386
2 8 0.0070115
1 2 1.6993 3 8 ~-0.00006987
2 2 -0.34648 5 8 0.059318
3 2 -0.0013382 6 8 0.018931
4 2 7.221 7 8 0.018931
5 2 -3.6272 8 8 ~0.089
6 2 -0.9355 12 8 0.00027894
7 2 -0.9355 18 8 -0.00026
9 2 -0.9166 20 8 0.00091
1 3 -365.22 1 9 -1.67474
2 3 0.41627 2 9 0.0019087
3 3 -0.068836 3 9 0.000075753
5 3 3.5217 5 9 0.016148
6 3 1.1239 6 9 0.0051536
7 3 1.1239 7 9 0.0051536
10 3 468.75 10 9 0.1275
12 3 -0.68753 12 9 0.0011131
18 3 -0.13 18 9 0.00022
20 3 0.4589 20 9 -0.00076894
4 4 -1.343 8 10 ~0.01635
5 4 0.1992 9 10 -0.02104
6 4 0.243 10 10 ~0.053
20 10 -2.49 E-8
5 5 -1.343
7 5 0.243 1 11 1.2542
2 11 ~0.047415
1 6 1.0803 3 11 -0.000011807
2 6 -0.0012313 5 11 ~0.40113
3 6 0.00020362 6 11 -0.12802
4 6 1.143 7 11 -0.13318
5 6 -0.010417 11 11 ~0.11057
6 6 -0.45232 12 11 ~0.068753
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Table 4.5. (continued)

1 J A(L,J) 1 J A(I,J)
1 12 -0.28545 15 16 0.49

2 12 -0.0013008 16 16 ~137.00

3 12 0.000012963 17 16 ~15.90

5 12 -0.011005

6 12 ~-0.0035122 17 17 -79.0

7 12 ~-0.0035122
11 12 0.11057 20 18 ~0.175

13 13 -4 .40000 12 19 ~0.0054872
14 13 4.00000 18 19 0.000262
15 13 1.00000 19 19 -0.200000
20 19 -0.00089705

4 14 0.19%4

14 14 -37.8000 19 20 14.87

20 20 -0.0019777

13 15 5.3913

14 15 5.5013

15 15 -1.6504

16 15 84.5000

17 15 84 .5000

Wy = feedwater mass flow rate,

hpy = enthalpy of the feedwater,

L = level in the drum,

pep = density of the liquid in the drum,

Ap = longitudinal area of the drum,

X, = steam exit quality,

Wpe = downcomer flow rate,

Wgy = rising water/steam mixture flow rate,

hy = saturation enthalpy of the water,

hp. = downcomer water enthalpy.

The perturbation form of the final state equation is
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d5Tes dsL
CoMea —g7— + [hew*4p Pl G = [CoeWr] 8T

+ [hgy] SWpy ~ WpcCpTpe = BpcdWpc
dhg
+ (1~ %,) Wew Zp_ §Pg + (1 — X,) hy SWpy — Wgyhp 8%,
B (4.3)

where

Typ = temperature of the liquid in the drum,

Tp. = downcomer temperature,

Tyy = feedwater temperature.
4.2.2 Drum Steam
It is assumed that the rising steam is at saturation temperature and
there is no superheating. The mass balance equation for the steam in

the drum is

dM,4
dt

- XMy — Wsg - (4.4)

The dry steam flow leaving the drum can be stated in terms of the drum
pressure and the steam valve coefficient. The assumption behind this
simplification is called the "critical flow" assumption.!® "It is
assumed that the pressure drop in the downstream or turbine pressure
will not change the steam flow rate from the steam generator":

§Wgo = CL8Pp + PpsC, . (4.5)

Neglecting the effect of steam density deviation on the drum water
level, the mass of the steam can be expressed as the product of steam
volume and steam density. Using the chain rule, it is possible to
restate the density deviation in terms of the pressure deviation in the
drum. Using Eq. (4.5) in Eqg. (4.4) and applying the chain rule, the
following is obtained.

aps-r d5Pn
Vso aPy dt

= X Wy + WdX, + CL6P, + PpsC, (4.6)

Vgp = volume of steam drum,
P, = pressure inside steam drum,
psy = density of steam,

C;, = steam valve coefficient.
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4.2.3 Primary Coolant Lumps

The first primary coolant lump has the dimensions determined by the
subcooled height. The mass balance is written as follows.

d(Mpy)
dt

- WPE - WP]. . (4.7)

As indicated above, the mass of the coolant can be restated in terms of
its density and volume. Using a cross-sectional area that is constant
through the tube, the volume is related to the subcooled height. Then
Eq. (4.7) has the following form:

az,.

The energy balance for the same lump is written as

d(MpyTpy) .
Ce dt = WpeCpTee — Wpi1Cplp1 — Qmyy (4.9)

where
Mp; = mass of primary sodium,
Wpg = mass flow rate at the entrance of the lump,
Wp; = mass flow rate at the exit of the lump,
pp = density of primary sodium,
Ap = flow area of primary sodium,
= subcooled height,
Ty = average metal temperature,

bulk mean temperature of the node,

3

]

-
1

Qm = heat transfer rate between primary-1 and metal-l regions,
Tpg = entrance sodium temperature.

The heat transfer rate from the first sodium lump into the first metal
lump is expressed as

where Qenn = Upy Apy (Tp1 - Tyy) (4.10)

Upy = overall heat transfer coefficient between the primary and
metal lumps,
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Apy; = heat transfer area between the first metal and primary
regions (Apy = Apyp for this model).

The unknown flow Wp, can be eliminated between Eqs. (4.8) and (4.9)
leading to the following final state equation:

d5TPl 1 1 UPM'APMI UPMAPMl
- m———— ETer ~ + §Tp, + 5T,
dt Tp1 PE Ty Mpy=Cp Pl Mp Cp Ml
UpmLpy
ity
where

Lpy = unit heat transfer length between primary and metal nodes,

The second primary coolant lump is treated in a manner similar to the
first primary lump. Since the total height of the evaporator is
constant, the following relation exists:

dZ¢e dz,

el L el (4.12)

The entrance flow for the first coolant lump is the outlet flow of the
second coolant lump:

Wpp = Weg - (4.13)
The energy balance for the second lump is

d (M PZTPZ )

Ce de

= WpiCpTpy = WpaCoTpr ~ Quip (4.14)

where
Tp, <= bulk mean temperature of the lump,
Qpz = heat transfer rate betﬁeen primary-2 and metal-2 lumps,
Tw, = average metal temperature.

The heat transfer rate from the second sodium lump into the second metal
lump is given by

Quiz = Upy Apgp (Tpy — Typ) . (4.15)

The perturbation form of the final state equation is given by
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dt Zsc de Tp2 Pz Mp;Cpa
UnApuo ; UpmLpm
+ — Ty, = 7 (Tp, = Tyy) 62 , 4.16
MpsCh M2 Mgy~Cp ' P2 M2 sc ( )

where
App = heat transfer area between primary-2 and metal-2 lumps,
Tp, = residence time of the sodium in primary-2 lump,
Mp, = mass of sodium in primary-2 lump.

4.2.4 Tube Wall Lumps

Using the moving boundary approach introduces a complexity into the
metal regions. In order to write a proper energy balance equation, the
mass transfer caused by the moving border between the metal lumps has to
be taken into consideration. In this model, it is assumed that the
variation in the boundary contributes some amount of energy to the total
energy balance, which can be written in terms of the average metal
temperature and the time derivative of the subcooled height.® The last
term of the energy balance equation stated below emphasizes this
contribution.

d (M3 Ty . . _ dZg
Cu —4r = Qe — Qusi + PvOuly 77 (4.17)
where
Ty = —s5— (4.18)

py = density of tube metal,

Ay = cross-sectional area of tube metal lump,

Cy = specific heat capacity of tube metal,

Ty = average temperature at the boundary,

My; = mass of the tube metal in lump-1,

Qus; = heat transfer rate between metal-1 and secondary-1 lumps,
T,at = saturation temperature of the secondary water,

Ty; = bulk mean temperature of metal lump-1,

Ty, = bulk mean temperature of metal lump-2.
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The heat transfer rate from the first tube region to the boiling region
is written as

Q.M'Sl = Uus1 Aws1 (Ty = Ts1) . (4.19)

Note that the temperature in the boiling region is at the saturation
value,

TSl = Tsnt, . (420)

The saturation temperature is related to the pressure in the boiling
region (using the chain rule), provided that it is evaluated about the
steady state. In other words, the saturation temperature deviation is
governed only by the boiling pressure in a linear manner:

6Tsat

6Tgar = SPB

5Py . (4.21)

The perturbation form of the final state equation is expressed below.

déTy, Tyi ~ Ty d6Zg UpnApy UpBpm + Unsidmsy

at 2z dt T FenrCo 8T

UusiAmsy  Tsae

+ oiCo 37, 8Py, (4.22)
where
Uugy = heat transfer coefficient between metal and secondary-1
lumps,
Ays; = heat transfer area between metal and secondary-1 lumps.

The second metal lump is treated in a manner similar to the first one.
The energy balance equation is:

d(MgTw) . . O dzg
Cu g = Qmz ~ Qusz + putCuly = —37 - (4.23)

The heat transfer rate into the second metal region is expressed as

Qusz = Unsz Awsa (Tsy = Twp) (4.24)

The subcooled water temperature T,, is not taken as a state variable in
this model; instead it is assumed to be an average temperature which can
be written approximately as an arithmetic average of the inlet and
outlet temperatures of the lump:



52

T,e + T

pe sat
Ty = —5— (4.25)
The final state equation is written as
déTy, Ty — Tya| d6Zgc UpmArmsz Ups28us2
de T | 2z4 dr " ThgCy $Te * mic, 5Tnc
UpszAmsz| |97 sar UpApmz + Unsz4us: 4 26
+ | 2HyCy 3P, B T Twe (4.26)
where

Tpe = downcomer outlet temperature,

Uus, = heat transfer coefficient between metal and secondary-2
lumps,

Ays; = heat transfer area between metal and secondary-2 lumps,

My, = mass of the tube metal in lump 2.

4.2.5 Subcooled Region

The total heat delivered by the primary sodium system is transferred
into the steam system by three different heat transfer mechanisms. Most
of the source heat is absorbed in the superheaters, and the remaining
produces steam in the evaporator. Steam production starts at some
elevation in the evaporator as the subcooled water at the bottom reaches
the saturation temperature. Above the boundary where saturation starts,
heat transfer from the primary provides increase in steam quality until
the steam water mixture reaches the top of the evaporator.

The phase change in the secondary coolant can be modeled using the
moving boundary approach. The relationship between several
thermodynamic parameters is summarized as follows. The saturation
temperature is a function of the pressure inside the tubes. The
subcooled height is determined by downcomer flow, heat transfer rate
from the primary side, and inlet coolant temperature of the evaporator.
There is also interdependence between the heat transfer rate and the
saturation pressure because the heat transfer driving force parameter
Tyae is a function of the pressure; therefore, the saturation pressure
influences the moving boundary also.

The subcooled water enters the evaporator at downcomer outlet
temperature Tp; and leaves the moving boundary at T_,,,. As mentioned
earlier, the average temperature of the subcooled region is assumed to
be equal to the arithmetic mean of the inlet and outlet temperatures.
The inlet flow is equal to the downcomer flow Wp.. The flow at the
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boundary is approximated (see Appendix A) and assumed to be a function
of the heat transfer rate and the latent heat.

The mass balance equation for the subcooled region can be written as

d(Mgc) d(psc*Ssc* Zsc)
ac = Woc - Wz = dat

(4.27)

Equation (4.27) above is manipulated to obtain subcooled height as a
state variable:

d§Zgc 1

- SWn- — 6W . 4,28
dt Pschsc (8Hnc 2) ( )

The energy balance equation for the subcooled region is

d (Mge1CpuTsc) .
ar = Qusz + WpclpuTsar (4.29)

Mg. = mass of subcoocled water,
Cpy = specific heat capacity of subcooled water,

Wpc = downcomer mass flow rate,

N
'

mass flow rate of water leaving subcooled region,

density of subcooled water,

)

7]

a
L}

Agc = cross-sectional area of subcooled region,

éwu = heat transfer rate between metal-2 and subcooled lumps.

The unknown flow W, leaving the lump is expressed by the following
linear relationship (see Appendix A):

where WB1, WB2, WB3, WB4 = constant coefficients.
Substituting W, in the balance equations and using simple algebra

relating the mass and energy balance equations yield the following final
state equation:
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AscPscZscCr Dé6Tpc AscpsclscCpn aTsat) déPy
2 e T 2 *\ap; /| Tac

Tpe + Thae déZgc
Asce psc*Cpn 2 dr

[Umsi*Lus*Zsc — Cpy*Tsar*WBLl] 6Ty,

+

[Uus1*Ius*Zsc ~ WpcCpw + Cpulsar*WB2) 6Tpc
STsat 'STsat.

TDC + Tsat
+ Pus1*lus® Twa -~ ) ~ CpyTsar*WB4]6Z5c

=

+

[Cw‘Tnc] 6WDC . (4.31)

4.2.6 Boiling Region

As indicated above, the two-phase regime in the evaporator can be
modeled using at least three thermodynamic variables, namely the moving
boundary, saturation pressure, and steam quality. To complete the model
for the evaporator dynamics, we need two more state equations to handle
these three unknowns.

Boiling starts at the moving boundary and ends at the end of the heat
transfer region near the top of the evaporator. It is assumed that the
two-phase mixture is homogeneous with an average enthalpy, quality, and
density represented by the following equations.

— Xe
X=5 3 (4.32)
pp = pp(l - 5(-) + pg X > (4.33)
hy = hy(1 ~ X) + hg X . (4.34)
The mass balance equation for the boiling region is

This can be rewritten in terms of the density and the boiling height as

Ap ZB'd—t"' e gr |~ W, — Wgy . (4.36)

The perturbation form of the average density in the boiling region is
expressed by the following relationship:®
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The perturbation form of the average density in the boiling region is
expressed by the following relationship:®

where
Ky = — LLeAN (4.38)
(ve + Xvpg)® \ 6Py
K, = Bt 10 . (4.39)

2(vg + EbFG)Z

Note that the time derivative of the boiling height is equal to the time
derivative of the subcooled height with a negative sign. Using the
chain rule for the partial derivatives, the equations above yield the
following final state equation:

dsZg. dsPy déx,
—Ap Py “gp t AelecKy TGr t 4Ky Tgp <
(WB1) 6Ty, + (WB2)6Tpe + (WB3)6Py + (WBL)SZg ~ SWpy (4.40)

where
WBl, WB2, WB3, WB4 = coefficients of approximated flow equation,
Wgy = mass flow rate of rising mixture,
vp = specific volume of the liquid phase,
v = specific volume of the vapor,

X = average steam quality,

X, = exit steam quality.

A third state equation can be genérated considering the energy balance
throughout the boiling region.

d[pBABZBhB]
——r = Qus1 + Wohy — Wah, (4.41)

where the outlet enthalpy
hXe = hF + XehI-'G . (4-42)

The algebraic manipulations yield the following final state equation.
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dhg dhge dsPy

Ag peZy —5 — hpApZpKp |~ - [hpeAgeps] G = [Uusidwsi] 6Tw

dhg 0T gt dhpg
[%(5};) - Ums1Aus1 < 3Py, - Wanke < 3Py + WB3'hF]6PB

(Uws1,» Lus(Twy — Tsar) — heWB4] 624

[hge) 6Wey = [Wryehpgl 86X, + [WBlehp] 6Ty, + [hWB2] 6Ty ,  (4.43)

+

+

where
Qus: = heat transfer rate between metal-1 and boiling region lumps.
Lys = unit heat transfer length between metal and secondary nodes.
hp; = latent heat of evaporation.

4.2.7 Downcomer Region

Unlike the U-tube type steam generators, the secondary coolant enters
the evaporators directly through piping. The downcomer regiom,
therefore, is the piping between the steam drum and the evaporators. It
is assumed that there is no axial heat transport through the pipes and
no radial heat loss. A transport lag is used to formulate the dynamics.
Note that the downcomer inlet temperature is the temperature of the well
mixed drum liquid T,4:

d§ Ty 1

dc ~rn Tw - 6Tw) (4.44)

where
Tpe = resident time in the downcomer piping.

4.2.8 Momentum Equations

In the development of the evaporator model, inlet and outlet coolant
flows are the two unknowns to be modeled. In a simple study such as
using a tea kettle model for the steam generator, these flows might be
considered to be constant and equal. However, when the drum dynamics is
a subject of study, then the deviations in flows cannot be avoided. The
momentum equation for the downcomer piping is

Zpc dWpce fpe Zpe
. = AP + ppeeZpc - . [Woc| *Woe (4.45)
8 A dc 2gc*DpcApc Poc
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Zpc = height of the downcomer pipes,
Ape = cross-sectional area of the downcomer pipes,

mass flow rate in the downconer,

g
L]

AP = pressure drop across the piping,

density of downcomer fluid,

g"
a
K

friction factor in downcomer piping,

Dpe = hydraulic diameter,

8c gravitational constant.

Linearization about the steady state yields the following final form:

déWpe 8c*Anc &c*Apc foc¥pc "
Rl i R vl L [l L

The momentum equation for the outgoing flow is somewhat more complicated
because of the two-phase regime. To obtain an equation for the flow of
the water/steam mixture, the following momentum equation is used:

Zgy | dWpn fscZsc faZy oy
= AP - pgelsc — Pplp — - ¢eeG* (4.47)

Ec*Ar ] dt 2gcDrpsc  28cD1p
where

Zgy = height of the evaporator,

Wgy = mass flow rate of rising mixture,

Ar = cross-sectional area of the duplex tubes,

R
[

driving pressure drop,
fge = friction factor through the subcooled region,

fp = friction factor through the boiling region,

t
-
L}

total hydraulic diameter,
¢ = integral average two-phase friction multiplier.

An approximated Martinelli-Nelson friction multiplier is used.®
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- PF
$2 = 1.0 + n(G,P) 1.2 <P—> -1 x0.82¢ (4.48)
G

The integral average is taken as follows:

_ 1 Zgy
$? = 7 ] ¢%2dz . (4.49)
P2y

Using the relationship between steam quality and the height,

Xe

X(2) =7 (2 - Z) (4.50)

The resultant average can be written as

PF¥
1.2x(G,P)| — - 1) x0.824
- PG
¢ = 1.0+ 1 874 , (4.51)
where
x(G,P) =~ 1.36 + (5.E-4)P + (3.6 E-4)G - (2.57 E-6)PG
for < 194.4 1b,/ft?-s,
n(G,P) = 1.26 — (4.E-4)P + (33.6/G) + [(7.777E-2,)/G] for
G > 194.4 1b /ft2-s,
G = mass flux through the evaporator,
G = 205.07 1bm/ft2-s (for EBR-II evaporator),
Zg = boiling height.

The final state equation for W, is

dt

- 016PD + CZSPB + 03625(: + ClbszM ’ (4.52)
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8czAr 8cAr dpsc drs
Co= 7z ~ Tz %< ap, *% 3p,
Ado  fscZsc Bpsc fpZy 8P
+ + ,

BcAr Arddy fsc

Cs = (pp = psc) Zyy N 2ZgyDy Py Psc ’

fscZscHre T2 W em
" ArZpDresc | ArZeyDrer

C, -

4.3 SUPERHEATER STATE EQUATIONS

The two superheater units in EBR-II are identical in construction to the
evaporators. Their design data, therefore, are exactly the same as
those for the evaporators. The entering dry steam flows through the
duplex tubes and is heated by the primary sodium flowing in the shell
side of the superheaters, producing superheated steam at 873°F (~468°C)
at full power.

Since the fluids on either side do not change phase during their
residence in the superheaters, the modeling becomes simple. Thus the
EBR-II1 superheater is nothing but a counterflow single-phase heat
exchanger. Using Mann’'s technique in five-lump configuration, the
superheater dynamics is represented by the heat exchanger Egs. (3.18)
through (3.22). The data assure that the five-lump model is efficient
in representing the system dynamics. (MCp/UA ratios are 0.87 s for
primary and 0.67 s for secondary, both smaller than the 2-s limit.)

4.4 THREE-ELEMENT CONTROLLER

In the actual plant, the drum level controller uses four signals. These
are the blowdown flow, feedwater flow, steam outlet flow, and drum level
signals. 8ince the ratio of the blowdown flow to other flows is small,
it is assumed to be negligible on the system performance. Using three
signals, the control signal is generated by the following formula.

KI

where

K; = proportional gain corresponding to the ith signal,

u = control signal,
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L = level signal,

L,et =drum level set point,

K; = integral gain,

s = Laplace transform variable.

Ky = ky/ALga1y

Ky = ky/ (Wey,100%)

ALg,11=full range of level variations,

Wpy,100%=100% feedwater flow,

k; = gain for the ith error signal.
Outlet steam flow is not a state variable in this model; therefore, the
steam flow is related to the drum pressure using the critical flow
assumption.® The final state equation can be obtained by taking the

inverse Laplace transform of Eq. (4.53):

dsu dsL  , d6Py d§Wy N
ot Kogr - K g+ Ky gy = ~KitKiSL + KKp8Py — KpKySWyy, (4.54)

where

kK; = Kp*Cy
It can be seen from Eq. (4.54) that the implementation of the controller
needs two more state equations, one for the actuator (W) and the other

for the drum level wvariable.

The actuator dynamics denoted by z is related to the control input u in
the following manner:

dz 1

- (u - 2) (4.55)
dt T pos
The feedwater flow is a function of the actuator dynamics,
WFW - f(z)'Kcv'JpFw’AP . (4.56)

Assuming f(z) to be a linear function of z,

WFW = KTOT.Z . (4.57)
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Substituting Eq. (4.57) into Eq. (4.55) leads to the following state
equation:

1 deWe 1 1
- Su — T W , 4,58
where Kto‘:r dc T pos KiorTpos " ( )

Koy = feedwater valve coefficient,

Prw = feedwater density,

R
"

pressure drop across the feedwater valve,

N
]

intermediate variable representing the value dynamics,

Tpos = time constant of the feedwater valve positioning,

Ry
!

steam value coefficient.

Finally, the drum level is formulated using the mass balance equation
for the drum water.

dMyy
Te = Wew = Wpc + (1= X)) Wew - (4.59)

Assuming a simple geometry for the drum, the final state equation can be
stated as follows.

dsL
Prathp Jo = SWry — SWpc + (1 = X,) 8Wpy ~ WeyBX, . (4.60)



5. TRANSIENT SIMULATIONS USING OPEN-LOOP MODELS

5.1 CALCULATION PROCEDURE

The linear dynamic models are represented using matrix notation and are
given by

[>ae
i
»
1>
+
o
I=

I
i
Q
St
+
(»]
™

(5.1)

where

]
1

vector of state variables,

<
L}

vector of measurements,

e
]

vector of forcing functions,
A = coefficient matrix,

B = input matrix,

¢ = observation matrix,

D = disturbance matrix.

The use of a set of coupled first-order differential equations in the
development of system models often requires an extensive algebraic
manipulation to achieve a compact representation, as in Eq. (5.1). When
the number of derivative terms per equation exceeds one, the cumbersome
algebra can be avoided by representing the system in the following form:

MX=NX+Eu . (5.2)
Then the corresponding A and B system matrices are calculated as
A=MYN |,
B~=M'E |, (5.3)

provided M ! exists. However, taking the inverse of a large system
matrix may result in some numerical problems. The possibility of
encountering "ill behaved" matrices also exists. Thus care must be
exercised in dealing with these problems.

In the present model of the EBR-II primary and steam generator systems,
the two different representations stated above are used. The system
matrix A of the steam generator model listed in Sect. 4 is calculated as
shown in Eq. (5.3). All calculations in this study are performed using
the commercially available software package MATRIXy.}* The default
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integration algorithm invoked by the Matrixy is the "variable step
Kutta-Merson" method!* which is used for transient calculations.

Equation (5.1) is a standard mathematical form used in simulation
studies. Obtaining open-loop system responses to a given step
perturbation requires the definition of matrices A, B, C, and D. Since
the purpose of this study does not include the multiple input case, the
input and disturbance matrices are single-column vectors. We assume
that there is no disturbance at the output for open-loop transients;
hence all of the D vector elements are equal to zero. We also assume
that all the state variables are available for measurement and that the
observation matrix € is an identity matrix of order equal to that of the
system matrix A. A list of state variables of the two models is given
in Table 5.1.

5.2 PRIMARY SYSTEM DYNAMIC SIMULATION

5.2.1 Reactivity Perturbation Results

An isolated primary system model includes the reactor core, IHX, and the
sodium tank, as explained in Sect. 3. A typical perturbation of small
reactivity insertion is applied to the open-loop model. Figure 5.1
shows a comparison between the fractional power responses of the primary
system model and ANL rod drop test!® for a —5-cent step reactivity
insertion. As can be seen from Fig. 5.1, the linear model gives a
reasonable prediction of the actual power response. Figure 5.2 shows
the fractional power responses of the primary model and the Greene model
for a —=5-cent step reactivity insertion. The difference in the
responses is about 1% at 40 s, which verifies that, by replacing six
precursor equations of the Greene model with one "averaged" precursor
equation, the model reduction is a very good approximation. Using the
two models, the temperature responses of the IHX coolant lumps for the
same perturbation differ significantly because of the "five-lump to ten-
lump" modification. Figure 5.3 shows the temperature responses of the
IHX model used in the Greene model. As the figure indicates, the
secondary outlet sodium temperature exceeds the tube wall temperature,
which is a physically inconsistent result. (Note that there is no heat
input to the IHX secondary inlet lump, and a -5-cent reactivity
insertion to the core produces a heat input at the primary side of the
IHX.) Figure 5.4 shows the temperature responses of the modified model
for the same perturbation. The dynamic behavior of the IHX model is
improved using the ten-lump configuration.

The power production is distributed among the active core fuel and
several other reflector materials. The heat removal from these regions
is carried out by the liquid sodium flowing upward. Any sudden
temperature change in cladding is expected to be reflected in the
uppercoolant nodes of the corresponding lumps. The liquid sodium
carrying the sudden energy increment will flow out of the core and pass
through the shell side of the IHX. The excess heat will partially be
removed from the primary loop as it passes through the IHX, and some
remaining amount of heat will return to the sodium tank. Since the
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Table 5.1. List of state wvariables

Row No. of
matrix A State variable

Primary system model

1 Fractional reactor power
2 Precursor concentration

3 Fuel temperature

4 Sodium bond temperature

5 Cladding temperature

6 Core inlet sodium temperature

7 Core outlet temperature

8 Low-pressure plenum inlet temperature
9 Low-pressure plenum temperature

0

1 High-pressure plenum inlet temperature

11 High-pressure plenum temperature

12 Lower reflector metal temperature

13 Lower reflector inlet sodium temperature
14 lower reflector outlet sodium temperature
15 Upper reflector metal temperature

16 Upper reflector inlet sodium temperature
17 Upper reflector outlet sodium temperature
18 Inner reflector metal temperature

19 Inner reflector inlet sodium temperature
20 Inner reflector outlet sodium temperature
21 Outer blanket metal temperature

22 Outer blanket inlet sodium temperature

23 Outer blanket outlet sodium temperature
24 Reactor upper plenum temperature

25 Reactor outlet piping temperature

26 IHX inlet plenum temperature

27 IHX first primary node temperature

28 IHX second primary node temperature

29 IHX upper metal node temperature

30 IHX secondary outlet temperature

31 IHX third secondary node temperature

32 IHX third primary node temperature

33 IHX primary outlet temperature

34 IHX lower metal node temperature

35 IHX second secondary node temperature

36 IHX secondary inlet temperature

37 Sodium tank temperature
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Table 5.1 (continued)

Row No. of
matrix A State variable
Steam generator model
1 Boiling region pressure
2 Evaporator subcooled height
3 Evaporator steam exit quality
4 Evaporator sodium temperature
5 Evaporator sodium outlet temperature
6 Evaporator upper metal node temperature
7 Evaporator lower metal node temperature
8 Downcomer flow
9 Evaporator rising mixture flow
10 Steam drum pressure
11 Drum water temperature
12 Downcomer temperature
13 Superheater inlet sodium temperature
14 Superheater outlet sodium temperature
15 Superheater metal temperature
16 Superheater first steam node temperature
17 Superheated steam outlet temperature
18 Drum level
19 Feedwater flow
20 Control input (3-element controller)

dimensions of the sodium tank are large (resulting in large sodium
volume), the new steady state temperature of the sodium in the tank will
be established after a long time, compared with the sudden temperature
change of the upper lumps. Figure 5.5 shows the temperature response of
the tank sodium to a sudden flow reduction test.® Figure 5.5 indicates
that the time constant is quite large. For the step reactivity
perturbation of -5 cents, Fig. 5.6 indicates that the temperature
response of the tank sodium settles down at about 2500 s with a large
time constant resembling the time constant obtained in the flow
reduction test. This delayed temperature deviation will affect the core
and reflector regions as the recycling sodium temperature reaches the
tank temperature. The effect of the tank sodium temperature on the
reactivity can be seen in Fig. 5.7. The time response of the primary
system model is observed to be in three modes: the prompt jump (0 to

1 s), the reactivity feedback settlement (1 to 200 s), and delayed
thermohydraulic effects (200 to 3000 s). The temperature responses of
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Fig. 5.1. Step response of fractional reactor power to
a -5-cent reactivity perturbation. (Deviations from steady
state.) (1) Open-loop primary model. (2) ANL rod drop test
results. Source: Guide for Irradiation Experiments in EBR-
II, Argonne National Laboratory, Argonne, Ill., March 1975.
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Fig. 5.2. Step response of fractional power to a
-5-cent reactivity perturbation. (Deviations from steady
state.) (1) Open-loop primary model. (2) Greene's model.
Source: S. R. Greene, "The Design, Implementation and Cost-
Benefit Analysis of a Dynamic Testing Program in the
Experimental Breeder Reactor II," M.S. thesis, The
University of Tennessee, 1979.
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the fuel, cladding, core coolant, and reflector wall lumps verify that
the overall heat transfer mechanism is represented reasonably by the
primary model. A complete set of system responses to a —5-cent step
reactivity insertion is listed in Appendix B.

5.2.2 Sodium Inlet Temperature Perturbation Results

To verify that the ten-lump IHX model provides a good representation of
the dynamics when the heat transfer occurs in the opposite direction
(from secondary to primary), a secondary sodium loop inlet temperature
perturbation is applied. This input will exist when the coupling of the
primary system model to the steam generator is implemented. A step
perturbation of +10°F (+5.5°C) to the IHX secondary sodium inlet
resulted in the system responses shown in Figs. 5.8 through 5.11.

Figure 5.12 shows the temperature response of the sodium in the tank to
the same input. The fractional power deviation indicates the
temperature reactivity feedback effect as shown in Fig. 5.13. The core
outlet coolant temperature first increases as the hot sodium enters the
corresponding region, then starts decreasing because of the small late
power decrease caused by the reactivity feedback effect. Note that the
time delay is a result of a large sodium mass in the tank. Figure 5.14
shows the step response of the core outlet coolant temperature to a
+10°F temperature perturbation at the THX inlet. A set of system
responses for this perturbation is shown in Appendix C. Table 5.2
includes a list of numerical values corresponding to the two input
vectors of -5-cent reactivity insertion and the 10°F IHX secondary inlet
sodium temperature perturbation.

5.3 ISOLATED STEAM GENERATOR DYNAMIC SIMULATION

The EBR-I1 steam generator open-loop model contains 18 state variables
(first 18 in Table 5.1) including the level dynamics. There is no
control action on the drum level for open-loop simulations. The drum
level is expected to diverge for any kind of disturbance to the system.
Four standard step perturbations applied to the model are:

1. +10°F (+45.5°C) feedwater temperature,

2. +10°F inlet sodium temperature,

3. 410 1lb, /s feedwater flow, and

4. +10% steam valve opening.

The corresponding input vectors are listed in Table 5.2.

5.3.1 Feedwater Temperature Perturbation Results

In the first case, an increase in the feedwater temperature increases
the drum water and the downcomer temperatures, as shown in Figs. 5.15
and 5.16, respectively. As the water enters the evaporator, the
subcooled water temperature also increases and the bubble formation
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Table 5.2. Forcing functions used in the EBR-II
subsystem model simulation studies

Primary system model Steam generator model

Reactivity (cent) Feedwater temperature (°F)
B(l,1) = ~475.4 B(12,1) = 0.009821

IHX inlet temperature Feedwater flow (1b,/s)
B(36,1) = 1.398 B(12,1) = ~0.0054872

B(18,1) = 0.000262

Steam valve opening (%)
B(10,1) =~ -0.36

Inlet sodium temperature (°F)
B(13,1) = 0.4
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L
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starts at lower elevations. The reason for the moving boundary to drop
in level is the average temperature of the subcooled water which
approaches the saturation temperature by the positive heat increment
carried in by the entering downcomer water. Figure 5.17 indicates the
deviation in the moving boundary. The height of the boiling region gets
bigger as the subcooled height lowers; consequently, the amount of
energy transfer into the boiling region increases, as does the steam
quality (see Fig. 5.18). An increase in the steam quality results in
more steam and an increase in the steam pressure, as shown in Fig. 5.19.
The step responses to a +10°F feedwater temperature are shown in
Appendix B.

5.3.2 Sodium Inlet Temperature Perturbation Results

The second case of step perturbation is a 10°F sodium inlet temperature
increase at the superheater inlet, The heat increment input is
immediately transferred to the secondary side of the superheater as
shown in Fig. 5.20. Some remaining portion of the input heat is
absorbed by the evaporator, which results in increasing the steam
production. The steam quality and subcooled height responses are shown
in Figs. 5.21 and 5.22 respectively. The evaporator sodium outlet
temperature response (Fig. 5.23) indicates the amount of excess heat
carried away without absorption by the steam generator. A complete set
of step responses for this case is listed in Appendix B.

5.3.3 Feedwater Flow Perturbation Results

A step perturbation of +10 1lb,/s feedwater flow increase was the third
input applied to the isolated steam generator model. The feedwater flow
increase introduces some accumulation of additional water mass in the
drum during the early stages of the transient. The addition of water
mass drops the average drum water temperature, as shown in Fig. 5.24.
It also increases the recirculation flow, namely downcomer and rising
mixture flows, as shown in Figs. 5.25 and 5.26 respectively. As the
secondary water inside the evaporator flows faster, the resident time
decreases and the subcooled water retains its single-phase character up
to some higher elevation before it reaches the saturation temperature.
Figure 5.27 shows the response of the subcooled height to a +10-1b_/s
feedwater flow perturbation. Accordingly, the height of the boiling
section shrinks, which results in less steam production and a decrease
in steam quality (Fig. 5.28). The resultant steam pressure drop can be
seen in Fig. 5.29. A complete set of system responses for the third
input case is listed in Appendix B.

5.3.4 Steam Valve Opening Perturbation Results

The last case of a +10% steam valve opening step perturbation was
modeled using the critical flow assumption defined in Sect. 4.
Mathematically, this perturbation was implemented on the drum steam
pressure in our model by assuming a linear relationship between the
valve opening and the corresponding pressure drop in the drum.

Figure 5.30 shows the steam pressure response to a +10% valve opening
perturbation. In the present model, the system was assumed to be driven
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by the drum pressure and the pressure inside the evaporator tubes. A
sudden drop in the drum pressure is followed by a pressure drop inside
the evaporator tubes, and it is smaller than the pressure perturbation.
Consequently, the pressure difference enforces the rising mixture flow
upward, increasing the recirculation flow and the downcomer flow. Note
that the net pressure difference creates a driving force toward the drum
since the drop in the drum pressure is larger. Figures 5.31 and 5.32
show the downcomer and rising mixture flows respectively. The increment
in the flows affects the steam production mechanism in a manner similar
to the feedwater flow perturbation case; that is, steam quality
decreases, subcooled height increases, and so forth. However, another
mechanism for creating a driving force for the steam production appears,
which is dominant and in the reverse direction. It is the change in the
saturation conditions inside the evaporator tubes. The pressure drop
lowers the required saturation temperature for the bubble formation.

The subcooled height therefore shrinks and the steam quality tends to
increase, as shown in Figs. 5.33 and 5.34. A complete set of step
responses is given in Appendix B.

5.3.5 Comparison of the Results with a PWR U-Tube Steam Generator Model

The EBR-II and PWR steam generators are quite different in size,

capacity, structure, and range of operation. However, they are steam-
generating machines working with the same principles of physics. Thus,
a comparison between the responses of the EBR-II steam generator model



Fig. 5.31. Step response of
downcomér flow to a +10% steam
valve opening perturbation.
(Deviations from steady state.)

Fig. 5.32. Step response of
evaporator flow to a +10% steam
valve opening perturbation.
(Deviations from steady state.)

Fig. 5.33. Step response of
subcooled height to a +10% steam
valve opening perturbation.
(Deviations from steady state.)

Fig. 5.34. Step responses
of steam exit quality to a +10%
steam valve opening perturbation.
(Deviations from steady state.)
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and a previously developed PWR steam generator model is considered to be
worthwhile. A linear, U-tube, recirculating-type PWR steam generator
model has been developed previously.® The Ali model uses typical
Westinghouse data, and it is validated.? Figure 5.35 shows the
responses of several state variables to a 10% step change in steam valve
opening using the EBR-II and Ali’'s PWR steam generator models. Another
comparison is shown in Fig. 5.36 for a 10°F step change in feedwater
temperature. The figures emphasize that the overall dynamic behavior of
the EBR-II model is in physical agreement with Ali’s validated PWR
U-tube steam generator model.

5.4 SIMULATION OF THE COMBINED SYSTEM

5.4.1 Combining Subsystem Models

There are several different ways of coupling the primary system and the
steam generator models using MATRIXy. A brief description of the
methods for coupling different modules is given in Appendix C. 1In the
present model, the coupling is implemented by creating an overall system
matrix, including the system matrices of primary system and steam
generator models. Using the appropriate coupling terms, an overall
system matrix can be formed as follows.

A CcP,
A= , (5.4)

CP, Agg

where
CP,, CP, = coupling matrices,
Ay = system matrix of the primary model,

A = system matrix of the steam generator model.

88
We can see from Fig. 3.1 that the only input to the primary system model
is provided by the sodium temperature connection between the IHX
secondary inlet node and evaporator outlet node. The coupling matrix
CP,, therefore, includes the THX inlet temperature forcing vector as
listed in Table 5.2. Similarly, the coupling matrix CP, includes the
transpose of the steam generator inlet temperature forcing vector as
listed in Table 5.2.

5.4.2 Combined Model Simulations

The application of a -5-cent step reactivity perturbation to the
combined model yields similar system responses as in the simulation of
the isolated primary model. Figure 5.37 shows the fractional power
response to a -5-cent step reactivity insertion. The IHX outlet sodium
temperature step response is shown in Fig. 5.38, which is an input to
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the superheater model. The temperature drop in the secondary sodium
caused by the reactivity perturbation results in decreasing the
superheated steam tempezrature, as shown in Fig. 5.39. Some amount of
temperature drop also appears in the shell side of the evaporators,
which slows down the steam production rate, that is, decreased steam
quality, increased subcooled height. Consequently, the drum pressure
decreases, which is a measure of steam mass flow rate leaving the steam
generator. Figure 5.40 shows the drum pressure response to a -5-cent
step reactivity perturbation.

The second input case of +10% steam valve opening step perturbation is
applied to the combined system model. The steam drum pressure step
response is shown in Fig. 5.41. The drop in the steam pressure affects
the rest of the steam generator system in a way similar to that of the
isolated steam generator case explained in Sect. 5.3. The fractional
power response to the same perturbation is shown in Fig. 5.42. The
combined EBR-II model does not include the feedwater and condenser
systems. In the actual plant, the superheated steam flow deviation
changes the feedwater temperature because the feedwater reheaters use
some fraction of the superheated steam. A change in the feedwater
temperature causes an additional input to the evaporators, which affects
the secondary sodium temperature flowing through the shell side of the
evaporators. This effect is carried to the primary system as the
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secondary sodium leaves the evaporators and enters the IHX. As a
result, the primary system receives an additional heat inmput in reality,
and the reactor power is to be affected by means of the temperature
reactivity feedback mechanism. The power response obtained by the
present linear model, therefore, ‘does not include this additional
effect. A set of system responses to —5-cent reactivity and +10% steam
valve opening step perturbations is given in Appendix B.

5.4.3 Prediction of the ANL Safety Tests

The effectiveness of the reactivity feedback in the EBR-II has been
demonstrated through several dynamic testing programs. These tests were
planned to simulate possible accidental events, thus the range of
transients exceeded the limits of the prediction capability of linear
models. However, it is observed that the EBR-1I model presented in this
report could provide predictions of some of the key state variables for
a few test transients. Note that the inputs used in the model are
approximations of the real-plant perturbations.

A large steam pressure reduction test (B402) was conducted at EBR-II to
demonstrate that it is possible to design an LMR plant in which the
reactivity feedback mechanism is capable of protecting the reactor
without severe damage in case of a loss-of-heat-sink accident initiated
by a large steam pressure loss. The drum pressure is ramped down to
about 400 psi, held, and ramped back to its original value in the test.
Using the linear model, this case was simulated by ramp opening the
steam valve and holding it constant. We aimed at evaluating the
feedwater controller performance for which a large steam pressure
reduction is one of the most severe transients involving drum level
control. Figure 5.43 shows the drum pressure response compared to the
measured data and NATDEMO prediction.!® The controlled drum level
response with a similar comparison is shown in Fig. 5.44.1° As can be
seen from Fig. 5.44, the linear model exhibits tightly tuned behavior
for the controller. However, the actuator is not overforced to
accomplish this task, as can be seen in Fig. 5.45, which compares this
response to NATDEMO predictions of feedwater and extraction flows.'®
Note that pressure reduction is held constant after the ramp in the
simulation; therefore, the feedwater flow stays constant, as indicated
in Fig. 5.45. The test simulates the loss-of-heat-sink phenomenon in
which the tank sodium temperature increases, resulting in a negative
reactivity feedback effect on the reactor power. The power decrement is
observed in the linear model; however, the evaporator sodium outlet
prediction is much lower than the measured data because of the exceeded
range of acceptable transients that can be used in linear models. The
steam generator is the most nonlinear component among EBR-II subsystems;
thus such mismatchings in scale are expected in the case of a linear
steam generator model simulating large transients.

The purpose of the loss-of-flow-without-scram (LOFWS) test program was
to demonstrate that EBR-II neutronics possesses the inherently safe
property of a strong reactivity feedback mechanism that would, in loss-
of-flow accidents, shut down the reactor naturally without activating
the emergency protection systems. In the SHRT-39 test, the primary and
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secondary pumps were stopped to reduce both flows almost 100%, leaving
the reactor in a natural recirculation mode. When the heat removal
process slows down, the reactor inlet temperature increases and the
neutron power decreases due to reactivity feedback effect. The
simulation results using the linear EBR-II model show that the neutron
power behavior matches the measured data, as shown in Fig. 5.46.1¢
Figure 5.47 shows the intermediate heat exchanger secondary outlet
temperature response in the SHRT-39 test.!®

In the SHRT-26 test, the power rejection through IHX was changed by
reducing the secondary flow to obtain a ramp increase in the reactor
inlet temperature of approximately 16°C (60.8°F). The simulation of
this test was to verify the sensitivity of the reactivity feedback
mechanism to a given temperature increase in the reactor inlet. The
predictions using the DSNP codeV were validated by modifying the tank
model so that the initial estimate of 40% of the inventory of tank
sodium was reduced to 24%. Using the linear model, the same
modification was also found to be essential for good agreement.

Figure 5.48 shows the high-pressure inlet plenum temperature response.?®’
The neutron power response shown in Fig. 5.49 exhibits agreement between
the measured data and their prediction using the linear model.



RELATIVE POWER

TEMPERATURE F

88

—

__Linear Modo!
S + 4+ Mcasurad
~NATDEMO
.8
7
6 |
5
4 b
)
2 F .
T \\
1B N
0 baes 1 L t =LA
0 100 200 300 400 500
SEC
SHAT~39 NEUTRON POWER
Fig. 5.46. Neutron power
response to the SHRT-39 test.
670
665
660 |
655 |-
t
£50 [
645 [—
, __ Lincar Mode!
640 -+ + + +Measured
L4 ~-DSNP
635 t - ] 1 L I, ol
0 50 100 150 200 250 300
SEC
SHRT—26 H.PJINLET
Fig. 5.48. High-pressure

plenum inlet temperature response
to the SHRT-26 test.

RELATVE POWER

TEMPERATURE F

--NATDEMO

£ ’
( L ! 1 1

___Linear Mode!
++ +Mcasured

0 100 200 300 400
SEC
SHRT—39 IHX SECONOARY OUTLET

Fig. 5.47.

500

IHX secondary

outlet temperature response to

the SHRT-39 test.

T~
\ __ Lanear Made!
RN + + +Macasured
.95 o \ DSNP
o
8
8s [
8
75 F
7k T - -
R
‘65 ) - 1 1 i t
] 50 100 150 200 250
SEC
SHRT—26 NEUTRON POWER
Fig. 5.49. Neutron power

response to the SHRT-26 test.



6. CONCLUSIONS

6.1 SUMMARY

This study contains the development of a low-order linear EBR-II system
model including the reactor, liquid sodium tank, intermediate heat
exchanger, and steam generator subsystems. The model is developed as
two separate modules, namely the primary system and the steam generator.

The EBR-II primary system model is taken from an earlier work® and
modified using a physical model reduction technique,? six precursor
concentration equations replaced with one "averaged" group equation.

The model includes a point reactor kinetics equation, an averaged
precursor equation, Mann'’s heat transfer model, and the first-order
transport-lag approximations. The core bowing and control rod expansion
reactivity feedback mechanisms are not included in the model because of
their negligible effects for small transients around the steady state.
The remaining seven reactivity feedback effects are taken into
consideration. ' :

Another modification to the Greene model pertains to the use of more
lumps for the THX model. The necessity for this modification comes from
the heat transfer limitations of Greene's five-lump IHX model. The step
responses to a ~5-cent reactivity perturbation are physically consistent
and agree with ANL results. The results also agree with the Greene
model results. The temperature responses of the IHX coolant lumps
verify that increasing the number of lumps provides better results. The
IHX model, which is a part of the primary system model, is simulated for
a +10°F sodium temperature perturbation at the secondary inlet plenum.
The step responses of the primary system model to the inlet sodium
temperature perturbation show that the ten-lump IHX model is sufficient
in representing the dynamics of the heat exchanger system.

The secondary system of the EBR-II is modeled using the energy and mass
balance equations for the evaporator, superheater, and drum regions.

Two momentum equations are used for the downcomer and evaporator flows.
The phase change in the evaporator is modeled with a moving boundary
approach. In the two-phase region, a homogeneous flow assumption is
considered.? The superheater dynamics is represented by a single-phase
heat transfer formulation (Mann’s model).? A three-element controller
is designed for the drum level control problem. The controller uses
drum level and feedwater flow and steam flow signals. The steam leaving
the drum is assumed to be completely dry, and its representation is
based on the critical flow assumption.? The step responses of the steam
generator model to four different step perturbations show that the drum
level is unstable unless the three-element controller is activated. It
is also observed that an inherent stability exists in the boiling region
dynamics regardless of any control action on the drum level. The
overall results are in physical agreement with the results obtained by a

previogsly developed PWR, U-tube (recirculation type) steam generator
model.

89
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The linear models of the primary system and the steam generator are
coupled. The combined model step responses to a —5-cent reactivity
insertion are quite similar to the results obtained using only the
primary system model. On the steam generator side, the superheaters
receive a sodium temperature decrease input from the primary system that
is immediately absorbed by the dry steam flowing through the tube side
of the superheaters. There is not much feedback from the steam
generator to the primary system for small perturbations around steady
state. A +10% steam valve opening perturbation to the steam generator
side of the combined model results in step responses that are similar to
the isolated steam generator results. The primary system is not very
much affected by the steam valve opening perturbation for two reasons.
First, the sodium tank in the primary system has a large time constant,
and any sudden temperature change in the secondary system will be slowed
on its way to the active core region; therefore, the tank-sodium
temperature reactivity feedback effect on the reactor power is a slowly
varying mechanism. The other reason for the weak coupling between the
two modules is as follows. A change in the superheated steam flow
affects the heat transfer rate to the feedwater through the feedwater
heaters (the heaters use a fraction of the superheated steam). The
feedwater heater system belongs to the condenser-turbine system, and the
present EBR-II model does not include this feedwater heater system. The
missing information about the feedwater dynamics results in an exclusion
of the effects of the feedwater temperature variations on evaporator
dynamics.

Although the linear models are known to provide reasonable predictions
around the linearization point, the EBR-II model could predict few state
variables in SHRT-39 and SHRT-26 test transients. A complete agreement
was not achieved due to the fact that the test perturbations are too
large. The three-element controller performance is verified through
simulations of large steam reduction test B402.

Matrixy is one of the more advanced members of the MATLAB CAD package
family. All simulations in this work are performed using the special
features of Matrixy. Using the menu-driven SYSTEM-BUILD option, a
number of modules can be coupled regardless of the complexity of input-
output relationships among them. There are six integration algorithms;
the default "variable Kutta-Merson" method is used in this work.

6.2 RECOMMENDATIONS

The development of a model for the EBR-II condenser turbine system is a
natural extension of the study described in this work. The combined
system model with this third module can be used to predict system
behavior for the test transients. Despite the limited capabilities of
linear models, it is believed that a complete EBR-II model will
contribute to the development of new control strategies for advanced
liquid metal reactors.

An important recommendation is the application of model reduction
techniques to the EBR-II model. The present model contains 57 state



91

variables, including the three-element controller dynamics. Software
for the control design algorithms can be made less costly if an

appropriate model reduction method is used to eliminate the redundant
states.

The present model can be improved by introducing nonlinearities to the
linear model. Increasing the number of lumps may provide better
temperature predictions for a detailed study. The core bowing and the
control rod expansion reactivity feedback effects should be included in
a nonlinear version of the model. The three-element controller design
is a subject of further investigation, and the actuator dynamics can be
represented with an improved model.

Despite the fact that some agreement between the measured safety test
results and the linear model responses are observed, the linear model
cannot be used for the prediction of a complete set of state variables
for test transients. The necessary nonlinearities must be included to
complete the model for such applications. Furthermore, successive
linearization of the model must be studied, especially for control
strategy development.
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APPENDIX A
AUXILIARY CALCULATIONS

A.1 BOUNDARY FLOW APPROXIMATION

The development of a lumped-parameter steam generator model includes
formulation of the two-phase flow phenomenon. To use the energy balance
equation for the boiling region, the coolant flows (in and out) must be
known in the form of state or algebraic variables. For a simple linear
model such as the tea kettle model, these flows can be assumed to be
constant; however, this assumption is not applicable for detailed
studies because of an unacceptable compromise in the accuracy. One of
the practical methods for the treatment of the boundary flow (between
boiling and subcooled regions) is to express the unknown boundary flow
in terms of available state variables, such as heat transfer rate and
latent heat of evaporation. Assuming a linear relationship, the
boundary flow W, is written as follows.

Qsc Uns*dus (2Typ = Tpc = Tg) Al

W2

where
Qgc = heat transfer rate into the subcooled region,
hy = saturation enthalpy,
hpe = subcooled region inlet enthalpy,

Uus = heat transfer coefficient for tube metal subcooled water
interface,

Ays = heat transfer area,
= tube metal temperature.

Ty

Using the chain rule, the linearization around steady state results in
the following algebraic form.

where
8w, Uys® Aus
WBl = - ,
W, 4CpUys* Ays® (Twp ~ Tg)
WBZ — - 2 ’
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WB3 =

oW, aTF> ~4CoUus*Aus (Tyz = Tpc) aTF>
3Ty \apPg/ ~ (hg - hyo)? aPy)

3Zsc 2(hy - hye)

WB4 =

A.2 HEAT TRANSFER

When the mean temperature of the tube metal lump is considered as a
state variable, the effective heat transfer coefficient can be expressed
using the classical analogy between the flow of heat energy through

thermal resistance to the flow of electrical current in an electrical
resistor.

Referring to Fig. A.l, the heat transfer rates are

. Tp - Ty
Qm = Ry + Ry (Awp/Ao) = Upbo(Tp — Ty) (A.3)
and
] T, - Ty
Qus = Ry + Ry (An/Ap) = UwsA;r (Ty - Ts) . (A.4)
From Eqs. (A.3) and (A.4),
1 1 Ag > 1 Ay — A
N e Ao = TR
U Uo <AM2 Uy In (Ay/AD)
1 1 <AI> 1 Ay = Ay
U " U \Aw/) Uy A2 = i (Ao/Ay)

The six different cases of heat resistances are calculated as follows.

1. No internal heat generation:

inro/r;

R~ =k

2. Annular rings with the same thermal conductivity; Q! = constant:

2
(rfy, - r%q)/ri

RI,I+1 = 8kl
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Annular rings with different thermal conductivity; Q!!! = constant:

1z} + 1} 3+
Rrin = -
8xL kg4 1P korf

Annular ring closest to the surface of the cylinder;
Q! = constant:

(r§ - r§_1)/r§
8nkl

Rso =
Clad node average-to-clad surface:

2u 1‘0/1’1
Reps = rrkL

Fluid film resistance:
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where

rg = outer diameter,

2 inner diameter,
k = thermal conductivity,

L

length of heat transfer area.

The overall heat transfer coefficients are calculated using the
following correlations:

1. Chen's correlation! for the boiling region,

2. the Dittus-Boelter correlation? for the single-phase heat transfer
regimes, and

3. the Lyon-Martinelli correlation? for the liquid sodium.
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APPENDIX B
SUMMARY OF TRANSIENT RESPONSES
The outputs of the transient simulations performed in this study are
presented in this section. The organization of the figures is explained

in Table B.1.

Table B.1. Organization of the results

Figure Title
B.1 Step responses of primary model to a -5-cent reactivity
perturbation
B.2 Step responses of primary model to a +10°F (+5.5°C) IHX

inlet sodium temperature perturbation

B.3 Step responses of steam generator model to a +10°F feedwater
temperature perturbation

B.4 Step responses of steam generator model to a +10°F inlet
sodium temperature perturbation

B.S5 Step responses of steam generator model to a +10% steam
valve opening perturbation

B.6 Step responses of steam generator model to a +10-1b, /s
feedwater flow perturbation

B.7 Step responses of combined model to a ~5-cent reactivity
perturbation

B.8 Step responses of combined model to a +10% steam valve

opening perturbation
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APPENDIX C

CAPABILITIES OF MATRIX,

C.1 REPRESENTATION OF DYNAMIC SYSTEMS

Consider the following linear system,

1hde
L
b
1>
+
b

u
Y=CX+Du ,

where X is a vector of state variables, Y is a vector of measurements,
and u is a forcing function. A, B, €, and D are the constant system
matrices (see Eq. 5.1). The above state-space representation of a
linear dynamic system can be loaded to the computer using the following
Matrixy, syntax,

S = [A,B;C,D] ,

where S is a matrix representing the overall system. The number of
states should be specified by an arbitrary variable name.

The representation of systems in the transfer function domain is also
possible. Consider the following transfer function.

2
a, s° + a; s + a3

6(s) =575+ b, 2+ b, s + b, °
where
ay, i=1,..,3 = numerator coefficients,
by, i=1l,..,4 = denominator coefficients,
G(s) = transfer function in the Laplace domain.

The Matrixy syntax for the representation of this transfer function can
be made as follows.

NUM = [ 0 a;, a, a, ]

DEN = [ b, b, by b, ]

2

where NUM and DEN are arbitrary variable names. The order of the
transfer function should be specified.

A transformation from one type of representation to another is also
possible with Matrixy (see user’s manual for details, ref. 1).
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C.2. SIMULATION COMMANDS

Once the linear system representation in Matrixy is completed, the
transient simulations can be performed using the following commands.

[T,Y]=STEP(S,NS, TMAX ,NPTS)
or
[T,Y]=STEP(NUM,DEN, TMAX,NPTS)

The outputs of this command are the time vector T and the Y matrix,
which are the step responses of the linear system. Y matrix has the
number of columns equal to the number of states and the number of rows
equal to the number of time points.

The inputs of the simulation commands are the overall system
representation, either in state-space form or in transfer function form.
TMAX specifies the length of time and NPTS specifies the number of
points to be calculated. The default integration algorithm is the
"variable Kutta-Merson."! The variable Kutta-Merson integration is an
explicit fourth-order one-step method. The integration step is
optimized to provide the largest step while remaining within the local
error tolerances. The maximum step size is equal to the time increment.
The choice of NPTS determines the time increment, and this integration
technique retains the stability of the solution regardless of any
arbitrary choice of NPTS.

The linear system should be stable, otherwise the solution will diverge.
To check the stability, the user can calculate the eigenvalues of the
system matrix A using EIG(A).

C.3 SYSTEM-BUILD OPTION

SYSTEM-BUILD is a menu-driven interactive graphical environment for
building, modifying, and editing computer simulation models. Accessing
SYSTEM-BUILD can be done from the Matrixy prompt. The different dynamic
models represented in Matrixy can be appended in a hierarchical
structure using the SYSTEM-BUILD capabilities. 1In this section, an
example of the construction of large-scale dynamic models using SYSTEM-
BUILD is presented. Other capabilities of this software are explained
in ref. 1.

The two modules of the EBR-II (the primary system model and the steam
generator model) are considered. Despite the fact that these models are
not too large to be coupled in the Matrixy environment, the coupling is
made using the SYSTEM-BUILD methods to provide an example for future
applications. The combined structure is obtained by the following
steps.



Table C.1 Steps describing model buildings using SYSTEM-BUILD.

Step Explanation Menu Selection
1 Edit super block Top 2
2 Name the overall system Name : EBR-1I
3 Continuous system Sample Period: 0
4 First block definition Describe Blocks 1
Location: 1
5 It is a dynamic system Type of Block 6
6 State~space representation Dynamic Systems 3
7 Name the first block Specifications Primary
8 Specify the number of Specifications 2
inputs (2)
9 Specify the number of Specifications 3
outputs (37)
10 Specify the number of Specifications 4
states (37)
11 Load the system matrix S, Specifications 5
System Matrix: Sl
Zero Initial states? Y
12 Go to the previous menu UNDO
13 Second block definition Describe Blocks 1
Location: 3
14 It is a dynamic system Type of Block 6
15 State space representation Dynamic Systems 3
16 Name the second block Specifications Stgen
17 Specify the number of Specifications 2
inputs (2)
18 Specify the number of Specifications 3
outputs (18)
19 Specify the number of Specifications 4
states (18)
20 Load the system matrix S, Specifications 5
System Matrix: 52
Zero Initial states? Y
21 Go to the previous menu UNDO
22 Necessary connections Describe Blocks 5
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Table C.1 (continued)

Step Explanation Menu Selection
23 Internal and external Connect Blocks 1,2,3
connections

(The connections are made in a graphical enviromment, which is invoked
by the connect menu.)

24 Go to the top menu Connect Blocks UNDO
Describe Blocks TOP

25 Analyze the structure Top 6
Name : EBR-11
Sample period: 0

Upon completing these steps, the overall EBR-II system model, including
the primary model in location 1 and the steam generator model in
location 3, is ready for simulation studies. The superblock EBR-IT is
shown in Fig. C.1. The following command can be used for simulation:

Y = SIM(T,U) ,

where Y is the output matrix as explained in the previous section. U is
the input time vector. The dimensions of T and U must match. For a
step input case, U vector contains equal entries for each time step.
Note that when using this feature, any kind of input can be applied by
the user-defined U vector.

The SYSTEM-BUILD option also includes different integration algorithms.
The menu contains the following selections:

Euler integration,

RK?2 (modified Euler),

Runga-Kutta fourth-order,

Fixed Kutta-Merson,

Variable Kutta-Merson (default), and
Stiff system solver.

O U B W
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