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Thermal-Structural Response of EBR-II Najor Components

Under Reactor Operational Transients*

by

L. K. Chang and M. J. Lee

Argonne National Laboratory

Argonne, Illinois 60439

Until recently, the LNFBR safety research has been focused primarily on

severe but highly unlikely accident, such as hypothetical-core-disruptive

accidents (HCDA's), and not enough attention has been given to accident

prevention, which is less severe but more likely sequence. The objective of

the EBR-II operational reliability testing (ORT) is to demonstrate that the

reactor can be designed and operated to prevent accident. A series of mild

duty cycles and overpower transients were designed for accident prevention

tests. An assessment of the EBR-II major plant components has been per-.

formed to assure structural integrity of the reactor plant for the ORT

program. In this paper, the thermal-structural response and structural

evaluation of the reactor vessel, the reactor-vessel cover, the intermediate

heat exchanger (IHX) and the superheater are presented.

Eight ORT conditions which are potentially damagable to the plant com-

ponents have been investigated. These transients include the mild reactor

overpower duty cycles, the loss of primary pump power with secondary flow

coastdown, the loss of secondary pump power, and reactor scram. In all

tests, the highest startup power ramp is 14.4% of the full power per second,

and the maximum power is 145% of the rated ORT power at rated flow condi-

tion.

The temperature distributions of the plant components were obtained

using the transient heat transfer computer program, THTB, in which the

*Work supported by the U. S. Department of Energy under Contract

W-31-109-38.
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thermal forcing functions required for the thermal analysis were provided by

the EBR-II thermal-hydraulic system analysis code, NATDEMO. The structural

analysis code, ANSYS, was used for stress prediction. Macro stress analysis

model for each structure was developed first to study the overall structural

response of the components and to identify the high-stress areas. Detailed

stress analysis model was then developed for the localized region of stress

of interest. Elastic analysis was performed for all components. The creep

damage and fatigue damage of the plant components were evaluated based on

ASME high temperature code case 1592.

The reactor-vessel cover is a well-insulated structure of large heat

capacitance, which responds slowly to the sodium temperature in the reactor

outlet plenum. The reactor vessel, the IHX and the superheater, on the

other hand, respond rapidly to their thermal forcing functions of sodium and

steam temperatures. During the loss of primary and secondary sodium tran-

sients, high thermal stresses are induced in the components in the reactor

outlet plenum and in the lower portion of the IHX, respectively. The maxi-

mum stress was found in the upper elliptical head portion of the IHX during

reactor scram from the 145% of the rated power.

The creep damage and fatigue damage of the reactor vessel 'and reactor-

vessel cover were found to be negligible, while the structural damages of

the IHX and the superheater were dominated by fatigue and creep, respec-

tively. Through the life of EBR-II operation including the ORT program, the

accumulated creep and fatigue damages were found to be 0.547 for the IHX and

0.18 for the superheater.

1. Introduction

The EBR-II is a sodium-cooled, pool-type fast breeder reactor designed

to operate at a rated thermal power of 62.5 MWt. Rated primary and

secondary flow rates are 490 and 332 kg/s, respectively. EBR-II has been in

operation since 1964 as a demonstration power plant, and it has served as a

fast-flux irradiation facility since 1967.
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The purpose of the operational reliability testing (ORT) program is to

identify, evaluate, and demonstrate those features of an LMFBR plant which

contribute to its inherently safe and reliable operation. Emphasis is

placed on developing an understanding of basic phenomena and potential

design options which can be effectively used by designers to optimize plant

safety by inherent means rather than by engineered system. In order to

achieve this goal, transient tests were proposed to simulate plant tran-

sients sc that protective margins can be verified and shutdown-reliability

demonstrated. This requires a capability to simulate anticipated overpower

transients, rapid startup, power cycling, reactor shutdown and loss of

forced cooling.

The proposed ORT program consists of 31 transients, among which 8 tran-

sients are considered structurally significant and are tabulated in Table I.

These transient tests include transient overpower, loss of primary and

secondary flow (LOF), reactor scram and combination of them, in the ORT

program, the nominal values of power level and primary and secondary flows

were assumed to be 52.1 MWt and 550 and 310 kg/s, respectively. In all •

transients the highest startup power rate is 14.4% of the rated ORT power

per second, and the maximum power is 145% of the rated ORT power.

In this paper, thermal and structural responses of EBR-II major com-

ponents are presented. These components include the reactor-vessel cover,

the reactor vessel, the intermediate heat exchanger (IHX) and the super-

heater. A schematic diagram showing these components and their relative

locations is depicted in Fig. 1. Because the reactor is basically of pool

desi.jn, reactor-vessel cover, reactor vessel and IHX are submerged in a

large volume of sodium within the primary tank. Primary coolant is well-

mixed in the reactor outlet plenum before it exits to the reactor outlet

pipe that transports the cool-.it to the IHX. The primary sodium exits from

the IHX bottom and mixes with the bulk sodium in the primary tank before it

enters the two primary pumps and reactor inlet piping. The IHX transfers

the energy generated in the reactor to the secondary sodium system and

ultimately to the steam generator and turbo-generator. The secondary sodium

returns to the IHX after transferring heat to the superheaters and evapora-

tors.



TABLE I. Duty Cycles Selected for System Thermal-Hydraulic Analysis

Transient
Case Transient Type

T-la Overpower transient with
normal reactor scram

T-lb Regular overpower transient

T-2 Full power transient

T-3 Simulated loss-of-primary
pump power

T-4 Loss-of-pnmary pump power

T-5 Reactor scram

T-6 Loss-of-secondary pump power

T-7 145% overpower transient
with normal reactor scram

Operating Conditions

1) 80% initial reactor power
2) power increases at a rate of 14.4%/s until it

reaches 130% of the full power
3) reactor scram at the end of 10 min. hold time

1) and 2) are the same as the above
3) power drops at a rate of 14.4%/s at the end of 10

min. hold time

reactor power oscillates between 50% and 100% of the full
power at a frequency of 1 cycle/min.

1) loss of primary and auxiliary pumping power
2) reactor sc^am at 0 and 5 s following loss of pump power
3) secondary flow coastdown

1) loss of primary pumping power, the auxiliary pump is on
2) reactor scram at 0 and 5 s following loss of pump power
3) secondary flow coastdown

1) full power
2) full primary and secondary flow

1) full power
2) full primary flow ar.d secondary flow coastdown
3) reactor scram at 600 s into the transient

1) 80% initial reactor power and flow
2) power increases at a rate of 14.4%/s until it reaches 145%

of the full power
3) reactor scram at the end of 10 min. hold time

Maximum Number
of Events

128

384

600

50

24



MAIN
PUMP.

-Q

AUXILIARY
REACTOR PUMP
OUTLET
PIPING

REACTOR COVER

REACTOR

PRIMARY-
SODIUM
INLET

SECONDARY
PIPING

MAIN
PUMP

0-
IHX

on

UJ

a.

SECONDARY-
SODIUM
OUTLET

STEAM INLET FROM
THE STEAM DRUM

* SODIUM OUTLET
TO EVAPORATOR

STEAM OUTLET
TO TURBINE

tn

\

INLET PIPING
OF THE REACTOR
LOW-PRESSURE
PLENUM

INLET PIPING-
OF THE REACTOR
HIGH-PRESSURE
PLENUM

PR I MARY-SODIUM
OUTLET TO THE
PRIMARY TANK

SECONDARY-SODIUM
INLET FROM THE
SURGE TANK

Fig. 1. Schematic Diagram of EBR-II Major Components Considered in the Analysis



-6-

The stresses of components in Fig. 1 are primarily induced by thermal
loadings. The thermal forcing functions are the primary and secondary
sodium temperatures and the steam temperatures, and they were obtained by
NATDEMO code. The thermal and stress analyses of the EBR-II components
were accomplished by two steps. A scoping analysis was performed first to
study the overall thermal-structural response of the components for selected
ORT transients. These results provided the basis for identifying the most
severe transients and critical stress areas for each component. In the
second step, more detailed thermal and stress analyses were performed for

areas of interest identified by the first step. Heat transfer computer
2 3

program, THTB, and structural analysis code ANSYS, were uced for thermal

and stress analyses. Two sets of thermal- ana stress-analysis models were
developed for each component. Macro analysis models with coarse meshes were
used for the scoping analysis in which the entire physical boundary of the
component was modeled. The micro analysis models, on the other hand, have
finer meshes and model only the critical stress areas.

Based on the scoping analysis, T-7 in Table I was identified to be the
most severe transient which induced the maximum stresses in all components
except the reactor-vessel cover. The transient consists of a rapid rise
from 80 to 145% of the ORT rated power in about 5 s by automatic power-
control system, a hold at 145% power for 10 minutes, and termination by a
reactor scram. For the reactor-vessel cover, the T-3 transient imposes the
most severe thermal loading. T-3 is a loss-of-flow transient, which starts
with the loss of primary- and auxiliary-pump powers, and immediately trip
the reactor followed by a secondary flow coastdown. In this paper the
thermal-structural responses of the components are presented for their most
severe transient.

2. Thermal and Structural Responses of the EBR-II Plant Components
2.1. Reactor-Vessel Cover

The reactor-vessel cover, shown in top portion of Fig. 2, consists
of an inner and an outer section. They are connected by a stainless steel
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bellow at the bottom and a cylinder-like structure at the top. The inner

section contains 12 control rod guide tubes and the outer section contains

three guide tubes to accommodate the subassembly holddown and griping

mechanisms. The top and bottom plates of the outer section are reinforce by

ribs for structural strength. Thermal baffles at the bottom of the cover

were installed to minimize the thermal stress of the structure during tran-

sient. A perforated flow baffle is extended from the bottom of the cover to

assure flow mixing of higher temperature sodium from the core region with

the lower temperature sodium from the outer blanket region. At the lower

surface of the inner section bottom plate, there mounted 113 holddown

fingers. They are designed as an added safety measure to prevent a

hydraulic force from lifting up the inner row subassemblies.

The voids in the outer section and in the upper portion of the

inner section are filled with graphite-containing canisters of various

shapes to provide a top neutron shield for the reactor vessel. The bottom

two third of the inner section and the voids between the canisters are

filled with stainless steel balls.

The reactor-vessel cover is submerged in the primary-tank sodium.

The top and the outer boundaries of the reactor-vessel cover are subjected

to primary-tank sodium temperature, while the bottom of the reactor-vessel

cover is subjected to sodium temperature in the reactor outlet plenum. The

sodium temperature in the primary tank remains almost a constant of 371°C

during the ORT program. The thermal stress of the components in the

reactor-vessel cover, except the holddown fingers, depends on temperature

variation at the bottom of the reactor-vessel cover and gamma heat

generation in the reactor-vessel cover. The holddown fingers, on the other

hand, are subjected to thermal loading resulting from local temperature

fluctuation in the reactor outlet plenum. This fluctuation is primarily

caused by temperature difference between adjacent subassemblies. When

streams of coolant with different temperatures mix, new fluid temperatures

are produced, and they oscillate with time at a given location. These

cyclic fluid temperatures can induce cyclic stress in the holddown fingers.
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During the ORT transients, the temperature differences between adjacent sub-

assemblies are expected to vary only slightly from that of steady state

reactor operation. As a result, the thermal cyclic stress in the holddown

fingers was found to have insignificant effect on the fatigue life of the

component for the ORT program.

The schematic view of the reactor-vessel cover is given in Fig 3,

in which the thermal baffles and holddovm fingers below the bottom plate are

not included. The circled areas in the figure denote the critical stress

locations identified by stress analysis. The stress in the reactor-vessel

cover is primarily caused by thermal loadings,and the stresses in areas 1

and 2 (see Fig. 3) are considerably higher than other high-stress areas.

During reactor operation, the primary-tank sodium temperature

remains a constant, while both gamma heat generation of the reactor-vessel

cover and the sodium temperature in the reactor-outlet plenum are almost

proportional to the reactor power when flow is a constant. The bottom of

the reactor-vessel cover is subjected to the reactor outlet-plenum tempera-

ture, which is considerably higher than the primary-tank sodium temperature

at the top and outer boundaries. As a result, axial and radial temperature

gradients in the reactor cover occur. In a similar manner, the gamma heat

generation of the reactor-vessel cover is higher in the area close to the

reactor core than away from it. The difference of heat generation in the

reactor-vessel cover produces both axial and radial thermal gradients in the

component.

The sodium temperature in the reactor outlet plenum has dominated

effect on the thermal stress of the reactor-vessel cover. Due to large heat

capacitance and heavy insulation of the component, it responds slowly to the

reactor sodium temperature. For most of the ORT transients, the reactor

sodium temperature affects only the lower portion of the reactor-vessel

cover. When reactor transient is very rapid, only thermal baffles below the

bottom plate is affected.

The reactor outlet-plenum sodium temperature of the T-3 transient is

given in Fig. 4, and this transient produces the most severe stress and

fatigue damage of the reactor-vessel cover. During the T-3 loss-of-flow
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transient, the outlet-plenum sodium temperature fluctuates within the
initial 80 s into the transient and then drops slowly to reach 449°C at 800
s. The initial sodium temperature fluctuation only affects slightly
temperature variation of components above the bottom plate. The temperature
of the reactor-vessel cover above the bottom plate remains almost constant
tempera- tures during the 809 s transient. The average temperature
variations of the bottom plate and thermal baffles below the bottom plate
are given in Fig. 5. The maximum stresses at critical areas 1 and 2 re-
main constants of 112 and 162 kPa, respectively, through the transient and
decrease slowly to small values after reactor scram. The maximum thermal
stress of the reactor-vessel cover occurs in the lower thermal baffle below
the bottom plate, and the stress is caused by thermal gradient across the
baff13 thickness. The maximum strain range of the thermal baffle was found
to be 0.0006 at a maximum temperature of 574°C. The creep and fatigue
damage of the reactor-vessel cover was found to be negligible for the T-J
transient and the ORT program.

2.2 Reactor Vessel

The reactor vessel, as shown in lower portion of Fig. 2, consists
of an outer vessel, two layers of neutron shielding, an inner shell, and a
number of thermal baffles. The outer vessel is a stainless-steel cylindri-
cal shell with flanged ends. A hole is cut in the side near the top to fit
the outlet nozzle. The bottom flange of the outer vessel is fastened to the
upper grid plate, and the top flange is fastened to the lower flange of the
upper inner shell, which extends upward to meet the perforated flow baffle
of the top cover. Three thermal-baffle assemblies are in the upper portion
of the reactor vessel. A three-section, three-layer horizontal baffle
assembly is positioned over the inner neutron-chield can and between the
inner and outer shells. A two-layer vertical baffle assembly is positioned
around the inside top circumference of the outer shell; one section of this
baffle is formed to fit the coolant outlet nozzle. A single-layer thermal
baffle is installed around the inner circumference of the upper inner shell.

Whfn the primary-tank sodium temperature is a constant, the
thermal stress of the reactor vessel is a function of sodium temperature
adjacent to the components in the reactor outlet plenum, T., and the sodium
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temperature adjacent to the inner surface of the reactor inner shell, Tg.
Temperature Tft depends on the reactor outlet-plenunt inlet temperature and
mixing behavior of the sodium in the reactor outlet plenum. The upper inner
shell is designed to mate with the flow baffle extending from the reactor
cover, in which a 4.76 mm gap exists between the inner shell and the flow
baffle, through which sodium can flow. The flow baffle is a perforated
cylinder with a 90° opening, which provides the access of the fuel handling
mechanism. The flow behaviors of the regions with and without flow baffle
are expected to be different, and as a result, the temperature T. is a
function of both axial and circumferential locations.

An experimental study on the flow pattern and mixing behavior of
the coolant in the flow baffle region has been performed, and the result
indicates that the coolant in the upper plenum region is divided into two
fairly definite zones. The upper zone coolant, which is bounded by the
reactor-vessel, cover, originated from the high-pressure plenum. The lower
zone is formed by the coolant from low-pressure plenum, and it moves
considerably slower than that ofthe upper zone, and is gradually entrained
by the coolant in the upper zone. The fluid in the upper zone moves rapidly
from the vessel axis, remaining fairly close to the cover until it reaches
the baffle plate, then it moves downward to the slot between the baffle
plate and the inner shell. Practically all of the flow leaves through the
slot. The flow pattern suggests that a significant amount of thermal mixing
occurs even before the coolant flow through the slot. It is felt that the
sodium temperature in the annular outlet plenum region (T«) is nearly
uniform in the region where flow baffle exists. In the region without flow
baffle, flow mixing is less active. The high-temperature coolant in the
high-pressure plenum tends to flow to the outer annul us of the reactor
outlet plenum through upper portion of the plenum, while the relatively
low-temperature coolant from the low- pressure plenum exits to the outer
annulus through lower portion of the plenum. If mixing between the high-
and low-pressure-plenum sodium is not considered, the maximum temperature
variation of T. would be the temperature difference between the sodium in
high- and low-pressure plenum. However, the sodium flow of the high-
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pressure plenum is considerably higher than that of the low-pressure plenum,
a slight mixing will significantly reduce the temperature gradient of T«.
The NATDEMO code provides the average temperature of T.. Based on flow
pattern and mixing behavior of sodium, the maximum temperature variation of
T. is estimated to be 28°C for the EBR-II rated operation condition.

The sodium temperature Tfi depends or- ' fbassembly temperatures in
the outer rows. In the present analysis Tn ; calculated based on power and
flow of subassemblies in rows 14 to 16. The maximum Tg was found to be
405°C for the steady state condition. During reactor transient, TD will

D

respond slower than T. due to high heat capacitance of subassemblies in the
outer rows and stagnant sodium between the outermost row and the reactor
inner shell.

A half of the reactor vessel including the outlet nozzle was
modeled. This model is capable to investigate the effect of circumferential
temperature variation on the reactor-vessel stresses. Heat transfer
analysis models were developed for the THTB code to determine the tempera-
ture distribution of the reactor vessel. Transient T-7 was found to induce
the most severe stress in the reactor vessel and the average reactor outlet-
plenum inlet temperature of T-7 transient is given in Fig. 4.

The temperature of the reactor-vessel components in the reactor-
outlet plenum responses rapidly to the reactor outlet sodium temperature
change, while the components below the upper inner shell responses rather
slowly to the reactor transient. The outer surface at the junction between
the reactor vessel and the outlet nozzle was identified as the most critical
area. The stress in this area is caused by temperature difference between
the reactor outlet nozzle and the outer vessel, the across-the-thickness
temperature gradient and the interaction between the reactor-outlet pipe and
the outlet nozzle. The reactor outlet nozzle is insulated by two layers of
thermal baffles, the transient temperatures at the midplane of the junction
between the reactor outer vessel and the outlet nozzle and two layers of
thermal baffles are given in Fig. 6. When TA increases the inner surface of
the nozzle is hotter than the outer surface and a maximum temperature dif-
ference between the inner and outer surfaces (AT) was found to be 14°C.
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During reactor scram, the temperature reverses, and a maximum AT of 28°C was

found at 670s into the transient. The principal stresses at this critical

area during T-7 transient are plotted in Fig. 7. The creep and fatigue

damage of the reactor vessel was found to be negligible for the ORT program.

2.3 Intermediate Heat Exchanger

The EBR-II IHX, shown in Fig. 8, is a shell-and-tube counterflow

heat exchanger that transfers heat from the primary sodium on the shell side

to the secondary sodium on.the tube side. It is in the primary tank, and a

major portion of it is submerged in the primary-tank sodium. The IHX

comprises three basic structures: well casing (below the primary sodium

inlet), the tube-bundle assembly, and the shield plug (above the primary

sodium inlet). The tube-bundle assembly is ths principal heat-transfer

unit; it consists of 3026 tubes, two tubesheets, and ellipsoidal upper and

lower heads. The closely spaced tubes are arranged in a triangular pattern

and are connected to the tubesheets. During the ORT program the tube-bundle

assembly will experience significant thermal transients, and this analysis

was confined to that assembly.

Detailed thermal and stress analysis of the IHX has been given" in

ref. 4, in which the junction between the outer solid region of the upper

tubesfieet and upper head was found to be the critical stress location, and

T-7 was found to be the most severe transient. Thermal stresses in the IHX

is a function of primary- and secondary-sodium temperature distributions.

During the T-7 transient the secondary-sodium inlet temperature remains a

constant of 307°C, while the primary and secondary sodium temperature

responses are given in Fig. 9. The thermal stress at the critical location

is basically due to rapid temperature change of the upper ellipsoidal head

and the tubesheet. The stress is caused by two mechanisms. The first is

the mutual constraint resulting from temperature differences between the

upper head and the perforated and solid regions of the upper tubesheet.

During the T-7 transient the perforated region of the upper tubesheet re-

sponds almost immediately to the secondary sodium temperature, while the

solid region and the upper head responds considerably slower. The average
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temperatures of these regions for T-7 transient are given in Fig. 10. The

secondary mechanism is the bending stress due to temperature gradient

through the thickness of the upper head. Maximum across-the-thickness tem-

perature differences of the upper head were found to be 17°C and 34°C,

occurring during reactor power startup and scram, respectively. The princi-

pal stresses at the critical location are plotted in Fig. 11. Based en a

very conservative estimation the creep and fatigue damage of the IHX at this

critical location was found to be 0.547 through the life of EBR-II operation

including the ORT program.

2.4 Thermal and Structural Response of the Superheater

The superheater, as shown in Fig. 12, is a counterflow, shell-and-

tube heat exchanger that transfers heat from secondary sodium to superheated

steam. The main body of the superheater comprises a cylindrical-shell

assembly and a tube-bundle assembly. The two assemblies are seal-welded to-

gether by the sodium and steam tubesheets, which are capped with reducers.

Semicircular flow baffles along the length of the 73 duplex tubes direct the

sodium flow and enhance mixing. Thermal baffle plates just below the sodium

tubesheet and thermal baffle tubes (shock tubes) around the duplex tubes

near the sodium inlet mitigate thermal shocks. The superheater is made of

2-1/4 Cr-1 Ho steel.

The shell and the sodium tubesheets at the steam outlet are

connected by a tapered ring (shell transition) of 31.8 mm in length. The

thermal and stress analysis of the superheater identified that this shell

transition as the most critical stress area, and T-7 as the most severe

transient. The temperature distribution of components in this critical area

is a function of secondary sodium-inlet and steam-outlet temperatures as

shown in Fig. 13. The high thermal stress at the shell transition is caused

by axial temperature gradient of the shell transition, the different thermal

re- sponses of the sodium tubesheet and the shell, and differential thermal

expansion of the shell and the duplex tubes. The transient temperatures of

the shell and the tube are given in Fig. 14 for the T-7 transient. The

maximum principal stresses at the shell transition are given in Fig. 15

which indicates that the high stress is caused by overpower and occurs at

the outer surface of the shell transition.
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The maximum stress of 159 MPa was found in the shell transition at
a temperature of 482°C during T-7. This stress causes the maximum creep

-4damage of 3.3 x 10 per hour of hold time for the 2-1/4 Cr-1 Mo steel.

Since the total hold time of T-7 is less than an hour, the creep damage for
the T-7 transient is negligible, however, damage from long-time steady-state
operation has to be considered. Thermal and stress analysis of the super-
heater indicates that a maximum stress of 117 MPa at 451°C at the shell
transition for the rated EBR-II normal operation. We estimate that EBR-II
is expected to operate 1.2 x 10 h at normal operating conditions through
its life including the ORT program. The maximum creep damage accumulated by
the superheater during that period is 0.18, The fatigue damage of the
superheater was found to be negligible.

3. Conclusion

Temperatures in the reactor-vessel cover except the thermal baffles
below the bottom plate and holddown fingers responds slowly to the reactor
outlet-plenut.i sodium temperature. Thermal stress in the reactor-vessel
cover depends on the temperature difference between the reactor outlet
temperature and the primary-tank sodium temperature in steady state or slow
transient condition. Rapid thermal transient of the coolant has little
effect on the thermal stress of the reactor-vessel cover above the bottom
plate. The thermal behaviors of reactor vessel and IHX respond rapidl} to
the reactor sodium temperature, and the high stresses in the critical areas
are cause by rapid sodium temperature drop during reactor scram. The
maximum thermal stress in the critical area of the superheater seems to
depend more on the reactor power level than the secondary sodium transient
rate. During the loss-of-primary-flow transient, the effect of thermal
transient is confined to the sodium in reactor vessel, and only the stress
of thermal baffle below the bottom plate of the reactor-vessel cover is
affected.

The most severe structural damages of the EBR-II plant through the life
of EBR-II operation including the ORT program occurs at the junction of
upper tubesheet and the upper head of the IHX and the transition shell in
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the steam outlet of the superheater. The former is caused by fatigue due to
reactor scram and the latter is due to creep resulting from long-time steady
state operation. The accumulated fatigue and creep damage of the IHX and
the superheater were found to be 0.547 and 0.18 respectively, and they are
below the allowable value of one. The EBR-II plant is considered to be
adequate for the ORT program.
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