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SULTABILITY OF SCME COMPONENTS OF THE EBR-II SODIUM SYSTEMS
FOR OPERATION AT 62.5 MWt
by
N. Bulut

ABSTRACT

In preparing for operation of EBR-II at 62,5 MWg,
the stress criteria that guided the original design of the
major components of the EBR-II sodium systéms were re-evaluated
and, in some cases, re-analyzed. The philosophy behind the
codes on which the original design was based had changed
since that design was completed. The re-evaluation and
re-analysis of stresses due to static, thermal steady-state,
and thermal transient loadings show that the major components
have sufficient structural integrity for 62.5-MWt operating

conditions.

I. INTRODUCTION

The reactor and the primary, secondary, and auxiliary systems of the
EBR-II facility were designed for operation at a reactor power of 62.5 MWt.
Until September 1969, however, the reactor had not been operated above 50 MWt.
During run 38A (September 14 to 28, 1969), the power level of the reactor
was increased, in steps, from 50 to 56 to 62.5 MWt. During this test runm,
all reactor and plant components performed satisfactorily. After run 384,
the power level was returned to 50 MWt, where it is being held for an
interim period to permit modification of existing experimental subassemblies
and design of future experiments for continuous 62,5-MWt operation.

Before run 38A, the coriginal design bases for various components
of thie EBR-II facility were reviewed and re-evaluated; where necessary, the
design was re-analyzed. This effort was warranted because some of the
philosophy behind the "ASME Boiler and Pressure Vessel Code"l, on which the
designs of some of the components were based, has changed within the last
10 years. For instance, the original analysis and design for EBR-II were
guided by the "maximum allowable stress" (Sa) values of the 1959 edition of
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Section VIII (Unfired Pressure Vessels) of the Code. Division 2 of the 1968
edition of the same section (VIII), as well as of Section III (Nuclear
Vessels), recommend the use of "design stress intensity"” (sy) values, which
are higher than the Sa values used for the original design. Furthermore,
the 1968 editions of Sections III and VIII (Division 2) permit a more liberal
method (hopper diagram) of combining various categories of calculated
stresses for comparison with the Sm'values.
This repoxrt discusseg the results of evaluation and, inh some instances,

re~analysis of the design of the following components and systems:

Reactor Vessel

Intermediate Heat Exchanger (IHX)

Primary-sodium Pumps

Primary~-sodium Piping

Secondary~sodium Piping

Evaporators

Superheaters
IZ, REACTOR VESSEL

The design of the EBR-II reactor vessel (see Fig. 1) was analyzed
for static and thermal stresses by the Franklin Institute, as part of the
design effort in 1960. The final report of the analysis concluded that
the stresses produced by steady-state and transient operating conditions
were not excessive,

The stress analysis was based on three different loadings: -

{1) steady-state operation at 62.5 MWt;

(2) reactor scram from full power while all primary~-sodium pumps
remain in operation; and

(3) reactor scram from full pcwer aiter cessation of all primary-
sodium-pumping power,

The boundary conditions assumed for the design of the reactor vessel
are believed to be conservative. For instance:

(1) The bulk temperature of the primary scdium at the reactor-
vessel outlet was assumed to be 900°F, This temperature was measured as

883°F during the $2.5-M{t operation of run 384.2
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(2) Figure A-27 of the "EBR-II Hazard Summary Report"3 (on which
the original design was based) shows time-dependent distribution of the
temperature of the primary sodium at various points in the reactor vessel
during a scram following Fessation of all primary-sodium-pumping power.

This figure was based on the flow-decay characteristics of the dc
electromagnetic pumps, that were. contemplated as the main primary-sodium
pumps in the original EBR—;I design. The actual main primary-sodium pumps
are of the mechanical, centrifugal type. Because of the momentum of the
impeller, drive shaft, and motor of this type of pump, the primaryésodium
flow decays wuch slower than with a dc electromagnetic pump after cessation
of pumping power. Thus, as shown in Fig. F-3 of the "Addendum to the Hazard
Summary Report,“é the average sodium temperatures at core-subassembly out—
lets and at plenum inlet and outlet have lower maxima than used for the
original design.

(3) Design of the reactor vessel was based on a pressure drop of
20 psi in the primary sodium between the outlet plenum and the reactor tank.
This drop is actually about 12 psi at full flow of the primary sodium,

(4) The stress analysis assumed that natural convéction would pro-
vide a flow of bulk sodium (at 700°F) along the outer neutron-shield liner
that would be sufficient to maintain a sodium temperature of -700°F at the
lower half of the outlet nozzle for the primary sodium. Because of this
assumption, unnecessarily high AT values were used in calculating the thermal
stresses in the primary-sodium outlet nozzle. The actual construction of
the reactor vessel incorporates a shelf (see Fig. 2) desigried to reduce
natural convection flow of the 700°F sodium along the outer neutron-shield
liner. Therefore, for both steady-state and tramnsient conditioms, the
actual temperature differential and the resultant thermal stresses in the
outlet nozzle are considerably lower than those assumed for the analysis.

(5) The values for "maximum allowable stress" (Sa) used in the analysis
were taken from the 1959 edition of Section VIII (Unfired Pressure Vessels)
of the Ref.-1 code (Material SA-240, Type 304 high-alloy steel, in Table
UHA-23). Table UHA-23 in the 1968 edition of Division 1 (Pressure Vessels)
of Section VIII lists ‘higher values for 'maximum allowablec stress™ (Sa) for
the same material, Furthermore, Table AHA~1 in the 1968 edition of Division 2
(Alternative Rules for Pressure Vessals) of Section VIII and Table N-421 of
the 1968 Section IIT (Nuclear Vessels) permit the use of "design stress
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intensity" (S;) values and reccmmend a more liberal method (hopper diagram)
of combining various categories of actual stress for comparison with the
tabulated Sm values. Table I cof this report compares the wvalues for the
"maximum allowable stress" (Sa) and "design stress intensity" (Sne cited

above and also lists the yield strength (Sy) for the SA-240 (Type 304 high-

alloy) material.
III. INTERMEDIATE HEAT EXCHANGER

During the design of the EBR-II facility, the Franklin Institute also
performed preliminary and final stress analyses of the intermediate heat
exchanger (IHX). Stresses due to static loading and to thermal steady-state
and thermal transient loadings were investigated and were reported in 1960,
The final analysis was complete and does not contain any major simplifying
assumptions. Stresses were calculated for four different loadings (see
Figs. 3 and 4):

(1) static loading with a secondary-sodium pressure of 150 psig
arnd a reaction force of 1271 1b on the 14-in.-0D sleeve* around the secondary-
sodiun inlet pipe;

(2) steady-state thermal loading with the mean temperature of the
center shell 20.9°F higher than that of the tubes;

(3) transient thermal loading (Tl) for a reactor scrwa that causes
the mean temperature of the center shell to be 60°F higher than that of
the tubes; and

(4) transient thermal loading (TI2) for a failure of the secondary-
sodium pump that causes the mean temperature of the center shell to be 60°F
lower than that of the tubes and a 200°F rise in temperature at the outer

edge of the luwer tubegheet.
Our evaluation of the analysis for each of these loadings follows.

A. Static Loading

The report on the final analysis revealed that, for static loading,
the peuak stress at a discon;inuity exceeds the yield strength of the material
at only one location: in the lower head of the IHX, where the wall of the
inner shell is joined to the ring body (Point 7 of Body 5 in Fig. 4).

*
This sleeve is from here on referred to as the center shell of the IHX.



TABLE 1. Temperature vs Stress Characteristics of SA-240 (Type 304 High~alloy Steel)
Given in ASME Code

Section VII1 Section III
195y 1968 1968
Division 2,
Table UHA-23 Division 1, Table YHA-23 Table AHA-1 Table N-421 Table N-424
Maximum Maximum Maximuin
Allowable Allowable a Allowable Design Stress Design Stress Yield
Temp, Stress (S,), Stress (S_), Stress (§), Intensity (S ), Intensity (S_), Strength (S.),
™ . a : a m . m y
¥ psi _pSi psi _psi - psi psi i
100 18,750 18,750 18,750 20,000 Same 30,000
200 16,650 16,550 16,000 20,000 as 25,600
300 15,000 15,500 13,750 19,800 in 22,000
400 13,650 14,950 12,250 17,600 column 19,600
500 12,500 14,550 - 11,400 16,400 at 18,200 .
600 11,600 14,350 10,800 15,600 left 17,300 =
700 1G,800 14,200 10,500 15,100 16,800 )
800 10,000 14,000 10,250 14,800 16,400
900 9,400 13,600 10,000 14,400b 16,000
1000 8,800 12,500 9,450 13,600 15,150

%fhese values are not recommended for design of flanges or piping.

bExtrapolated as O.QSy-
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According o the report, however, loccal plastic strain would take place at
this joint during hydrostatic testing at the specified pressure of 340 psig.
It was predicted that this first plastic cycle would produce sufficient cold
spring for the joint to remain in the elastic range under 62.5-MWt operating
conditions. Table II shows the axial stress, hoop stress, and maximum stress
intensity under static loading at Points 7 and 8 of Body 5, the two locations
of highest static (primary) stress in the IHX.

TABLE II. Mazximum Stress (kpsi) in IHX under Static Loading

Body No. 5 5

Point No. 7 8

Axial Stress (02) 21.5 ~-17.¢

Hoop Stress (o) - 5.5 - 6.1

Maximum Stress Intensity (oR) 27.0 17.0
B. Thermal Loadings

1. Steady State

Examination of steady-state thermal loadings revealed only one
location ¢f relatively high thermal stress: the outside surface of the
circﬁmferential weld joining the lower head of the IHX to the ring body
(Point 12 in Fig. 4). At this point, the axial and hoop stresses due to
steady-state thermal loading are about -18,600 and -13,130 psi, respec-
tively. The axial stress (due to static loading) is about -5000 psi, and
the hoop stress due to statie loading is negligible. The principal stresses
are determined from the equations

O3 = %1 * 92 o
Gy = Oyq *+ Oups and (2)
93 % %1 + Op2s &

where G1s Oo» and o4 aze the axial, hoop, and radial principal stresses,
respectively; O91* %pp° and 91 are .the axial, hoop, and radlal stresses
due to static loading, respectively; and Gppr Opos and Onp are the axial,
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hoop, and radial stresses due to steady-state thermal loading, respectively.
Calculations made by Franklin Institute during design of the IHX showed
that oq is equal to zero.

Substituting the streds values for Point 12 in Eqs. 1 and 2 gives
= -23,600 psi and o, = -13,130 psi.

The maximum value (SR) of the "equivalent intensity of combined
straess" or, more briefly, "stress intensity" is the largest of the alge-
braic differences between the three principal stresses. These differences
0y = -10,470 psi; 0y, = -13,130 psi; and o, = 23,600 psi. Therefore,
SR =0y = 23,600 psi.

According to the 1968 editions of the ASME Cede, however, stresses
combined by hopper diagram may be three times the value of Sm at any given
temperature. The temperature at Point 12 will not exceed 700°F. From
Table I, Sm at 700°F is 15,100 psi. Three times this value (=45,300 psi)
is much greater than the calculated value of 23,600 psi for SR‘

%

are:

2., Transient from Reactor Scram (Tl)

The analysis showed that the highest stress due to a reactor-
scram transient (T1l) occurs at a circumferential weld where the center shell
is welded to the upper tubesheet (Point 34 in Fig. 4). Table III lists the
stresses at this point under static loading and thermal-transient (T1)

loading.

TABLE III. Meximum Stress (kpsi) in IHX during Thermal Transient
due to Reactor Scram (T1)

Body No. 23
Point No. 34
Static Loading
vAxial Strass (021) - 4,2
Hoop Stress (th) - 1.9

Transient Loading
Axial Stress (022) -28.0
Hoop Stxess (Gtz) -13.6
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The principal stresses are determined as follows:

+G,, m = 4,220 - 28,040 = - 32,260 psi

91 % %1 ™ %2
0y = 9,4 * 0., = = 1,920 - 13,620 = - 15,540 psi

oy = 0

t2

The maximum stress intensity (SR) is 32,260 psi (n31- 32,260). 1t repre-
sents the combination (by hopper diagram) of "primary local membrane stress'
(PL), "primary bending stress" (Pb), and "secondary membrane plus bending
stresses" (Q), and should be compared with 3 x 8§, Since the secondary
mexbrane stress is due to a temperature transient at Point 34, the value
of Sm at that point can be taken as the average of the Sm values given in
Table I for the highest and lowest temperatures of the weld during the
transient. The highest temperature would be approximately 883°F, and the
lowest about 720°F (20 sec after the scram). Based on these values, the
interpolated value of Sm (from Table I) is approximately 14,700 psi.
Since SR is smallgr than 44,100 psi (= 3 x 14,700), it is within the

allowable limits.
The Franklin Institute report on stress analysis did not include

]

calculations showing the transient thermal stresses produced in the upper
tubesheet itself and in the center shell of the IHX. Subsequent calcula-
tions (see Appendix A) based on some simplifying, but very conservative,
assumptions in boundary conditions have shown that the magnitudes of these
stresses are far from being large enough to produce failure. The 3/4-in.-
thick shock plate under the tubesheet and the shock-plate sleeve around
the center shell are sufficient thermal barriers to keep the actual AT
across both the tubesheet and the center shell relatively small.
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3. Transient from Fallure of Secondary-sodium Pump (T2)

The highest stress resulting from failure of the secondary-
sodium pump (thermal trangient T2) oceurs at the inside surface of the
circumferential weld joining the lower head of the IHX to the ring body
(inside swurface of Point 12). The second highest stress during tran-
gient T2 occurs at the circumferential weld (Point 22) joining the center
shell and the lower tubesheet. Stresses at both points are listed in

Table IV.

TABLE IV. Maximum Stresses (kpsi) in IHX during Thermal Transient
due to Fallure of Secondary-sodium Pump (T2)

Body No. 6 12
Point No. 12 (inside) 22

Static Loading

Axial Stress (021) 5.01 5.53

Hoop Stress (atl) 2.99 - 4.08
Transient Loading

Axial Stress (022) 35.72 34.94

Hoop Stress (°t2) - 8.08 19.14
Principal Stresses

Axial (01 =05 + 012) 40.73 40.47

Hoop (02 = 01 + atz) - 5.09 15.06

Radial (o3 = 0) 0 0
Maximum Stress Intensity (oR) 45.82 40.47

(015 (og)

aie
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Since the maximum stxess intensity (oR) at point 12 (inside) ex-
ceeds 3 x Sm (=44,100), the stress was evaluated in accordance with fatigue-
failure criteria. Since op (45,820 psi) is higher than the yield strength,
the material is in the plastic range. Fatigue damage in the plastic region
has been found to be a function of plastic strain. Therefore, on should be
compared with data from tests in .which strain, rather than stress, is the
controlled variable. Figure 5% gives the results of such strain-controlled
fatigue tests. As a matter of convenience, the strain values (et) uced in
the tests are multiplied by the elastic modulns (Et) to give a fictitious
stress that, although not the actual stress applied, may be compared directly
with stresses calculated on the assumption of elastic vehavior. From this,
it follows that when o, is considered ag an.alternating stress, its amplitude

R
(S;) will be

1 1
st=te E =20, @)

]
a .
= 45,820/2 = 22,910 psi.
Figure 5 shows that about 40,000 stress cycles would be required
to produce fatigue failure at 900°F and an S; value of 22,910 psi. A
transient caused by failure of the secondary-sodium pump is not expected to
occur more than 500 times during the anticipated life of the EBR-II facility.

Therefore, failure from strain fatigue should not occur at Point 12 (inside).

c. IHX Well Casing

Temperature readings have verified that during steady-state opera-
tion, hot primary sodium is forced upward in the annvlas between the IHX
well casing (welded to the U nozzle) and the tube-bundle structure of the
IHX (see Fig. 3). The upward thrust of hot (883°F) sodium in this annulus
is believed to cause thermal gradients between the 1l-in.-thick wall of the
well casing and the 2-in.-thick bottom plate of the reactor-tank cover
to which it is attached by a 3/4-in. circumferential fillet weld.

*
From Fig. 2 of "Case 1331-4" of Ref. 1.
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The average temperature of the bottom plate of the reactor-tank cover
is approximately 600°F, whereas the temperature of the well casing 1s assumed
to reach 880°F*, which is almost the same as the temperature of the primary
sodium at the inlet to the IHX. The thermal radial expansion of the U-nozzle
opening in the 2-in. plate is negligible in comparison with the thermai radial
expansion of the U nozzle itself. This difference in expansion causes stresses
that produce local yielding in the shell wall of the well casing, the 2-in.
bottom plate of the reactor-tank cover, and the fillet weld joining the two.
The simple analysis reported in Appendix B showed that at least 2000 full-
strain cycles would be required to produce fatigue fallure in any member in
this region. This figure is believed to be conservative because:

(1) The restraint that the 2-in. bottom plate of the reactor-tank
cover provides to the expansion of the IHX well casing was not taken into
account. The 3/4-in. fillet weld joining the well casing to the bottom
plate was assumed to provide all the restraint required. Actually, the
bottom plate will provide most of the total restraint; the fillet weld will
be subjected to a relatively small fraction of the total load.

(2) Although the calculations in Appendix B were based on a 3/4~-in.
fillet weld, the actual size of the weld appears to be larger in the
photographs taken during construction.

The above two considerations are conservatisms imposed by a desire
to simplify the boundary conditions and the subsequent calculations. Other
factors also contribute to the conservatism of the fatigue-failure analysis.
These are inherent in the data provided by the ASME Code1 and can be sum~
marized as follows:

(1) Except for the brief period of 62,5-MWt operatiocn in run 38A, EBR-II
has never operated at a power level above 50 MWt. Since the temperature of
the primary sodium at tiue IHX inlet is a function of the power level, the
resultant thermal stresses at steady-state and transient conditions have been
considerably lower than those calculated in Appendix B. A concentration of
cycles of larger stress near the beginning of life of a component tends to
accelezrate failure, whereas if the smaller stresses are applied first and

followed by progressively higher stresses, the "cumulative usage factor"

Ky .
The average of readings taken for this temperature during run 38A was
approximately 868°F.
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(UF)* can be increased to a value as high as 4 or 5.

(2) The design stress values for fatigue curves in the 1968 Section III
of Ref. 1 were obtained from strain-controlled fatigue tests. The values -
were obtained from the best-fit curves by applying a factor of 2 on stress
or a factor of 20 on cycles, whichever was more conservative at each point.

These factors were intended to cover such effects as environment, size

effect, and scatter of data,

D. THX Performance Data

Table V compares predicted and measured values of IHX operating
parameters at two power levels. The most significant difference between the
predicted and measured values occurs in the secondary-sodium outlet temper-
ature. As explained in Ref. 2, the predicted values of .this temperature at
56— ‘and 62.5~-MWt operation were based on IHX performance at 50 MWt, when
the coefficient of heat transfer was found to be 95% of the design coeffi-

cient.
"TABLE V. Performance Data for the IHX

Predicted Measured Predicted Measured
Operating Power, MWt: 56 " 56.5 62.5 62.3
Primary-sodium Flow Rate, 1b/hr x 1070  3.82 3.86 3.82 3.81
Prirpary-sodium Inlet Temp, °F 700 700 700 700
Primary-sodium Outlet Temp, °F 864 864 883 883
Secondary-sodium Flow Rate,lb/ht x 100 2.4 2.23 2,38 2.36
Secondary-sodium Inlet Temp, °F 584 588 585 586
Secondary-sodium Outlet Temp, °F 862 858 879 872
Secondary-sodium AP, psi 2.5 2.6 2.7 2.8
E. Channeling of Primary Sodium in the IHX

The IHX includes two features designed to achieve a balance of primary
sodium: (1) a belt diffuser at the primary-sodium inlet; and (2) two orifice

*The cumulative effect of wvarious stress cycles in a member is evaluated (in
the 1968 Section IIL of Ref. 1) by means of a linear damage relationship in
which it i1s assumed that if N7 cveles would produce failure at a stress level
S3, then n3 cyeles at the same stress level would use up the fraction n,/N, of

lie total 1ife. Failure occurs when the cumulative usage factor (UF), Jhi&h
is the sum nllN1 + nlez + n3/N3 4 teeey 12 equal to 1.0,
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plates, one just below the primary-sodium inlet, and the other just above
the primary-sodium outlet. Temperature readings taken at the lower orifice
plate have indicated that the primary sodium is channeling at the inner and
outer edges of the tube bundle. This channeling, near the center shell,
causes the mean temperature of the center shell to be higher than the bulk
temperature of the primary sodium (on which the design was based). Since
the thermal stresses in the IHX are influenced by the difference between the
mean temperatures of the center shell and the tubes, the resultant thermal
stresses may actually be higher than those calculated during design.

The scope of this report does not include calculation of the thermal
stresses caused by this channeling., Section VIII of the report, however,

makes some recommendations on the subject.

IV. PRIMARY-SODIUM PUMPS

Since the flow of primary sodium and the temperature of the bulk
sodium in the primary tank will be the same at 62.5 as at 50 MWt, the
performance of the primary-sodium pumps should also be the same at the two
power levels. In the early stages of EBR-II operation, both pumps were

removed, modified, and reinstalled. Subsequent operation has been satis-

factory and reliable.

V. PRIMARY-SODIUM PIPING

A thorough stress analysis by the Franklin Institute preceded design
and fabrication of the primary-sodium piping loop between the.reactor and the
IHX., Relatively large stresses during a reactor-scram transient occur in
portions of the loop where a gas insulation separates the inrer and outer
pipes. The largest thermal stress due to a reactor scram occurs in the region
of the junction of the 14-in.-0D outer pipe and the electrode box section.
All these stresses are within acceptable limits when compared with the design
stress intensity values obtained by using Fig. N-414 (hopper diagram} of
the 1963 Section III of Ref. 1l.*

*
Figure N-414 is equilvalent to Table F-1C4 in the draft issue of Nuclear
Power Piping, USAS B31.7, The American Society of Mechanical Engineers
(February 1968).



- 27 -
VI, SECONDARY-SODIUM PIPING
A complete stress analysis of the secondary~sodium piping system
was performed by Blaw-Knox Company in 1958. The resultant stresses were

found to be well within the limits allowed in Fig. N~414 of the 1968
Section III of Ref. 1l.%

VII. STEAM GENERATORS

A, Design Features

The EBR-II steam~generating train comprises two superheaters and
eight evaporators, interconnecting piping, and a steam drum. The secondary
sodium flows through the shell side of the two superheaters, which are
connected in parallel, and then passes through the shell side of the eight
evaporators, which also are connected in parallel (see Fig. 6). All 10
units are identical in construction except that the flow area of each
superheater tube is reduced by a "core tube" (see Figs. 7 and 8). Each
unit is a single-pass, shell-and-tube heat exchanger with a bundle of
bonded duplex tubes. About 4 ft of each tube at the sodium~inlet end has
an additional shield (thermal baffle tubes) to protect the duplex tubes
from excessive thermal stresses resulting from steady-state and tramnsient
operating conditions. The sodium tubesheets are also protected by thermal

baffles against thermal shock. Table VI shows some design parameters of

the steam generators.

B. Design of Superheater Tubes

All 10 steam generators now in service in the EBR-II facility were
originally designed as evaporators. The two that were modified to serve
as superheaters are subject to temperatures of secondary sodium higher
than those expected for the evaporators.
Calculations were made to verify the adequacy of the tubes for use
in the superheaters. The calculations were based on the assumption that the

*
Figure N-414 is equivalent to Table F~104 in the draft issue of Nuclear
Power Piping, USAS B31l.7, The American Society of Mechanical Engineers

ebruary 1968).
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TABLE VI. Design Parameters of EBR-II Steam Generators

Materials
Shell
Tubesheets and heads .

Duplex tubes

Shell (Sodium) Side
Design pressure, psig
Design temperature, °F
Pneumatic test pressure, psig

Tube (Water or Steam) Side
Design pressure, psig
Design temperature (evaporators), °F
Design temperature (superheaters), °F
Hydrostatic test pressure (evaporators), psig
Hydrostatic test pressure (superheaters), psig
Inner-tube dimensions
0D, in.
Wall thickness, in.
Outer-tube dimensions
0D, in.
Wall thickness, in.

SA-387, Gr. D
SA-182, Gr. F22
S5A-213, Gr. T22

150
1000
365

1500
800
900

2250

2500

1.25
0.0925

1.43
0.0940
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inner tube is the only pressure-carrying member of the duplex-tube structure.

Allowable stress, internal pressure, and wall thickness of the tubes are

related as follows:*

Sant
P =Rx+o.6t’ )
where P = internal pressure in psig,
Sa = maximum allowable stress in psi,
n = joint efficiency (assumed to be unity for seamless pipe),
t = thickness of tube wall in inches, and
R = inside radius of tube in inches.

Table VII shows values of Sa and the corresponding maximum safe

values of P for the steam-generator tubes at various temperatures.

TABLE VII. Allowable Stresses and Pressures for EBR-II Steam-generator Tubes

Maximum

Safe Internal

Temperature, Maximum Allowable Pressure (P),
°F Stress (5302 kpsi psig
800 15.0 2360
850 14.4 2265
9200 13.1 2060
950 11.0 1730
1000 7.8 1227

3prom Table UCS-23 of the 1959 Section VIII of Ref. 1.

The values for maximum safe internal pressure (P) in the table were cal-
culated from Eq. 5, using the values for Sa given in the table, a joint
efficiency (n) of 1.0, an incide tube radius (R) of 0.5325 in. (from
Table VI), and a tube-wall thickness (t) of 0.0925 in. (also from Table VI).
Table VII shows that £or the superheater tubes, P is well above the design
pressure of 1500 psig at the design temperature of 900°F.

Figures 9 and 10 respectively show the design and expected temper-
ature profiles of the evaporator tubes at 62.5-MWt operation. Figures 11 and 12

*
Paragraph UG~27(c) of the 1959 Section VIII of Ref. 1.
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respectively show the design and expected temperature profiles of the super-
heater tubes at 62.5-MWt nperation. Figure 12 indicates that the maximum
radial temperature difference (744-699°F = 44°F) in the inner tube of the
superheater occurs at the secondary-sodium outlet end. The radial thermal

stress (hoop stress) in the wall of the inner tube that results from this

difference is calculated as follows:

o, = S s (6)
where
‘ o, = hoop stress in psi,
= modulus of elasticity (=24 x 106 psi at 743°F),
a = instantaneous coeffigient of thermal expansion (=10.8 x 10'-6

in./in.-°F at 743bF),

AT = radial temperature difference (=44°F), and

v = Polsson's ratio (=0.3).

By -substitution of the nmumerical values,

o =24 x10% (10.8 x 107% 44
t 2 (1 - 0.3)
= 8150 psi,
The primary hoop stress due to internal pressure (1500 psi) at the same
point is determined from Eq. 5 as 9540 psi.

Since the sum of these two stresses (17,690 psi) is less than three
times the design stress intensity (sm) of 15,600 psi* at the temperature
of the point, the thickness of the wall of the inner tube 1s adequate.

In the above calculations, no credit is taken for the restraining

effect of the outer tube on the inner tube. The actual primary hoop stress
in the inner tube will be considerably smaller than the 9540 psi calculated,
becguse the inner and outer tubes are bonded together to form a 0.1865-in,
rather than a 0.0925-in. wall. The hoop stress calculated by Eq. Y, using
this heavier wall thickness, is 5180 psi.

C. Stress Analysis

The design of the EBR-II evaporators was analyzed by the Franklin
Institute in 1959. The loadings on which the stress analysis was based are:

*
From Table N-421 of Section II1I, Ref. 1.
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(1) pressure of feedwater and steam inside tubes = 1500 psig;

(2) shell-side pressure of secondary sodium = 50 psig; and

(3) difference between the mean temperatures of the shell and of
the tubes = 62°F (this difference is the main cause of the thermal stresses).
The analysis did not reveal exceswive stresses.

Some of the design, predicted, and measured parameters for the
evaporators and the superheaters are shown in Tables VIII and IX, respectively
The predicted temperatures of the inlet secondary sodium and the inlet feed-
water to the evaporators agree well with the measured values. Therefore,
the actual difference between the mean temperatures of the shell and the
tubes is considerably lower than the design value of 62°F. Consequently,
the resultant thermal stresses are lower than design values. Use of the units

as superheaters decreases this difference further (to 41.3°F).

D. Flow-induced Vibrations

The velocity of the secondary sodium through the superheaters is con-
Siaerably higher than that through the evaporators. For this reason, the
possible occurrence of flow-induced vibrations in the superheaters was of
some concern before run 38A. During this run (in September 1969), the
noise originating in each superheater was monitored. Accelerometers were
mount=d at three different locations on each superheater. Equipment was
provided for: (1) direct listening, (2) recording on tape, and (3) a
simple frequency-spectrum analysis. The character of the measured fre-
quency spectrum (2-50C Hz) varied little as the power was increased from
20 to 62.5 MWt; however, there is considerable experimental uncertainty for
these frequency data.

For other steam~generating equipment, personnel listened with a
stethoscope for unusual noises or changes in sound originating in the equip-
ment., Specific items monitored included steam piping, sodium piping,
secondary-sodium EM pump, all evaporators, surge tank, steam drum, and feed-
water piping. No unusual noise resulting from operating at 62.5 MWt was

detected,
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TABLE VIII. Operation and Design Parameters for EBR-11 Evaporators

a b Measured
Design Predicted (Ref. 2)
Number of ‘Inits 8 8 8
Reactor Power, MWt 61.6 62.5 62.5

Shell Side (Sodium)
6

Sodium flow rate, lb/hr x 10 2.50 2.43 2,36
Sodium inlet temp, °F 808 801 800
Sodium outlet temp, °F 594 585 581
Overall shell mean temp, °F 677.2 647.8 —-—
Tube Side (Feedwater and Steam)
Feedwater flow rate, lb/hr x 107 2.70 2.75 2,65
Feedwater temp &t steam-drum inlet, °F 580 550 560
Steam outlet temp, °F 580 580 580
Shielded Length of Tubes
Outsilde mean temp, °F 698 647.7 -—
Metal mean temp, °F 641.5 620.6 ——
Inside mean temp, °F 580 590.3 —-—
Unshielded Length of Tubes
Outside mean temp, °F 632.4 612.3 -—
Metal mean temp, °F 610.4 600.2 —
Inside mean temp, °F 586.4 584.9 —
Overall Tube Mesan Temp, °F 615.2 603.5 —
Difference between Mean Temperatures of
Shell and Tubes, °F 62.0 44,3 —

8From Fig. 9.

bProjected values based on actual operation at power levels below 2.5 MWt
{provided by C. C. Stone).
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TABLE IX. Operation and Design Parameters for EBR-1I Superheaters

e b Measured
Design Predicted  (Ref. 2)
Number of Units 2 2 2
Reactor Power, MWt 61.6 62.5 62.5
Shell Side {Sodium)
Sodivm flow rate, 1b/hr x 10°° 2.50 2.43 2.36
Sodium inlet temp, °F 863 872 870
Sodium outlet temp, °F 796 801 800
Overall weighted shell mean temp, °F 838.3 B44.3 -—
Tube Side (Steam)
Steam flow rate, 1b/hr x 107° 2.50 2,55 2.50
Steam inlet temp, °F 580 580 580
Steam cutlet temp, °F 834 816 819
Overall weighted tube mean temp, °F 796.8 803.0 -
Shielded Length of Tubes
Outside mean temp, °F &57 841.7 ——
Metal mean temp, °F 825.4 837.5 —-—
Inside mean temp, °F 833.7 828.8 —
Unshielded Length of Tubes
Qutside mean temp, °F 820.6 818.2 —
Inside mean temp, °F 773.6 770.7 ——
Difference between Overall Weighted Mean
Temperatures of Shell and Tubes, °F 41.5 41.3 ——

%From Fig. 1i.
bProjected values based on actual operation at power levels bslow 62.5 MWt
(provided bv C. C. Stone).
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VIII. CONCLUSIONS AND RECOMMENDATIONS

The foregoing review leads to the conclusion that the components
of the EBR-1I sodium systems are suitable for operation at the original
design power level of 62.5 MWt., Evaluation of performance capability and
structural integrity revealed no deficiencies of serious concern. The
highest stress in all components evaluated occurs in the fillet weld between
the IHX well casing and the bottom plate of the reactor-tank cover. This
high stress is caused by some of the hot primary sodium thrusting upward
through the annulus between the well casing and the tube bundle. The
stresses in this weld could be reduced by installing an additional seal in
the annulus between the well casing and the tube bundle. This seal,
similar to the one just telow the primary-sodium inlet, would be placed
Just sbove that inlet and would reduce the temperature gradients near the
weld.

It is also recommended that a separate and in~depth study be under--
taken to analyze the thermal stresses in the IHX that result from channel-
ing of the primary sodium (as described in Section IXII.E). In this study,
thermal transients for which the stresses ave to be anaiyzed should include
those caused by: (1) scram of the reactor; (2) failure of the secondary
pump; (3) failure of all primary pumps, including the auxiliary pump; and
(4) ramp changes in the flow and temperature oi the secondary sodium.

The completed review could not evaluate all possible effects of
aging of the IHX during its years of operation, Structural weaknesses
thet might have developed during this aging could cause a failure and a
resultant shutdown of the IHX and, thus, the reactor. The length of such
a shutdown would be greatiy reducec if & new tube bundle were on hand
for immadiate installation instead of repairing and reinstalling the existing
one. Therefors, it is racommended that a spare tube bundle be procurad so that

it is ready to install if needed.
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APPENDIX A

Transient Thermsl Stress in the Upper Tubesheet
of the Intermediate Heat Exchanger after Reactor Scram

During normal operation, the lower face of the 3/4-in.-thick shock
plate under the upper tubesheet of the intermediate heat exchanger (IHX)
is in contact with the primery sodium, whose temperature is 883°F. The
upper face of the tubesheet is in contact with the secondary sodium, whose
temperature is 872°F. Approximately 13 sec after a reactor scram, the
temperature of the primary sodium at the inlet to the IHX, and thus at
the lower face of the shock plate, will have fallen 150°F (according to
Figure 55 of Ref. 4). The following calculations show the method used to
determine the thermal stresses in the upper tubesheet that result from this

transient.
The calculations iacorporate the following simplifying assumptions:

1. The temperature at the lower face of the shock plate and the

upper face of the tubasheet are the same;

2. the temperature drop of 150°F in the primary sodium occurs
as a step change;

3. heat transfer from the pecondary sodium in the tubes to the
tubesheet is ignored; and

4. the assembly of the upper tubesheet and the shock plate is
assumed to be a slab vith an infinite surface srea and a semi-infinite

thickness.

The temperature at any point in the tubesheet i1s a function of posi-
tiop (distance from the lower face of the shock plate) and time, and is
designated by T (x,0). The temperature at the lower face of the shock plate
is indicated by T (0,0) and at a point "2" ft from the surface by T (%,6).
Figure 13 shows the model used for the calculations.

In deriving the differential squation to describe the hsat conduction
in the slab, it is helpful to first write an snergy-balance equation over
the differentiai length (Ax) of the slab:
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J SHOCK PLATE 0.0625°

7

Fig. 13. Model for Calculating Thermal Stress in Intermediate
Heat Exchanger after Reactor Scram

T(0,8)

Flow of heat by conduc- Flow of heat by con- Rate of depletion
tion from the lower duction through slab of internal

face of slab to primary - to lower face - enexgy in a given
sodium velume of the slab

By applying Fourier‘s law of heat conduction (q = -k %5) to our
energy-balance equation, we obtain
aT T 3 ™
Ak o | b oax PG | o = - 35 [eCASX(T-T))],
where A = heat-transfer area, in ft2;
k = thermal conductivity, in Btu/hr-ft-°F

(=11.5 for Type 304 stainless steel);
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T = temperature, in °F;
x = distance from lower face of shock plate, in ft;
Ax = 3incremental thickness of slab, in ft;

0 = time after step change of 150°F at lower face of
shock plate, in hr;

C = gpecific heat of metal, in Btu/°F-1b
(=0.12 for Type 304 stainless steel);

p = density of metal, in 1b/ft3 (= 500 for Type 304
stainless steel); and

T = reference temperature used to evaluate internal

energy, in °F.

By expanding the term 3: lx + Ax according to the rule of Taylor seri
expansion, and taking the first two terms,

¥ (x+Ax) =¥ (x)+ g; ¥ (x)bx, (8)

where
¥{x) = ':%, we obtain
aT ar ) T
—— l o e 2o Aw, (9)
ax x + Ax "xlx Tox x

By substituting this in Eq. 7 and simplifying, ws obtain

% = -3 8% + 52, --:-5- fecaxex-1.)1,

which reduces to
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and can be simplified to

2
aT
k&g =% (109
ox

where K = thermal diffusivity, in ftzlhr,
= k/oC.
Equation 10 is the fundamental equation describing conduction of

heat in a solid. It can be solved by the method of Leplace transforms.
Taking the Laplace transform of each term of Eq. 10 gives

”D 32 -89 I’w 9T ~56
K j <5 (x.0) e " ds J 35 (%8) & " de. (11)
o % 0

By changing the order of integration and differentiation of the left
side, we obtain

[ ] 2 2 ° 2
K [ 23 0,0 e™%0 « 25 [ T(x,0) o *%qp « LX) 12
dx
(V]

where T(x,s) is the Laplace iransform of T(x,0). The overbar indicates
the Laplace transform of a function of two variables.
Application of the rule for Laplace transform of a derivativa to

the right side of Eq. 11 yields
/ g{- (x,8) ¢ 2%do = oT(x,8) - T(x,0), 13)
0

vhere T(x,0) is the initial temperature distribution in the tubesheet at
time zexro (6 = 0).
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Substituting the results of Eqs. 12 and 13 in Eq. 10 ylelds

K-93§£§*§l = gT(x,8) = T(x,0). ' (14)

Since we are interested in deviation of the temperature from its
value at 9 = (, we shall assume the initial temperature to be zero
[T(x,O) = g]. With this assumption, Eq. 14 can be simplified to

dzi;g 8) - & F(x,s) = 0. | %)

Thi%s equation is a homogeneous linear differential equation, which has

the solution

7(x,8) = Ae "‘/7--!- A, e* ”T (16)

where A1 and Az are arbitrary coefficients.
To keep T(x,s) finite as x approaches infinicy, A, must’ equal. zexo.

Therafore, Eq. 16 becomes

-x/8/K an

i%x.s) = A e .

1

The transformed forcing function at x = 0 (lower face of shock
plate) is T (0,8), which can be substituted in Eq. 17 to determine Alz

T(0,s) = y
Al Lo .o - T(O,l). (18)

Substituting this value of Al in Eq. 17 yields
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Y-

T¢x,5) * T(0,8) e ¥ ,

T(x,8) . o x/o/K : (19)
T(0,s)

When the initial temperature at x = 0, which 18 represented by T(0,s),
is replaced by a unit step function, U(6) = -:— » to simulatea a step change
in temperature, Eq. 19 becomes

1 -xv‘a/K. . (20)

'I‘(x,s) -G

7o obtain the response in the time domain, Eq. 20 must fizst be
invarted. From the table of Laplace transforms,

@ 2
L 1 -« sll(]_ _37;/ R L P (21)

The right side of this equation is the srror-function complement of x, which
is defined as

x
2
wrfcx'1-7127-.°/ .U du
2 .
-2 j"ra" du, (22)
o‘

Using the trancform pair given in Eq. 21, Eq. 20 becomes

T (x,0) = exfc ﬁﬁ- . (23)
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When determining the temperature variation with time at any surface
% fr from x = 0, Eq. 23 is written

T(2,8) = erfec 7=, (24)

where T(L,8) = drop in temperature, in °F, at x = & and
at time 0.

Eyuation 24 was used to calculate the drops in temperature with
time 0 it the lower face (& = 0.0625 ft) and upper face (2 = 0.3125 ft)
of the tubesheet as a result of the scram-induced step change of 150°F at
the lower face of the shock plate. Table X lists the calculated temperature
drops cATL) at ¢ = 0.0625 ft and Table XI the calculatad drops cATU) at-
£ = 0.3125 ft.

Figure 14 plots these temperature drops, and the difference between
them, with respect to time. The difference between ATU and ATL reaches a
maximum of 97°F approximately 250 sec after the step change in temperature.
The thermal stress in the tubesheet that results from this temperature

difference is calculated from Eq. 6,

. .EoAT
% " 2(-v) °

where
o, = thermal stress, in péi;
E = modulus of elasticity, in psi (=23.1 x 106
@ 800°F);
@ = instantaneous value of the coefficiegt of thermal
expansion, in in./in.-°F. (=11 x 10 at BOO°F);

v = Poigeon's ratio (=0.3); and

=» - - °
AT ATU ATL 97°F.

THN
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By substitution,

s - £23.1x 10601 x 2079 o,

= (181.5)(97)

= 17,600 psi.

TABLE X. Temperature Drop (ATB) with Respect to Time (0) at Lower
Face of Upper Tubesheet of IHX after Sudden 150°F Drop
in Temperature at Lower. Face of Shock Plate

-0.0625 erfc-gégggé Temperature Drop
Time (8), sec Aﬁggg - Y4KO , ATy ), °F

1 40203 0.00002 0.00

5 i.91. 0.00641 0.96

6 1.748 0.00815 1.22

7 1.619 0.02224 3.34
8 1.514 0.03246 4.87

9 1.428 - 04385 6.58
10 1.354 0..5612 8.42
20 0.958 0.17572 26.36
30 0.782 0.26904 40.36
40 0.677 0.33865 50.80
50 0.606 0.39156 58.73
100 0.428 0.54524 81.79
200 0.303 0.66823 100.24
300 0.247 0.72G46 108.07
400 0.214 0.76228 114,34
500 0.192 0.78605 117.91
600 0.175 0.80465 120.70
800 0.151 0.83091 124.64
1000 0.135 0.84866 127.30

2000 0.096 0.88305 132.46
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TABLE XI. Temperature Drop (ATU) with Respect to Time (6) at Upper Pace of
Upper Tubesheet of IiX after a Suddem 150°F Drop in Temperature
at Lower Face of Shock Plate

0.3125  _.c. 0.3125 Temperature Drop

Time (), sec v4Ke . Y4Ka _(aTy), °F

1 21.414 0 0

5 9.557 0 0

10 6.772 ] 0
20 4.778 0 0
30 3.910 0 ]
4C 3.386 0 0
50 3.028 0 0
100 2.141 0.00252 0.38
200 1.514 0.03246 4.87
300 1.236 0.08368 12.55
400 1.071 0.13067 19.60
500 0.958 0.17572 26.3%
600 0.874 0.21674 32.51
800 0.757 0.28451 42.68
1000 0.677 .23865 50.80

2000 0.479 0.49841 74.76
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Fig. 14. Temperature Transients in Upper Tubesheet of IHX after Raactor Scram
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APPENDIX B

Stcady-state Thermal Stressae in the Well Casing
of the Intermediate Heat Exchanger

Tenperatures detectad by thermocouplas RI-TC-507-DR and RI-TC-501-§
in the well casing (U nozzle) of the EBR-I1 intermediate hcat exchanger
(INX) indicate that hot (883°F) primary sodium is forced upward in the
aanulus between the well casing and the tubs-bundle structure during
steady-statc operation. This upward cthrust of hot sodium in the annulus
is believed to cause ralatively high stresses in ths 3/4-~in. circumferential
fillet weld by which the wall casing is attached to the bottom plate of the
vasctor-tenk cover. This appendix uses a simplified method to calculate tha
steady-state stresses in thin weld.

Figure 15 shows the location of the weld, and gives dimensions and
materials of construction pertinent to the cslculations. PFigure 16 is a
free-body diagram of the cross section of the weld. (The symbols not
defined in the figuree are defined in the text following.) The average temp-
erature of the bottom plate near the weld ie 60G°F, and that of the well

casing near the weld is 880°F.
The following assumptions were made in making the calculations:

1. The opening for the well casing in the bottom plate ratains its
slze corresponding to & 600°F mean temperature of the plate.

2. The deformation of.the well casing is caused by the temperature
diffezence of 280°F (880-600°F) batween the well casing and.the bottom plate.

3. The circumferential reacticn to countersct the force caused by
differential radial expansion 1s furnished by the fillet weld.

The deflection (3) of a long, cylindrical shell by.an. .alementary ring
load of .an intensity qd£ is given by S

8

6 = gﬁg 2 - & cosgd - ¢”5¢ cosfc), B v17)
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Fig. 15. Locatfon of Fillet Weld Holding IHX Well Casing
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Fig, 16, Freewhody Diagram of Cross Section of
Well~casing Fillet Weld



where

where

wheze

\V] =
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radial deflection, in in.;

uniformly distributed load, in psi;

midplane radius of shell, in in. (=29.5);
modulus of elasticity, in ped (=22 x 10° @ 900°F);
shell thickng=s, in in. (=1);

distance from point at which strees is being deter~
mined to point B, in in.;

distance of the same poinft of stress from point A,
in in.; and

3 18~h\’ o in 'iﬂ;‘-l » ' (26)

Poisson's ratio (=0.3).

The radial deflection of the shell (the IHX well casing) caused by
thermal expansion of the casing will impose a- uniformly distributed load
on.the "belt" that extends from point A to point B. The amount of this
deflaction (6) is calculated from the equation

AT =

§ = aAT (z *+ h), B ¢7))

linear coefiicient of thermal expansion, in
in./in.=°F (= 10 x 10 6);

temperatﬁre difference causing the expansion, in
°F (=280); and

inside radius of shell, in in. (=29).
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Substitution of the numerical values in Eq. 27 givas

S = (20 x 10°6)(280) (29 + 1)

= 0.084 in.

Substituting this value of § in Eq. 25 and solving for q, we obtain

8b 8

a= (0.268CH (2 - o ® cossb - e7*¢ cosge)™ L. (28)

Since the stress will be greatest at the edges of the belt, (points
A and B), Eq. 28 can be simplified for calculating the stress at ome of thos
points.

At point A, b = 0.75 and ¢ = 0 (see Fig. 15). Thus, Eq. 28 becomes

0.168 Eh
a2 - e PPgosgb)

(29)

B can be determined from Eq. 26:

“/3[1 - (0.3)2

= L] .-1 L]
RO 0.237 in

B-
Substituting the numerical value in Eq. 29, we obtain

q = (0.168) (22 x 108) (1)
(29.521 = ¢ 21773 cos 0.1775)

o .3.696 x 10°
870.25(0.1758)

+ 24,200 psi.

The maximum shear stress, Txy’ 1s the same as q (=24,200 psi).
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Bending stress at point C can be calculated as follows:

M
-k —gil—, (30)
vhere
5 = bending stress, in psi;
k = stress-intensification factor (=2%);°
M = bending moment, in in.-1b;

sH = gection modulus of the area whose longth (L)
is BC and width is 1 in. [--2- Q) ()2 = %-(%)2 = 0.09375 in.3).

When the weld is treated as a cantilever beum with 8 uniform load
of w 1b/in., the bending moment at point C is given by

¥, - -:E-wnz, I

where w = uniformly distributed load, in 1b/in. (=qw24,200 for
a unit segment of. the weld circumference); and

L = 3/4 in.

By substitution in Eq. 31, we obtain

_ o1 3.2
Mxy = -(3)(24.200)(39

= -6306 in.-1b.

*Asgsumed .value. Plastic deformation. after the first stress cycls will
make this coefficient smaller.

S g

T T T T
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So, from Eq. 30,

6806
Oy = "2 5.09375 7

=-(2)(72,600)
- -145.200 p.io

Principal str-ss, Sl. can be determined from

1 1
51 -3 °xy % / (5 °xy)2 + (-rxy)2 . (32)

Substitutior of the numerical valuez gives

- _L - 45,200, » 2
S, 7 (145,200) /—r—i—) + (24,200)

= -72,600 -~ 76,520
w -149,130 psi.

If S, is considered as & stress range, its amplitude will be

= 74,570 psi.

Figure 5 shows that, at this amplitude and at the temperature ¢f point C
(+v830°F), the number of cycles to fatigue is approximately 2000.
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