
NO.'-J-UHKAP, C)\ZY.? FAT i GUL' ANALYSIS OF A SODIUM

11KAT EXCHANGER COMPONENT FOR T]!U FAST FLUX TEST FACILITY

-NOTICE-
This report was prepared as an account of work
sponsored by the United States Government. Neither
the Unir^d States nor the United States Atomic Energy
Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
mskes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not Infringe privately owned rights.

A. C. GANGADHARAN

D. H. PAI

I. BEKl'lAN

Foster Wheeler Corporation
Research Division

12 Peach Tree Hill Road
Livingston, N.J. 07033 MASTER

1. INTRODUCTION

In the Liquid Ketal Fast Breeder Reactor development that is

currently underway in the U.S.A., Foster Wheeler Corporation is responsible

for the design and fabrication of three identical sodium to sodium inter-

mediate heat exchangers (IHX) for the fast flux test facility (FFTF). The

IHX is a counter-flow shell and tube type exchanger which transfers heat

from the radio-active primary sodium flowing on the shell side to the

secondary sodium flowing inside the tubes. The structural material used

in the IHX is 304 austinitic stainless steel. The required service life of

the unit is 20 years, during which the plant is expected to operate at full

power for about 15 years (131,400 hours) at a maximum temperature of 1050& F.

It is postulated that some 800 operating transients will occur

during the service life of the plant. These transients are categorized as

Normal, Upset and Emergency Conditions according to Section III of the ASME

Boiler and Pressure Vessel Codes. These transient events cause severe

changes in the temperature, pressure and flow rate in the primary as well

as the secondary fluids. Other irajor loads to be considered in the design
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are steady state vibrations, seismic loads and aii Emergency Condition load

due to a hypothetical core.disruptive accident.

A significant aspect of the design of the; M X is the fact that

the postulated transients arc likely to cause some short time plastic defor-

mation and time dependent creep deformation. The design specifications,

therefore, include ASME Code Case 1331-4 which is required when creep may

be significant. In addition, the requirements of an interim high temperature

design criteria document known as FRA-152 must be met. Some parts of FRA-152

were incorporated into ASME Code Case 1331-5 and its subsequent revisions.

The modes of failure considered in this high temperature design document are:

(i) ductile rupture from short-term loadings

(ii) creep rupture due to long-term loadings

(iii) creep-fatigue failures, and

(iv) gross distortion due to incremental collapse and

ratcheting.

The design documents permit elastic analysis to be used even for

limited inelastic behavior. However, when elastically computed stresses and

strains in components exceed the specified design limits, inelastic analyses

may be performed to validate the design. Briefly, the major criteria limits

in Code Case 1331 can be summarized as follows.

(1) Firstly, the total accumulated strain should be limited to

1% on average, 2% for surface strains and 5% for local discontinuities. These

limits are reduced by 50% for welds and heat affected zones.

(2) Secondly, the creep and fatigue damage must be limited by

means of a life fraction approach. It should be noted that the creep hold

time has a dominant effect on fatigue life and this is why creep-fatigue inter-

action must be closely examined in elevated temperature analyses.



(3) Thirdly, in the case of stability considerations, a factor

of safety ou life (e.p,., creep buckling time) is added to the conventional

factor of safety on load.

The above mentioned effects arc of major significance in the

design of structural components at: elevated temperature. They make Tt

necessary to determine the time history of the stress-strain relationship

at- a point, or at all points of interest in considerable detail, so that we

may identify the specific type of damage process occurring at any stage of

the life of the component. In addition, in order to perform such a stress-

strain analysis, the use of history dependent material properties is required.

These history dependent material properties have to be correctly represented

in constitutive equations.

Figure 1 shows the general arrangement of the IHX. One of the

areas in the unit where the elastically calculated response exceeded the

elastically calculated design limits was the primary inlet nozzle. There

is a thermal down shock in the primary inlet nozzle during the postulated

upset and emergency events. It was therefore necessary to perform a detailed

elastic-plastic-creep analysis of this component to ascertain whether or not

the inelastic deformation and creep-fatigue damage are within the allowable

limits. The objective of this paper is to show how the currently available

analytical methods in plasticity and creep are applied in a typical high

temperature design environment in order to design the nozzle. A comparison

of the results of a deta.iled analysis in which the finite element method was

used and the results of simplified analysis procedures will also be discuss-i.

2. DESIGN REQUIREMENTS AND ASSUMPTIONS

According to the design specifications of the IHX, the primary

inlet nozzle encounters more than ten different kinds of transient events



during its design lifo. These transient events vary in intensity and

frequency of occurrence. There may be as many as 725 Upset and Emergency

transient events and 113 Normal haat-ups and cool-downs. These events will

occur at random sequences, and at unpredictable intervals. The analyst

must therefore ir.ake certain assumptions regarding the application of these

load conditions on the nozzle so as to make the analysis feasible. The

first assumption made is that, on the basis of their intensities, the

transients can all be safely lumped together into one of the two upset

events designated as Ul and U2 transients. Ul represents a reactor scrara

and U2 represents a safety or control rod drop accident. These events

cause thermal down shocks on the nozzle from the full power steady state

condition, and are each followed by normal heat-ups. Thus, the primary

inlet nozzle is assumed to meet with 700 Ul transients, 25 U2 transients

and 118 normal heat-ups and cool-downs during its operating life. Furthermore

it is assumed that these transients will occur at constant intervals with

156 hours of full power hold time between each transient. During the

hold time period the unit undergoes creep deformation.

The. design specifications also contained recommendations for

the mathematical formulations to be used for both time independent elastic

, plastic and time dependent creep behaviors. Included were the uniaxial

material behaviors and the mathematical relationships to describe multiaxial

material behaviors (constitutive equations). These are listed in Reference £1]

The method by which creep and fatigue effects of various loading conditions

may be summed are also described in FRA-152. For time-independent elastic-

plastic calculations the design document suggested the use of the von Mises

yield criterion, its associated flow rule and the kinematic hardening rule

as the constitutive equations. .For consistency, this requires the use of



an assumed bilinear unin,\*ia.l stress-strain relationship. Creop behavior

is characterized by an equation-of-stato. approach uhcrein current creep

strain rates depend only on current stresses, strain and time. Both primary,

as well as secondary creep are included in the creep equation. The creep

law specified for 304 stainless steel has the form:

e (a, t} T) = A[l-exP(-rt)] + Bt (1)

where e is the creep strain and o, t and T are stress, time and temperature,

respectively. The terms A, B and r are functions of stress and temperature.

The uniaxial creep relationship is assumed to be valid in the multiaxial case

by assuming C and G in (1) to be equivalent values.

To include the effects of variable stresses during creep intervals,

the design specifications recommended the use of a strain-hardening rather

than a- time hardening formulation in the creep calculations. To determine the

combined creep damage due to creep hold time and lov/ cycle fatigue damage

due to cyclic occurrences of the postulated transient events, the high temperature

document suggested the use of linear damage summation rules. The design curves

to failure at various temperature levels were also given in the specification.

3. ANALYSIS METHODS

Having decided upon the load conditions, the mathematical formu-

lations and a specific set of material data to be used in the analysis, the

next question is how to calculate the response of the nozzle. The problem

is highly complex because of the three dimensional configuration of the

structure, the nature of the loading and the non-linearity of the structural

response. The yuestion is not only what is mathematically feasible, but

also, whether the method is economically reasonable. This is so because the

cost of an inelastic analysis may be two orders of magnitude or more higher
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than an clastic analysis of the same component.

The analysis of the actual configuration by numerical procedures

can be performed by the use of a three-dimensional finite element: inelastic

program. This, howevers is a prohibitively costly as well as lengthy

procedure. There are few, if any, benchmarks for comparison. Consider,

therefore, idealizations of the configuration of the problem. The first

is the replacenent of the cylindrical shell by a sphere of larger radius.

This is an accepted design practice to reduce the cost while getting

reasonably accurate results in elastic analysis of a nozzle-shell intersec-

tion. The problem is thus idealized to that, of an axisymmetric finite

element model. The usual elastic approximation is to replace the shell by

a sphere of radius 1.5 to two times the cylindrical shell radius. For the

inelastic analysis of the primary inlet nozzle of the IHX, such a geometric

idealization seems to be reasonable because of the fact that the major

contributor to the inelastic behavior of the nozzle is thermal stresses

due to the temperature variations, essentially across the thickness of the

•nozzle. These variations are practically unchanged by the two dimensional

idealization of the problem.

Furthermore, since the membrane forces have a dominant effect

on ratcheting behavior, the two dimensional approximation in which the

cylinder is replaced by a sphere of twice the diameter should yield conser-

vative results.

As a next level of simplification, consider a thick-walled

cylinder in which the thickness, radius and loading conditions are modelled

to respond in a manner similar to that cross section of the nozzle which

experiences the worst loads. Chern, of Foster Wheeler Corporation, has

recently derived an analytical, elastic-plastic-creep generalized plain strain
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solution of a thick shell subjected to internal pressure, thermal load

and uniform axial traction or displacements, all varying arbitrarily with

time [2]. The. material behaviors and constitutive euqations that are

specified for use in the FETF program are included in Chern's solution.

A simple computer program has been written on the basis of Chcrn's solution

which can be applied in elastic-plastic-crecp designs.

A third, very simple, approach to the problem is the one-dimen-

sional idealization by Eree [3,4] in which he considered the problem of a

thin walled cylinder subjected to internal pressure and linearized alter-

nating temperature distributions. Bree made an additional assumption which

permitted him to ignore all multiaxial constitutive equations by considering

only the circumferential stresses in the cylinder.

Bree generated design curves to predict ratcheting behavior

of a thin shell under an arbitrary conbination of driving force due to

internal pressure and alternating thermal stresses, assuming elastic perfectly

plastic material and only secondary creep based on a power law with an

exponent of 6 on stress. Thus, the basis for these design curves are sub-

stantially different than those recommended for FFTF use.

The primary inlet nozzle has been analyzed using the 'Bree'

method, Chern's thick shell model and by the finite element method using

an axisymraetric idealization of the nozzle shell intersection. The details

of these three analyses, the comparison of results and general conclusions

are given in the following sections-

4. ANALYSIS USING BREE METHOD

Figure 2 gives two cross sectional views of the nozzle-shell

intersection along the longitudinal and transverse sections of the cylin-

drical shell. In order to analyze the nozzle using Broe's method, one must



first obtain the actual elastic stresses in the nozzle duo to the applied

loads. This, as such, would require an expensive three dimensional finite

element analyses. It was decided that an axisymmetric idealization of the

component with a sphere having twice the radius of the cylindrical shell

would give elastic stresses close to the true values. Elastic finite

element analyses of the simplified model were performed individually for

the pressure load and the most severe temperature profiles during the

selected transients.

The stresses due to the pressure and thermal loads must be

related to the two stress components, r.he membrane and the thermal bending

components, used in the one dimensional Bree model. To do this, we first

determined the most critical section through the thickness of the nozzle

due to the combined pressure and thermal loads. The average circumferential

stress across this section due to the pressure load is taken as the membrane

stress component. The thermal stresses were first linearized across the

critical section and the maximum stress intensity, i.e., the maximum of the

principal stress differences, was used as the alternating stress component

in the Bree model. Incremental ratcheting strains were determined for both

transient events for a sufficient number of cycles and the results extrapo-,

lated for Che total number of transients postulated in the design. This

resulted in an estimate of 1.6 % of accumulated inelastic strain in the

nozzle at the end of the design life. This strain exceeded the strain

limit of 1 % specified in the design documents.

5. INELASTIC ANALYSIS USING THICK WALLED CYLINDER MODEL

A better representation of the deformation processes in the

nozzle is obtained by the use of a thick-walled cylindrical model. For this

analysis we selected a cylinder to represent the most critical section



obtained in the finite clement elastic analysis of the axisyn.metric model

of the nozzle. The dimensions of the cylinder and thoir corrospondances

to the critical section are shown in Fig. 3. An internal pressure, p, which

would cause an average circumferential stress in the cylinder equal to the

average circumferential stress across the section AA was applied. A linear

thermal gradient with a maximum temperature difference of AT between the

inner and outer surfaces was applied on the cylinder. The AT was applied

such that the maximum circumferential stress is equal to the maximum value

of the linearized thermal stress, 0 Q > in section AA in the Q direction during

the selected transient. The maximum circumferential stress was calculated

* by the use of the formula:

- E a A T ,0N
ae " a ^ (2)

E, a and V in equation (2) refer to temperature dependent Young's modulus,

coefficient of linear expansion and Poisson's ratio, respectively, for 304

stainless steel existing in Section AA. A uniform axial stress, q, equal

to the average meridional stress in section AA, was also applied on the

cylinder. These axial loads, pressures and temperatures were varied ir. such

a way that they simulated the load cycle history corresponding to the selected

transient events for the analysis. A schematic of the load variation is shown

in Figure 4. •

Three separate analyses were carried out on the cylinder model.

For the first two analyses, 20 load cycles of Ul and U2 transient events

were individually considered. The third analysis consisted of 10 cycles of

a combined U2 transient followed by a Ul tran&i.ent giving a total of 20

transient events. In a-ll three analyses, the maximum strain and the maximum

strain range were developed in the first load cycle. There is no incremental
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ratchcting developed in the node:!. The U2 transient cycle and the U2 followed

by Ul transient cycle each produced a maximum circumferential strain of

about .2 % in the idealized cylinder. The Ul transient cycle alone produced

a lower circumferential strain.

Creep damage and fatigue damage were also calculated using the

maximum strain range and the maximum stress intensity during the creep hold

t me. The cumulative djir.age was found to be negligible. Thus, the cylin-

drical idealization of the nozzle predicted all inulastic deformation within

the allowable limits specified in the design documents.

Chern's solution, although rigorous and complete in tex-ms of

mathematical formulations and solution techniques, has obvious deficiencies

in its use of geometric modeling. However, in this particular problem, ue

believe that the cylindrical idealization is able to represent the signifi-

cant response of the critical section of the nozzle sufficiently to rely on

quantitative results. This is so, because the stresses due to through-the-

wall gradients dominate the stress field and the model was able to mirror

this fairly closely.

As a useful by-product o± ^hern's anal/ses of the nozzle we

were able to study the importance of the sequence of the applied transients

and their relative capability in causing inelastic deformation. This.

information was used in the detailed finite element inelastic analysis of

the nozzle reported in the next section.

6. INELASTIC ANALYSIS USING FINITE ELEMENT METHOD

A detailed inelastic analysis of an axisymmetric model of the

nozzle was performed using a general purpose finite element program MARC II.

This program has been developed under the direction of Professor Ma'rcai of

Brown University, Rhode Island, U.S.A. Several papers on the development

of MARC-CDC are in the open literature [5,6,7]. Prior to the use of this - ••-
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program in the IHX design, however, the basic mathematical formulations

and the program performance of MARC-CDC along with two other Inelastic

programs were evaluated. MARC-CDC was found to be the most broad based and

complete in terms of theory. It reproduced the solutions for the selected

benchmark problems more accurately and efficiently than the other programs

as they were at that time available to us [10].

The axisymmetric finite element model of the primary inlet

nozzle used in the inelastic analysis is shown in Figure 5. The model

consists of 495 elements and 576 nodal points. Based on Chern's solutions

discussed in the last section, it was decided to perform an inelastic analysis

for a load cycle representing a U2 transient followed by a Ul transient. A

thermal analysis corresponding to this temperature load history was performed

from which we selected 71 thermal steps to be used in one cycle of loading

in the incremental inelastic solution. In addition, the mechanical loads

and the creep hold time were also applied incrementally at the appropriate

instants during the load cycle. A schematic of the -load history used in the

analysis is shown in Figure 6. The creep hold time between each transient

was assumed to be equal and calculated as 156 hours. The material properties

were assumed to vary linearly with temperature. The properties used in the

analysis were taken from Ref. [9].

The finite element inelastic analysis was performed using a

CDC 6600 computer analysis for two complete load cycles which took 180

incremental steps. The calculations were made for a number of incremental

steps at a time, restarting the problem after studying the results at each

stage. The work was completed in 13 restart runs which took approximately

six weeks of elapsed time. On the average, each incremental step took about

150 system seconds of computer time.
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Figure 7 shows the plastic region developed in the nozzle at

the end of the first cycle. An examination of the results showed that the

circumferential component of the stresses and strains are generally higher

than the other two principal components. The creep strain developed in

the nozzle during the hold time was negligible. During the second load

cycle, the response of the nozzle was similar to that produced in the first

cycle.

It was observed that element 249 in the plastic zone 2 is the

most critical element in terms of inelastic response throughout the load

history on the nozzle. Figures 8 and 9 represent the circumferential strain

in element 249 during the load history. Figure 10 is the circumferential

stress-strain diagram obtained during the two cycles of loading in element

249. These curves are representative of the significant response of other

elements in the three plastic zones.

Figure 7 shows that maximum circumferential strain and strain

range are developed in the first load cycle and they both diminish in the

subsequent loading. This indicates that there is no ratcheting developed in

the nozzle. The inelastic strain at the end of the design life therefore

is the same as the maximum value of .289 % obtained in the first cycle.

The creep strain developed during the hold time is shown to be negligible.

During the creep hold period the stress also remained practically unchanged

as shown in Figure 8. This implies that creep-fatigue calculations can be

performed using a constant stress intensity during each hold period. However,

these values are found to be less than 4,000 psi which give an infinite

creep rupture life and thereby zero creep damage in the nozzle (Fig. 11).

The fatigue damage in element 249 is calculated using the maximum strain

range obtained in the first cycle. The design fatigue life curve for the

304 stainless steel at 1100 F is used in the calculation. Figure 12 shows
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that the cycles to failure is about 3800, thus giving a fatigue damage of

.22. This calculation is .conservative in terms of the strain range as well

as the design curve used for the fatigue evaluation. The allowable, creep-

fatigue damage is found to be .72 as shown in Fig. 13. The combined creep-

fatigue damage is therefore well within the allowable limit.

In summary, the detailed finite element analysis of the nozzle

showed that inelastic detsrmations produced ar.e well within all the applic-

able design limits.

CONCLUDING REMARKS

Presented herein was an analysis of a component subjected to

pressure loads and severe thermal transients operating in the range for

which creep is significant. The basic materials and mathematical formula-

tions had been previously set. A procedure was developed by which various

types of simplifications can be made so that many of the variables of the

problem could be fixed and evaluated. This is required because of the

extremely high cost in time and money of a full scale three dimensional

analysis.

Specifically for the problem at hand, the three dimension

configuration of a nozzle to cylinder intersection was reduced to an appro-

priate two dimensional model based on previous experience and a critical

examination of the loading. This two dimensional problem was then studied

by means of an elastic finite element analysis and the use of elastic stress

intensities in "Bree" charts. The strains obtained from this simple method

were large enough to require further study. Subsequent comparison of the

more exact results by means of the MARC-CDC program obtained therein to

those using Bree charts showed that the Bree chart analysis is conservative

for this problem. It should be noted that the principal features of loading
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on the nozzle is one of severe thermal gradients through Lhc nozzle wall

so that Lhe Bree analysis is expected to be a reasonable approximation to

the more exact results. However, one should use caution in applying Bree's

analysis for loadings which are not principally due to a through-the-vall

temperature gradient, but may have substantial tenperature variations in

other directions.

A thick-walled cylinder model developed by Chern, of Foster

Wheeler Corporation, was then used to represent the most critical result

obtained in the finite element elastic analysis of the axisymmctric approxi-

mation of the nozzle. This cylinder model was used to study the effects of

sequence of transient events and other behaviors on the resulting strains.

Strains were also obtained for a limited number of the transients by the use

of finite element analysis for the axisymmetric model of the true problem.

The results from Chern'c program compared very well with the finite element

results. Chern's program also predicted the shape of the hystereses loop

well enough so as to give good insight into the strain history of the actual

problem. More exhaustive study of the use of this thick, walled cylinder

program as a simplified analysis tool tvhich can save an enormous amount of

engineering and computational cost is warrented.

A prototypical nozzle test is being planned jointly by Foster

Wheeler Corporation and Westinghouse Advanced Reactor Division. The test

has as its primary objective a "proof - test" to verify structural integrity.

Careful strain measurements will also be made so as to provide us with

valuable test data.
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