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INTRODUCTION

The governments of the United States and the Federal Republic of Germany
have approved of cooperation between the two countries in an endeavor to
establish a structural design code for gas reactor components intended
to operate at temperatures exceeding 800°C. The basis of existing codes
and their applicability to gas reactor component design are briefly
reviewed in this paper. This review has raised a number of important
questions as to the direct applicability of present codes.
The status of the US and FRG cooperative efforts to obtain answers to
these questions are presented in a companion paper at this conference.

PRESSURE VESSEL CODE POLICIES

All pressure vessel codes are either based on a policy of "design by
rules" or a policy of "design by analysis". Compliance with the rules
is sufficient for safe design with codes of the "design by rules" type.
A formal structural evaluation of critical vessel regions and loadinys,
for comparison with structural criteria, is the basis of safety in
"design by analysis" codes.

The regulations and requirements to be observed in design by rules
concern geometrical arrangements, dimensions, loading conditions
materials and fabrication methods. Estimation of the necessary wall
thickness is obtained from elementary calculations which relate a
permitted stress at temperature, the principal vessel dimensions and the
pressure loading. The regulations and requirements represent a
synthesis of satisfactory vessel design and operation. For this reason,
they may not be applied to vessels intended for operation at
temperatures and in geometrical forms under load conditions which
differ from those from which the rules were made.

Codes based on a policy of "design by analysis" enable vessel design to
proceed for complex loading conditions or geometric arrangements or
both. In such codes, specific criteria which define the permissible
stress, strain or displacement are stated for both elastic and inelastic
behavior. Specification of a criterion for either stress, strain or
displacement uniquely specifies the remaining two quantities for the
case of elastic vessel response. This cannot be so for inelastic
behavior, and stress, strain and sometimes displacement, each require
separate criteria. The structural response to load and temperature for
comparison with criterion may be obtained from experiment but is usually
the result of calculation.
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LIMITS OF EXISTING CODE APPLICABILITY

The principal pressure vessel codes in use in the U.S. and the FRG are
the following:

FRG- AD - Instructions (3)
FRG- TRD - Regulations (4)
FRG- KTA - Rules, primary circuit components of light water

reactors, 3201 (5)
USA- ASME - Code, Section III (6)
USA- ASME - Code, Section VIII (9)
USA- ASME - Code, Case N47-17 (1592-17) Class 1 components in

elevated temperature service, Section III, Division (7)

The AD - Instructions, ASME-Code, Section VIII and TRD - Regulations are
based on the policy of "design by rules". They are intended to govern
the design and construction of conventional boilers and pressure
vessels. The design restrictions imposed by such codes in conjunction
with the need for a more specific evaluation of safety margin have
resulted in the evolution of "design by analysis" codes for nuclear
quality pressure vessels and reactor structures. In the FRG, the KTA -
Rules based substantially on ASME - Code, Section III are in force. The
design of components to 800°C is governed by ASME- Code Case N-47 in the
US, since the applicability of ASME - Code, Section III is limited to
temperatures to about 400°C as are the KTA - Rules.

The limits of applicability of these codes may be summarized as follows:

AD - Instructions, TRD - Regulations and ASME - Code, Section VIII
provide means by which to calculate vessel wall thicknesses for
defined pressure loading and temperature, for the required service
life. The allowable stresses are specified based on both time
independent and time dependent materials behavior. Time dependent
allowable stresses are related to both a creep rate and total
service life creep strain to offer protection against failure by
creep rupture, but other elevated temperature structural phenomenon
such as creep-fatigue interaction, creep ratcheting and creep
caused enhancement of geometric imperfections are not explicitly
covered.

KTA - Rules and the ASME - Code, Section III permit only an
evaluation of structural response to ensure freedom from time
independent failure modes because of the specified and limited
temperature range at which they apply. They require first an
evaluation of the structural response to primary loads which could
cause bursting or unacceptable deformation, followed by an
evaluation of the magnitude and frequency of primary and secondary
(self limiting) stresses for comparison with fatigue criteria.
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Whilst stress or strain due to external forces, the self-weight,
and pressure sustained by a component, are covered similarly to the
procedures of (3) and (4), elastically calculated stresses, due to
all types of loading, for the fatigue evaluation, are permitted to
vary over a range of magnitude equal to twice the yield stress (3
Sm-criterion). Criterion must be met to ensure that plastic
deformation sustained from strain cycling in the plastic range does
not impair integrity or function ("shakedown"). Loads from other
than conditions of normal operation are classified by frequency of
occurrence and successively greater primary stress limits are
permitted as the loads become less probable.

ASME-Code, Case N-47 includes criteria for "design by analysis" in
the time dependent failure temperature range. These criteria were
developed through a number of preceding code cases from the
fundamental elevated temperature considerations of ASME-Code,
Section VIII. The limit of elastic (linear) approximation to
non-linear creep behavior is defined in ASME-Code, Case N-47 by
restricting to about the 0.1% yield stress, any cycle composed of
elastfcally calculated load and deformation (thermal) stresses. If
this restriction cannot be observed, inelastic analysis is required
to ensure that stress, and cyclic and cumulative strains, meet
separate inelastic criteria. A definition of secondary stress in
the sense of the ASME-Code(s) is not applicable in such
circumstances and stresses are instead defined as load or
deformation controlled. The upper temperature limit to the use of
a material is governed by creep rupture behavior for which a
satisfactory definition requires data which permits well described
scatter bands.

STRUCTURAL DESIGN CONSIDERATIONS FOR HTGR COMPONENTS

The design of components for the high temperature regions of an HTGR
plant requires consideration of both time independent and time dependent
material properties, the latter characterized by irrecoverable strain
and deformation which increase with time. By a process of selection
through a formal description of material behavior, and the imposition of
geometric and fabrication limts in an elevated temperature code,
conditions may be arranged such that the list of possible failure modes
is restricted. Criteria can then be devised to ensure a remote
probability of failure in any mode. For pressure vessel structures the
failure mode list should include -
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-ductile rupture
-creep rupture due to long term loading
-fatigue failure
-creep-fatigue failure
-fast fracture (failure due to unstable crack growth)
-excessive strain due to incremental deformation (cyclic strain
accumulation doe to creep or plasticity or both)
-loss of function due to excessive deformation
-loss of stability due to short term loading (elastic or
elastic-plastic buckling)
-loss of stability due to long term loading (creep enhancement of
initial geometric imperfection)

-environmentally caused material failure (carburization, corrosion,
irradiation, etc.)

Quantitative criteria, observance of which will avoid failure in eight
of these ten modes are stated in ASME-Code, Case N-47. Failures due to
either ductile fracture or creep rupture are avoided by the definition
of load controlled stress limits. Loss of stability due to both short
and long term loading is avoided by stipulations such that working loads
are substantially less than divergence loads. Calculation of the
cumulative strain for comparison with permitted values is the policy
used to avoid failure due to creep-fatigue interaction, excessive strain
accumulation from incremental deformation and loss of function because
of large deformation. These criteria may indeed be suitable for gas
reactor components operating at ^er^/ high temperatures but a number of
aspects associated with these criteria require critical investigation.

The effects of service environments on the behavior of materials and the
failure modes of components are not satisfactorily covered in any of the
available design codes.

ASPECTS OF AN HTGR PRESSURE VESSEL DESIGN CODE

An HTGR pressure vessel design code may very well be based on the
general policies of the ASME-Code, Case N-47. A general level of
security should be obtained by placing limits on the magnitude of load
controlled stress and strain and a specific security by further stress
and strain limits for the combination of load and displacement
controlled strains. The security necessary for prolonged gas reactor
operation may also require the development of fracture mechanics based
criteria, environmental effects criteria and until sufficient experience
accrues, periodic testing of material test coupons and components
sections which have been exposed to reactor operation.
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For the drafting of a design code:

material data sufficient to permit a satisfactory calculation of
the force distribution in a component must be available

material data to permit evaluation of force distribution in terms
of failure modes is required

design margins, which offer protection against approximations and
uncertainties must be determined for criteria of stress, strain,
load and time :

the nature and extent of periodic component inspection and possible
testing to ensure structural reliability must be considered.

The data required for the materials of HTGR components to permit
calculation of force distribution and force effects in the application
temperature range include: ; ,: :

Physcial properties data, such.as

density
- thermal conductivity .,.<•. , . :

specific heat ..'.._,
thermal expansion coefficient
modulus of elasticity
Poisson's ratio

Data for constitutive equations (strain-time laws) to permit •
inelastic analysis such as:

form of the equations
constants and coefficients v

environmental effects ' '

The data required to assess the significance of force distribution and
force effects to stress, strain and displacement for the various failure
modes in the application temperature range must include: :

Impact Strength ;
Yield Strength
Maximum Tensile Strength
Fracture Elongation and Reduction of Area
Creep Strain Rates .
Creep Rupture Strength '
Rupture Elongation ,
Fatigue Parameters ...,' ..-.;.' ;
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The structural engineering problems of the sodium-cooled reactor and the
high temperature behavior of low alloy steel and austenitic stainless
steel have been major Influences in the drafting of ASME-Code, Case
N-47. The use of nickel based alloys for components in a gas reactor
environment at temperatures above 800cC however, presents somewhat
different engineering problems and materials behavior. Thus, a number
of questions arise for which resolution must be found within the general
ASME-Code, Case N-47 policy of "design by analysis" and the description
of stress as load controlled or deformation controlled.

A failure mode entitled "environmentally caused material failure" has
been introduced. The design measures to avoid this failure mode
include:

-selection of materials
-thickness allowance
-surface protection
-consideration of the changes in material properties

Use of any one or combination of these measures required clarification
of the following questions:

-Which environmental parameters should be used to describe the process
of material property changes lead to environmentally caused failure
or accelerated failure in other modes?

-How should material property alterations and environmentally caused
structural effects be specified and presented?

-What should be the basis for placing limits on environmental effects?

-In what form should limits to permissible environmental effects be
embodied in design criteria?

A decision to adopt the ASME-Code, Case N-47 policy for the limitation
of primary stresses in gas reactor components operating at temperatures
above 800°C requires resolution of numerous questions which include the
f ol 1 owi ng:

-With what strain rate are the time independent strength properties to
be determined?

-Which cross-section factor K is sufficient for restriction of the
primary bending stress in time dependent materials behavior?

-Is the stated equation for accumulation of creep damage appropriate for
the various operating conditions of a gas reactor?

-Is it necessary to specify specific stress limits for welds which
differ from those applicable in all regions away from welds?
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Similarly, a number of questions arise when considering the ASME-Code,
Case N-47 philosophy with respect to the accumulation of component
material damage due to creep-fatigue:

-Which strain rate and hold time should be used in determining cyclic
strength properties?

-Is the criterion for evaluation of creep-fatigue damage also suitable
for HTGR components?

-What significance have the strain limits criteria and are the allowable
values acceptable?

-Does it remain an acceptable procedure to dispense with an evaluation
of creep-fatigue damage against region specific criteria for weldments?

To provide a sound and thorough basis for the evaluation of
creep-fatigue damage using inelastic calculations, resolution of the
following types of questions must be achieved:

-What manner of tests are practicable and necessary for determining the
constants and coefficients of constitutive equations?

-In what form should the qualification and verification of computation
methods for enelastic analysis be cast?

The definition of criteria to avoid the failure mode of unstable crack
growth at temperatures below 800°C because of material changes
encountered at temperatures above 800°C will be achieved only by answers
to the following questions:

-What test methods and analysis criteria should be used to characterize
toughness alternations and crack growth properties?

-In view of inspection difficulties, especially of weldments, should
fast fracture criteria be formed in terms of fracture mechanics
techniques or a reduction in load and deformation controlled stress and
strain criteria, in combination with certain geometric criteria?

There have been technical arguments to the effect that ASME-Code, Case
N-47 incorporates criteria for creep enhancement of geometric
imperfections which are too conservative for load to compensate for lack
of margin on time. This situation requires answers to the following type
of question.

-Should there be criteria and margins for time in addition to, or
supplementing, direct criteria and margins for load?
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The intention of a design code is to offer criteria such that for the
factors under design control, the probability of failure is remote.
Uncertainties in defining criteria and uncertainties and approximations
in the evaluation of a design to meet these same criteria, require the
definition of design margins. The factors and effects covered by
ASME-Code, Case N-47 design margins are not well defined. In addition,
there is little useful background of operating vessel experience above
800°C by which to justify these design margins. Thus, the following
questions arise:

-How should a design specification and an HTGR structural code be
formally linked from the viewpoint of acceptable failure rates?

-To define specific and quantitative meaning to criteria which embody
design margins what is the best approach and what theoretical and
physical data base developments are required?

-Which components must be tested to validate criteria and design
margins?

-What possibilities for testing are practicable?

-How are the results of physical testing to be used in comparison with
design calculations to verify that satisfactory criteria and design
margins have been provided?

-What possibilities for testing are practicable?

-How are the results of physical testing to be used in comparison with
design calculations to verify that satisfactory criteria and design
margins have been provided?

-Which components when in service require periodic inspection to provide
final code varification and information for improvements?

-Which in service inspection possibilities are practicable and how is
the inspection information to be used to verify or modify criteria and
margins?
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