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ABSTRACT

Materials for heat exchangers in the high tem-
perature gas-cooled reactor (HTGR) are subjected
to cyclic loading, extending the necessity to design
against fatigue failure into the temperature region
where creep processes become significant. There-
fore, the fatigue life must be considered in terms
of creep-fatigue interaction. In addition, since
HTGR heat exchangers are subjected to holds at
constant strain levels or constant stress levels in
high-temperature environments, the cyclic life is
substantially reduced.

Of major concern in the design and analysis of
HTGR heat exchangers is the accounting for the
interaction of creep and fatigue. The accounting is
done in conformance to the American Society of
Mechanical Engineers Boiler and Pressure Vessel
Code, Code Case N-47, which allows the use of the
linear damage criterion for interaction of creep and
fatigue. This method separates the damage incurred
in the material into two parts: one due to fatigue
and one due to creep. The summation of the creep-
fatigue damage must be less than 1.0.

Recent material test data have indicated that the
assumption that the summation of creep and fatigue
damage equals unity at failure may not always be
valid for materials like Alloy 800H, which is used
in the higher temperature sections of HTGR steam
generators. Therefore, a more conservative creep-
fatigue damage relationship was postulated for Al-
loy 800H. This more conservative bilinear damage

relationship consists of a design locus drawn from
DF = 1.0, D c = 0 to DF = 0.1, D c = 0.1 to DF

= 0, D c = 1.0. DF is the fatigue damage and D c

is the creep damage. A more conservative damage
relationship for 2-1/4 Cr-1 Mo material consisted
of including factors that degrade the fatigue curves.
These revised relationships were used in a structural
evaluation of the HTGR steam cycle/cogeneration
(SC/C) steam generator design.

The HTGR-SC/C steam generator, a once-
through type, is comprised of an economizer-evap-
orator-superheater (ESS) helical bundle of 2-1/4
Cr-1 Mo tubes followed by a superheater of straight
tubes of Alloy 800H in the central zone of the steam
generator. The high-temperature components af-
fected by creep-fatigue interaction are the tubing
and the superheated steam tubesheet of Alloy
800H.

The effects of the revised creep-fatigue damage
relationships were evaluated by: (1) calculating the
temperature-dependent allowable strain range with
the assumed bilinear damage relationship for Alloy
800H; (2) calculating the temperature-dependent
allowable strain range with reduced fatigue allow-
ables for 2-1/4 Cr-1 Mo; and (3) predicting the
strain range in the critical parts by extrapolation
of finite element calculations for the second or last
cycle analyzed for each transient to the expected
number of cycles and hold times.



The preliminary analyses indicate that the Alloy
800H tubing and tubesheets have predicted strains
substantially under the allowables based upon the
bilinear damage relationship but that the 2-1/4
Cr-1 Mo tubing at the hot end inner radius portion
of the EES tube bundle presents a slightly over-
stressed situation. It is believed that there is suf-
ficient design latitude to resolve this problem in the
continuing preliminary design. It is concluded that
the HTGR-SC/C steam generator design has suf-
ficient margin to accommodate the more conserv-
ative creep-fatigue damage relationships.

INTRODUCTION

In high-temperature power plant components,
materials are frequently subjected to cyclic loading
extending the necessity to design against fatigue
failure into the temperature region where creep
processes become significant. Creep-fatigue inter-
action therefore becomes a key phenomenon lim-
iting design life.

In the high temperature gas-cooled reactor
(HTGR) steam generators, some of the high-tem-
perature sections are subjected to creep-fatigue in-
teraction. Load changes and shutdowns produce
many temperature and stress cycles throughout the
40-year life of the plant. The two principal materials
of construction, Alloy 800H and 2-1/4 Cr-1 Mo,
are both operated in their respective creep ranges
in certain sections of the component. In addition,
due to the load changes, they are both subjected
to cumulative fatigue damage. Since the materials
are used to form part of the primary pressure bound-
ary of the system, their use is governed by Section
III, Code Case N-47 of the American Society of
Mechanical Engineers (ASME) Boiler and Pressure
Vessel (B&PV) Code (Ref. 1).

This paper will discuss the effects of current and
postulated creep-fatigue damage relationships on
the HTGR steam generator design.

HTGR STEAM GENERATOR DESIGN

In the United States, the HTGR steam cycle/
cogeneration (SC/C) reactor is designed for gen-
eration of electricity and steam. The steam gener-
ation is for chemical process applications. The
HTGR-SC/C reactor is similar in concept to the
33O-MW(e) Fort St. Vrain and 40-MW(e) Peach
Bottom prototype reactors. The Federal Republic
of Germany's demonstration thorium high-temper-
ature reactor is based upon the same principles and
many similar concepts and technology. The HTGR-
SC/C steam generator design is being developed
by Combustion Engineering Inc. under subcontract
to GA Technologies Inc.

The HTGR steam generator is a once-through
type. (See Figs. 1 and 2.) It is comprised of a mul-
titube helical coil configuration in the economizer-
evaporator-superheater (EES) region, followed by
straight tube finishing superheater (STSH) in the
central core of the module.

Feedwater is supplied to the bottom of the EES
by a single side penetration duct and enters the
economizer through 2-1/4 Cr-1 Mo tubes extend-
ing from the feedwater tubesheet located in the
discharge helium flow. The feedwater is then di-
rected upward through the tubes in the EES bundle
where it is converted to steam with a small amount
of superheat.

The tubes exit from the top of the helical bundle
and are routed to the perimeter of the bundle where
they are anchored. From here they pass through a
stagnant helium region where expansion legs and
the bimetallic welds, which join the 2-1/4 Cr-1 Mo
tubes to Alloy 800H tubes, are located. The Alloy
800H tubes, which are somewhat larger than the
EES tubes, are then routed into the active helium
flow region in the center of the module and straight
down to the helium inlet plenum, thereby forming
the STSH. In this section, the steam temperature
is raised to its discharge condition. Below the he-
lium inlet plenum, the tubes are led to the Alloy
800H superheater tubesheet.

The hot helium gas emerging from the core flows
to the steam generator through a lower cross-duct
and enters the STSH radially through a flow dis-
tribution screen. As the gas enters the tube bundle,
it takes a 90-deg turn and flows upward through
the STSH section parallel to the tubes. The gas
exits at the top of the STSH and takes a 180-deg
turn, passes through another flow distribution
screen and proceeds downward over the helically
coiled tubes in the EES section counterflow to the
steam and water.

The gas flow leaves the EES at its lower end,
turns and flows radially outward through discharge
ports in the outer shroud and enters the annular
region between the heat exchanger module and the
cavity thermal barrier. The helium then exits at the
top end of the annulus and flows to the main
circulator.

Alloy 800H is employed for the higher temper-
ature superheater and tubesheet. The lower tem-
perature helical superheater, together with the
evaporator and economizer sections are designed to
be manufactured from 2-1/4 Cr-1 Mo material in
the annealed condition. All must be designed and
analyzed to Section III, Div. 1 and the high-tem-
perature Code Case N-47 of the ASME B&PV
Code.
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CREEP-FATIGUE DAMAGE
RELATIONSHIPS

Because of the HTGR 40-year cyclical life and
high-temperature requirements, the effects of creep
and fatigue and their interaction are concerns in
steam generator design. Present rules for analyzing
the creep and fatigue interaction in the existing
ASME Code Case N-47 include a "linear" damage
criterion wherein the sum of the creep damage and
the fatigue damage must be less than 1.0 (see Fig.
3). This method separates the damage incurred in
the material into two parts: one due to fatigue and
one due to creep. The fatigue damage is given by:
DF = Sn/N, where n = number of creep fatigue
cycles accumulated and N is the number of fatigue
cycles to failure at the same strain range but with
a zero hold time at the maximum and minimum
strains. The creep damage is given by D c = 2At/
TD where At is the time at load during the hold

time. TD is the allowable time duration from exist-
ing stress to rupture curves for a given stress and
the maximum temperature at the point of interest.
To account for creep damage during the shakedown
period and for the incorporation of damage due to
unexpected transients, the allowable duration, TD,
is reduced by increasing the value for applied stress
from the stress-to-rupture curves by 10%.

Recent experimental data (Ref. 2) has indicated
that the observed sum of creep and fatigue damage
fractions at failure for Alloy 800H metallurgical
property laboratory test specimens will often be sub-
stantially less than unity. This is particularly so for
typical HTGR heat exchanger design conditions
that incorporate relatively long hold times. Because
of this apparent discrepancy between the "linear"
damage criterion and the observed experimental
results, a new relationship was postulated for the
design of heat exchangers when low strain ranges
and long hold times are experienced.

Zt/T,,

0.2

Fig. 3. Creep-fatigue linear damage envelope



Analysis of test data has suggested that a "bilin-
ear" relationship between creep and fatigue dam-
age limits be adopted instead of the 1.0 to 1.0 linear
summation. In this case, the bilinear loci for Alloy
800H would be drawn from DF = 1.0 and D c =
1.0 and intersecting of DF and Dc = 0.1 (see Fig.
4).

For 2-1/4 Cr-1 Mo, the fatigue curves would be
degraded by time-dependent factors which are pres-
ently being developed. These are chosen so that
"D" values would come out at 1.0. However, more
test data are needed, for both Alloy 800H and
2-1/4 Cr-1 Mo, under low strain range and long
hold time conditions to ensure that even this new
creep-fatigue damage criterion is not unconservative.

ALLOWABLE STRAIN RANGES FOR
HTGR-SC/C STEAM GENERATOR

A method to determine the allowable cyclic
strain ranges is described in Ref. 3. Basically, the
time at temperature is determined and a creep dam-
age (Dc) value is chosen between 0.1 and 1.0. The
allowable number of hours is then calculated (TD

= hours/Dc). Stress to rupture values are then ob-
tained from Ref. 1 to find the stress to cause rupture
(trSR) at the chosen temperature and at the calcu-
lated allowable hours—(TD). The allowable cyclic
strain range may then be calculated for the monthly
or weekly cycles as follows.

Monthly shutdown cycle:

0 . 9 (TCR CTpr
eR =

ET -RT

Weekly cycle:

_ 2 (0.9) qSR

ET

where eR = allowable cyclic strain range,
ERT = Young's modulus at temperature,
ERT = Young's modulus at room

temperature,
<7PL = room temperature proportional limit

stress,
0.9 = factor required by Ref. 1,
<jSR = the stress to cause rupture.

POSTULATED DAMAGE CD')
RELATIONSHIP FOR ALLOY 800H
FOR ALL TEMPERATURES
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Fig. 4. Creep-fatigue bilinear damage envelope
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APPLICATION TO HTGR STEAM
GENERATOR DESIGN

In high-temperature components, thermal gra-
dients that fluctuate with time lead to three types
of strain-controlled loading cycles. These three ge-
neric creep-fatigue loading cycles are shown in Fig.
5. Curves (A) and (B) are representative of the
strain cycles that are produced during startup/shut-
down cycles with holds at power. Curve (C) is rep-
resentative of the loading cycle during load follow-
ing, where fluctuations of the thermal gradient
occur while the material remains at high temper-
ature. It is worth noting that, although the strain
histories, (A), (B), and (C) comprise strain in one
direction only, creep relaxation will cause the cor-
responding stress cycles to shake down to conditions
in which both tensile and compressive stresses are
produced in the cycle. The important parameter,
however, is the strain range.

In the present HTGR-SC/C steam generator
structural analysis, the thermal gradients are lumped
into two types of critical cyclic loadings: a weekly
load following cycle and a monthly shutdown cycle.
The monthly cycle is based on the projected design
total number of shutdowns, which averages ap-
proximately one a month.

Consequently, allowable cyclic strain ranges for
both 2-1/4 Cr-1 Mo and Alloy 800H material were
formulated based upon the lumped loading cycles.
Two conservative assumptions used are (1) that the
steam generator tube maximum metal temperatures
do not vary with power changes and (2) that the
steam generator goes to room temperature and zero
pressure differential at each of the 400 shutdowns
(one per month over the life of the plant).

Using the calculated strain range (£R), the allowable
number of cycles (N) can be determined from fa-
tigue stress versus number of cycles curves in Ref.
1. Knowing the desired number of cycles the fatigue
damage factor DF can be calculated by:

DF = number of cycles/N

The creep damage and fatigue damage factors (Dc

and Dp) are then compared to the total allowable
damage factor (1.0 for 2-1/4 Cr-1 Mo and Fig. 4
for Alloy 800H). The allowable strain range can
then be determined by plotting strain range (eR)
against damage as in Figs. 6 and 7 and using 90%
of the allowed damage. Figure 8 shows the allowed
strain range for Alloy 800H plotted as a function
of maximum material temperature for both weekly
and monthly cycles.

1A) TENSILE HOLD SHUTDOWN CYCLE

IB) COMPRESSIVE HOLD SHUTDOWN CYCLE

TIME

(Cl POWER FLUCTUATION CYCLE

Fig. 5. Generic creep-fatigue strain cycles

CONCLUSIONS

The preliminary structural analysis indicates
that the more critical components of the steam gen-
erator satisfy the ASME Code Case N-47 linear
creep-fatigue interaction damage criterion.

Preliminary design analyses of the steam gen-
erator are continuing based upon the postulated
bilinear creep-fatigue interaction relationship. In-
dications are that the Alloy 800H tubing and tube-
sheets have predicted strains substantially less than
the allowables based upon the postulated bilinear
damage relationship. However, the preliminary
stress analysis for the 2-1/4 Cr-1 Mo tubing in the
hot end inner radius portion of the EES tube bundle
indicates a slightly overstressed situation. It is be-
lieved that there is sufficient design latitude to re-
solve this problem in the continuing preliminary
design. Therefore, it is concluded that the HTGR-
SC/C steam generator design has sufficient margin
to accommodate the postulated bilinear creep-fa-
tigue damage relationship.
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