
The submitted manuscript has be»n authored
by a contractor of the U.S. Gov«rnm«nt
und»r contract No. W-3M09-ENG-38.
Accordingly, the U. S. Government retain* a
nonexclusive, royalty-free license to publish
or reproduce the published form of this
contribution, or allow others to do so. for
U. S. Government purposes.

NONLINEAR RESPONSE OF VESSEL WALLS DUE TO
SHORT-TIME THERMOMECHANICAL LOADING

P. A. Pfeiffer and R. F. Kulak
Reactor Engineering Division
Argonne National Laboratory

Argonne, Illinois
MAY 3 1

OSTI

ABSTRACT
Maintaining structural integrity of the reactor pressure vessel

(RPV) during a postulated core melt accident is an important
safety consideration in the design of the vessel. This study
addresses the Mure predictions of the vessel due to thermal and
pressure loadings from the molten core debris depositing on the
lower head of the vessel. Different loading combinations were
considered based on the dead load, yield stress assumptions,
material response and internal pressurization. The analyses
considered only short term failure (quasi static) modes, long term
failure modes were not considered. Short term failure modes
include plastic instabilities of the structure and failure due to
exceeding the failure strain. Long term failure modes would be
caused by creep rupture that leads to plastic instability of the
structure. Due to the short time durations analyzed, creep was
not considered in the analyses presented.

INTRODUCTION
The paper addresses the failure prediction of the vessel due to

thermal and pressure loadings from molten core debris. The
core debris are collected on the bottom head of the reactor
vessel. The finite element computer program STRAW was
employed to perform structural analyses of common reactor
vessels. STRAW (Kulak, et ah, 1978; Schreyer, et al., 1983;
Marcbertas, et «J., 1988) is a nonlinear structural-fluid and
thermomechanical finite element program.

Structural failure can occur by two mechanisms. They are
plastic instability of the structure and creep rupture. Plastic
instability occurs through thermal degradation of the elastic-
plastic stress-strain response. Essentially the effective stress
state becomes larger than the saturation (ultimate) stress. This
causes the stress-strain response to become unstable (i.e.,

equilibrium is unobtainable). Creep rupture is the final stage of
a metal material being exposed to a long-time loading of stress
at an elevated temperature. Due to the short time duration, creep
rupture was not considered.

The transient analysis of reactor structures into the failure
regime requires the use of large finite-element models. The
reason is that the structures usually have complex shapes and
respond nonlinearly. For this reason the use of simplified
models can oftentimes give misleading response predictions that
lead to erroneous conclusions. However, large finite-element
models of reactor structures can be expensive to develop and -
use. On the other hand, scoping analysis, which require a large
number of parameter studies, can become prohibitively expensive
when large finite-element models are used for every case.

Two approaches for simplified models can be used, with
caution, to determine the approximate response of reactor
structures to off-normal events. The first approach is to develop
closed-form analytical methods, and the second is to use simple
finite-element models. Closed-fonn methods usually invoke the
following assumptions: (1) the structure must be represented by
a simple geometry, (2) a very simple material constitutive model
must be used, and (3) the loading history must be represented by
a simple analytical function. In contrast, a simple finite-element
model only invokes the first assumption, namely, the use of
simple geometry. It is our recommendation to use the simple
finite-element approach for scoping studies.

FAILURE CRITERION
During the accident scenario of the core melt depositing on the

lower head of the vessel, the cylindrical pan of the vessel (just
above the lower head) will experience both thermal and
mechanical stresses. These stresses are due to the thermal
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gradient in the wall plus the weight of the vessel plus the core
weight.

The weight, W, which is the vessel plus the core weight is the
only active mechanical load in the structure. Thus in the straight
part of the vessel, above the lower head, the mechanical stress
is only in the axial direction with a magnitude of

°mech
W

Area
W

(1)

where r is the radius of the vessel and t is the thickness.
Equation (1) can be used for a lower bound estimate of the
required thickness, t ^ , at a given limit stress, oiimil by

W (2)

The limit stress is usually the yield strength.
In addition to the mechanical loading, the effect of the thermal

gradient in the wall has to be considered. The thermal gradient
will cause thermal stresses that usually are beyond the yield
point However, only mechanical loads that are beyond the yield
can cause failure. Thermal stresses do not cause failure directly,
but indirectly by weakening the wall. The main concern is that
thermal stresses could result in the structure having little or no
reserve capacity for additional mechanical loadings. Thus, a
structure subjected to severe thermal loading could have
essentially no reserve strength capacity. So the application of an
arbitrarily small mechanical load would cause the wall to strain
until it fails.

The paper addresses only the vessel cylinder structure at the
location above the lower head as illustrated in Fig. 1. The
stresses can be approximated by an infinitely long cylinder in
which the ends are free to translate but with fixed rotations. The
analytic solution of the stress situation for an infinitely long
cylinder with a concentric circular hole undergoing a linear
change in temperature of magnitude AT across its wall' is given
by (Timoshenko and Goodier, 1970):

(3)

°8
a E 1

+ fr Tr dr - Tr 2 l (4)

(5)

where

T - AT (6)

a is the coefficient of thermal expansion, E is Young's (elastic)
modulus, v is Poisson's ratio, r is the radius, and rj and r0 are
the inner and outer radii respectively.

For — i << 1, the above relationships reduce to:
r i

(8)

These results are valid only in the clastic regime, with
temperature independent data only.

When an elastic-plastic analysis is required, the effect of
multiaxial stress needs to be accounted for in the analysis.
Manjoine (1982) discusses the effect of multiaxial stress on the
uniaxial stress-strain behavior. Essentially, the ductility of a
material can vary under a multiaxial state of stress, which in turn
may reduce the plastic strain at which the material rails.
Manjoine (1982) proposed a formula for the ductility ratio based
on the Davis triaxiality factor. The Davis triaxiality factor, TFQ,
is equal to the sum of the principal stresses divided by the
octahedral shearing stress and normalized to unity for plane
stress or uniaxial tension. Thus

TF D =
ql 03

1/2
(9)

where Oj, o 2 and o 3 are the principal stresses. The ductility
ratio is defined as

Effective Von Mises Strain
Tensile Elongation

(10)

and the ductility ratio can be described by the triaxiality factor
as

;2.0 (11)

Therefore, under multiaxial stress states the equivalent uniaxial
strain is



eeff (12)

where eeg is the effective Von Mises strain and e u is the strain
to be compared with the uniaxial or tensile elongation data. The
value of TFD under uniaxial stress is 0 and thus C = 1 and !he
value of TFD under a biaxial state of stress (OJ^OJ) is 2 and
thus C - 0.5. Therefore under the biaxial state of stress (Ojso-j)
the strain to failure is reduced by 50%. This is important when
the strain to failure is the dominating failure mode under
multiaxial stresses.

VESSEL MODEL
First, it must be said that a properly meshed finite-element

model is the only way accurately to determine the ultimate
capacity of the complex reactor vessel to combined thermal and
mechanical loading. The method presented hue provides (1)
estimates to the ultimate capacity and (2) insight into the physics
of the problem. This approach is good for doing scoping
studies.

The analyses given here apply to an infinite cylinder without
axial restraint as shown in Fig. 1. This model cannot capture the
behavior of the juncture between the cylindrical vessel sidewall
and the lower spherical head. It cannot account for the spatial
variations of temperature along the arc length as measured from
the upper head portion of the vessel to the center of the lower
head. Still, the model does give insight into the stress
distribution through the wall thickness. Note, a similar model of
the lower head response could have been done, as depicted in
Fig. 2. The model represents a sphere with the appropriate
boundary conditions imposed to constrain the response to that of
i sphere.

7HERMOMECHANICAL ANALYSIS OF THE VESSEL
An example will be used to illustrate a vessel wall sample

;roblem. The vessel wall is assumed to be 10 cm thick with an
oner radius to thickness ratio of 20. A linear temperature
gradient is assumed with a AT of 1200 C, with the outside of the
essel being cooled to 140 C.
Equation 7 was used to compute the axial and circumferential

tresses. Figure 3 shows the Von Mises stress distribution
•trough the wall thickness for an elastic response under a
mperature variation of 1200 C The Von Mises stress is
jfinedas

t {oe-ozf (13)

lere o f , On and o z are defined in Eqs. (7) and (8). Assuming
a 1.1 x 10~ m/m/C, E * 2.0 x 1 0 n Pa, and v = 0.333, results
the maximum absolute value of

1980 MPa

The distribution of the Von Mises stress is shown in Fig. 3 with
the yield stress of 188 MPa assumed for 740 C. Note, 740 C is
the average temperature of the wall and the yield strength is
based on SA508 steel. The portion of the wall that is below
yield is approximately 1.0 cm thick. From Eq. (2), the minimum
required thickness is 0.06 cm based on a limit stress of 188 MPa
and an assumed vessel and core weight of 1.42 x 10 N (160
tons). Thus, the vessel will not fail based on this simple
analysis.

Analyses with SA508 Material
The above analysis was redone using a simple finite element

model with an elastic-plastic material model and temperature
dependent material properties. Figure 4 depicts the assumed
variation of yield strength with temperature for the vessel
material. The solid part of the curve is from experimental data
and the dotted part of the curve is extrapolated. The
experimental data is for temperatures below 649 C. The
experimental data is from ASME (1983) and Reddy and Ayres
(1982) for SA508 steel. At 1010 C the steel is assumed to have
melted and the yield stress is reduced to zero. Figure 5
represents the assumed variation of the ultimate stress with
temperature. The ultimate stress values are given for an
assumed failure strain of 100%. The value of the elastic
modulus, E, which was assumed to be temperature independent,
was set to E = 2.0 x 1 0 n Pa for stress-strain curves.

Four analyses were done with ANL's in-house finite element
computer code, STRAW (Kulak, et al., 1978; Schreyer, et al.,
1983; Marchertas, et al., 1988). An infinitely long cylinder was
modeled using boundary conditions that allowed the cylinder to
expand freely in the axial direction. A linear thermal field was
imposed on the cylinder wall with a temperature of 140 C at the
outside surface of the cylinder wall and 1340 C at the inside
surface of the cylinder wall. The analyses included the
following load cases: (1) temperature independent material
response with no axial load, (2) temperature independent
material response with axial load, (3) temperature dependent
material response with no axial load and (4) temperature
dependent material response with axial load. Temperature
independent material assumes the yield stress is based on the
average temperature of the wall, which results in 188 MPa at
740 C. Temperature dependent material response uses the
results in Figs. 4 through 5 as input for the finite element
calculations. The axial load is based on the cylinder wall
supposing the 145,150 kg (160 tons) of melt material. Table 1
shows the conditions for the four load cases.

The result of the analysis for each load case is given in Figs.
6-9. Figures 6 and 7 assume the material yield at 188 MPa and
strain hardening is allowed with a plastic slope of 2.0 x 109

MPa. The difference between Figs. 6 and 7 are very slight,
because the imposed axial load of 160 tons results in stress
levels much less than the thermal stresses in the wall. Figures
8 and 9 assume the material yields according to Fig. 4 and the
elastic-plastic behavior according to Fig. 5. As before, the axial



load barely changes the stress level as noted in Figs. 6 and 7.
When the temperature dependent yield criterion is considered,
the elastic core within the vessel wall is shifted toward the cold
side and is about 3 cm wide.

In the above load cases the computer simulation considered
he wall initially to be in equilibrium at 140 C, and the inner
surface temperature was slowly brought to 1340 C while the

TABLE 1. DEFINITION OF LOAD CASES

Load Case
Number

1

2

3

4

Yield Stress

Fixed at Average Wall
Temperature

Fixed at Average Wall
Temperature

Variable Dependent on
Temperature at

Integration Point

Variable Dependent on
Temperature at
Integration Point

Axial Load

No

Yes

No

Yes

utside surface remained at 140 C. The heating process was
one in a quasi-static procedure, i.e., the resulting thermal strains
/ere applied in small increments to the cylinder in order to
minimize any dynamic effects on the plastic response. During
sis heating process a linear through-the-thickness temperature
radient was assumed. In the temperature portion of the
jalyses, 1000 time steps were used and each step was iterated
ntil a specified equilibrium of force error and displacement
nange criterion was met. The force criterion was set to 0.1%
TOT and the displacement change was set to 0.01%. Figures 10,
1 and 9 depict the Von Mises stress distribution for the hot side
nside of wall) temperatures of 260 C, 500 C and 1340 C,
spectively for load case 4. Figure 9 is at the final temperature
7 the heating process. Figure 12 indicates the accumulated
.stic strain distribution for various temperatures for load case
When the inside wall is at 260 C, the plastic strain is zero

ough the thickness. Note how the "elastic zone" changes
ipe and location during the heating process. The maximum
stic strain is approximately 1.95%.
\n analysis was done to determine the pressure capacity of the
sel at the final temperature distribution. The model was
liyzed by increasing the internal pressure in 0.05 MPa
lements with the same equilibrium criterion described above.
? resulting pressure increases both the radial and axial tensile
emal forces applied to the cylinder. Figure 13, 14 and 15

illustrate the resulting Von Mises stress distribution for internal
pressures of 2.75 MPa, 8.25 MPa and 10.7 MPa, respectively.
Figure 16 indicates the accumulated plastic strain distribution for
various internal pressures. The model reached a plastic
instability at 10.7 MPa with a maximum plastic strain at 2.5%.
When plastic instability occurs the vessel wall would continue to
deform under the internal pressure of 10.7 MPa until the failure
strain of the material is reached. At this point the wall would be
unable to contain the pressure.

Analyse* with SA533 Material
The above analyses were done with the assumption that the

coefficient of thermal expansion was temperature independent,
which is not true. Through a literature search on similar type
materials, the temperature dependency on the coefficient of
thermal expansion was found. Reddy and Ayres (1982) and
Stickler, et al. (1983) gave material properties for SA533 steel,
which is similar to SA508 steel. The variation of the thermal
coefficient of expansion is given in Fig. 17 along with the
change in elastic modulus with temperature. Figure 18 depicts
the variation of yield strength and ultimate strength with
temperature. The ultimate stress values are given for 16% strain.
A plot of the product of the elastic modulus and the coefficient
of thermal expansion (aE) is given in Fig. 19 for the linear
temperature distribution through the wall. The same temperature
distribution was used as before with 1340 C at the inside of the
wall and 140 C on the outside of the wall. Originally the
product of aE was assumed to be temperature Independent with
a value of 2.2 x 106 MPa/C as indicated in Fig. 19 by a dashed
line for SA508 assumed material properties.

The Von Mises stress distribution was given in Fig. 3 for the
temperature independent aE for SA508 steel. Figure 20 shows
the Von Mises stress distribution through the wall thickness for
an elastic response under a temperature variation of 1200 C for
SA533 steel using the temperature dependent values of aE. The
STRAW finite element code was used to obtain the results in
Fig. 20. The yield strength at the average temperature of 740 C
is assumed to be 76.4 MPa (estimated from Fig. 18) as shown in
Fig. 20 and the portion of the wall that is below yield is
approximately 0.4 cm thick. Comparing Fig. 3 and Fig. 20
indicates the compression stress (inner portion of wall) is
reduced from 1980 MPa to 1063 MPa and the tensile stress
(outer portion of wall) is increased from 1980 MPa to 2150 MPa
when the temperature dependent aE is utilized. Also, the elastic
core is shifted to the outer portion of the wall and reduced in
size when the temperature dependent aE values of the SA533
steel are used. The elastic core of 0.4 cm thickness in Fig. 20
is large enough to support the core and vessel weight. From Eq.
(2) the minimum required thickness is 0.14 cm based on a limit
stress of 76.4 MPa. Thus the vessel will not fail under the dead
weight load of 160 tons, by this elastic analysis.

Load case 4 was re-run with SA533 elastic-plastic temperature
dependent material properties with the STRAW finite element
code. The assumed strain to failure was 16% for the
temperature range used. At 140 C the strain to failure is
approximately 22% for SA533 steel. Thus using 16% is a



conservative assumption. Figures 21,22 and 23 depict the Von
Mixes stress distribution for the hot side (inside of wall)
temperatures of 260 C, 500 C and 1340 C, respectively. Figure
24 indicates the accumulated plastic strain distribution for
various linear temperature gradients through the wall. When the
inside wall is at 260 C, the plastic strain is zero through the
thickness. Note how the "elastic zone" changes shape and
location during the heating process. The maximum plastic strain
is about 2.8%, which is below the assumed failure strain of 16%.

As before for the SA508 steel, load case 4 was further
analyzed to determine the pressure capacity of the vessel at the
final temperature distribution. The model was analyzed by
increasing the internal pressure in 0.05 MPa increments with the
same equilibrium criterion as described before. Figures 25, 26
and 27 illustrate the resulting Von Mises stress distribution for
internal pressures of 2.0 MPa, 6.0 MPa and 8.45 MPa,
respectively for SA533 steel. Figure 28 indicates the
accumulated plastic strain distribution for various internal
pressures. The model reached a plastic instability at 8.45 MPa
with a maximum plastic strain at 3.3%. The vessel wall would
continue to deform under the internal pressure of 8.45 MPa until
the failure strain of the material is reached.

CONCLUSIONS
There is an elastic region of material within the vessel wall

hat can support the weight of the molten core for all the cases
Investigated. The vessel wall was then subjected to an internal
jressure loading and the resulting failure pressure was
determined for both SA508 and SA533 material properties. The
quantitative results were based on realistic values of material
ropertks. The material properties for SA508 and SA533 were
ased on temperature dependent elastic-plastic response for the
laterial behavior. In addition, the SA533 material property for
laslic modulus and the coefficient of thermal expansion were
ased on temperature dependent data, whereas the SAS08
material assumed temperature independent values.
Two models were developed to simulate the response of the
actor pressure vessel (RPV) to accident loadings. The
jometry of the RPV is that of a cylindrical shell with a lower
>herical head. A first approximation to the response of the
PV to transient loading can be obtained from a one-element,
vite-element model for the cylindrical vessel and another one-
sment, finite-element model for the lower head. The element
an axisymmetric shell element, which is part of the element
rary of most 2D finite-element codes. The element, however,
3uld have the capability to treat the following: nonlinear
ometric response, temperature dependent elastoplastic material
ponse, strain-rate effects, and arbitrary pressure-time histories.
: computational cost of running this model is small, and thus,
: model is ideal for performing scoping studies.
Xote, only the cylindrical vessel model was analyzed, the
lerical head model was mentioned as a possible alternative or
provide additional information in the scoping study. The
jond model represents a sphere with no connection to the
inder. The model should give some indication for the

response of the lower head. All the element requirements for the
cylindrical model discussed above would also apply to the
spherical head model.

After the scoping study has been performed to identify the
severe loading cases, a detailed finite-element model of the
complete RPV must be performed to determine the structural
response and failure. The simple models are mainly used to
potentially identify the worst cases and cannot be used as a final
measure of RPV response and failure.
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FIGURE 24. PLASTIC STRAIN DISTRIBUTION FOR
VARIOUS INSIDE TEMPERATURES
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/ON MISES STRESS DISTRIBUTION FOR
ERNAL PRESSURE OF 2.0 MPa
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FIGURE 27. VON MISES STRESS DISTRIBUTION FOR
INTERNAL PRESSURE OF 8.45 MPa

Temperature Dependent Material SAS33 Temperature Dependent Material SA533

at 5
340 C)

— VonW

—— '

[MS

I.
y

CojdSde—*.
(140 C)

>

/ i

4 6

Thickness (cm)

10

)N MISES STRESS DISTRIBUTION FOR
1NAL PRESSURE OF 6.0 MPa

•« Hot
(13<

Side
0C)

k \
Intremal

Cold
(140

Pressure

- 2.0 MPa
- 6.0 MPa
- 8.45 MPa

V-:

Side >
C)

0 2 4 6 8 10

Thickness (cm)

FIGURE 28. PLASTIC STRAIN DISTRIBUTION FOR
VARIOUS INTERNAL PRESSURES


