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Abstract—This paper presents a number of engineering analysis problems solved from 1990 to 1996 where
ADINA was used in the analysis. The problems are in the following areas: natural frequencies, dynamic
loading, fatigue, fracture mechanics and natural convection-driven fluid flow. For most of the problems,
a comparison between calculations and measurements is also presented. Our experience is that good
numerical results can be achieved for static linear problems even when the geometry is complex, but in
dynamic analysis it can be difficult to establish models that accurately contain all frequencies, and, of
course, in non-linear analysis, the representation of the non-linear material behaviour provides a limit to
the modelling accuracy. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

During the years 1990 to 1996, a number of complex
structural and fluid-flow problems at Ringhals
nuclear power plant have been analysed with the
ADINA program package. This paper presents a
number of these analyses, most of them compared
with measurements. Below are some brief notes about
the different problems:

e Calculations of allowable crack sizes in the main
recirculation piping system in Ringhals unit 1
(BWR). ADINA was used to calculate natural
frequencies and response to dynamic loading.
Comparison with experiment.

e An ongoing project to investigate the usefulness
of modal analysis, when applied to complicated
systems or components. Comparison with exper-
iment.

e Investigation of cracks in large generator rotors.
ADINA was used in the efforts to explain the crack
initiation and propagation. Comparison with exper-
iment.

o Post-test calculation of an experiment aimed to
study the influence from global biaxial loading on
brittle fracture. Comparison with experiment.

e Fracture calculations for an ongoing large-scale
international experiment. The main purpose is to
investigate the influence of a cladding layer upon the
fracture behaviour.

e Use of ADINA-F to simulate the temperature
variations due to natural convection in a PWR head
penetration.

2. PRESENTED CALCULATIONS

2.1. Calculations of allowable crack sizes on « large
pipe system

2.1.1. Background. The purpose of the analysis
was to predict the maximum allowable crack in the

893

main recirculation system in Ringhals 1 (an 840 MW,
ABB boiling water reactor, BWR) for two load cases:
(1) vibration stresses from normal operating con-
ditions and (2) dynamic loading from a postulated
pipe break.

The system maintains a feed-water recirculation
flow in order to increase the flow velocity and hence
the heat transfer from the core to the feed-water.
A mix of ‘new’ feed-water and ‘old’ feed-water,
separated by the steam separators at the top of the
core, is pumped into the bottom of the core. The FE
model of the system is shown in Fig. 1. This pipe
system is one of the most important from a safety
point of view, since it has a large diameter (0.6 m)
and is positioned below the core.

2.1.2. Finite-element models. Two models were
created, one for calculation of natural frequencies
and one for time history analysis (which is mainly a
subset of the first model). The eight-node shell
element was used in the model which comprised
approximately 120,000 degrees of freedom. Several
dimensions, such as thicknesses of the large bends,
some valve dimensions and support configurations,
were measured on site and were found to sometimes
have significant deviations from nominal dimensions.
The Young’s modulus and density were measured on
test specimens made up of similar material. We tried
to model the geometry as exactly as possible. Since we
were interested in stresses in nozzles areas where a
shell model has poor accuracy, we modelled that area
with 20-node solid elements. The size of the model
was a challenge since our computer configuration at
that time had a practical limit of just over 100,000
degre.s of freedom. This lead to much work in
optimizing the number of elements in different parts
of .the model for modes up to around 50 Hz. In
addition, many sensitivity calculations were per-
formed to see which component has to be included
and how far the model has to be extended until a
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change did not affect the solution ‘too much’. This
was a specific problem for the pipe support on the
largest connecting pipe. When the measured mode
shapes were available, some details that had been
excluded were added to the FE model to get better
agreement for some modes. However, no adjustment
was made to tune-in the model with ‘numerical’
modification. One large approximation in the model
is that, in reality, there are six similar pipe systems
around the vessel.

When calculating the response for a sudden pipe
break, the above model was used as a base but was
reduced to approximately 60,000 degrees of freedom.
The reduction was made through removing all ‘small’
connecting pipes and not using solid elements in the
nozzle areas. This reduction was possible since only
the stresses in the main pipe were of interest for this
pipe-break loading. The system pressure was 8 MPa.
A time history analysis was performed for 1.0 s of the
transient.

2.1.3. Dimensions. The reactor vessel was 6 m in
diameter and the thickness, 160 mm. The diameter of
the main pipe was 0.6 m and the thickness, 35 mm.
The large valves had a mass of 5000 kg and the mass
of the pump was 15,000 kg.

2.1.4. The experimental side. During the outage of
the reactor, one of the six recirculation loops were
instrumented with 136 accelerometers and 34 strain
gauges. The natural frequencies and mode shapes of
the system were measured with sinusoidal sweep
excitation. The forced vibration was measured during
reactor heatup and full power operation. When the
reactor was at power, unfortunately only a few of the
signals from the accelerometers and strain gauges

Fig. 1. A large part of the FE model.
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were useful because of transmission problems.

2.1.5. Comparison between calculated and measured
results. Several more modes were measured than
calculated. This is not surprising since the calculation
only included one of six similar pipe systems around
the reactor vessel. Another reason is that the
calculation did not take into account very small
details in the geometry. Some modes which were
calculated were not found in the measurements,
mostly torsion modes. These modes may have
remained undetected because of too few accelerome-
ters in the corresponding direction. Some other
modes may have been in a direction that was weakly
excited.

We observed that frequencies and, to a greater
extent, mode shapes, can be very sensitive to what we
thought were ‘small’ changes. One result of sensitivity
studies was the rigorous inclusion of the pipe support
structure at the largest branch pipe. This support had
a large influence on our results. In the beginning, the
support structure was assumed rigid. When this was
found to lead to large deviations, more and more
of the structure was measured and included. Even
when the complete support structure was modelled,
sensitivity calculations showed that the assumed
rigid connection of the support to the thick concrete
wall did not give negligible change in some modes,
compared with a more realistic stiffness as a
boundary condition.

In one of the sensitivity studies concerning the
support, a small change in the support structure led
to a change of the relative phase in the mode-shape
displacement between the largest pipe and the pipe
with the support; however, the frequency was nearly
unchanged. Such a change will of course totally alter
the local stresses near the nozzle between the pipes.

The calculated frequencies and mode shapes were
compared with the measured results that best
matched the mode shape. Modes that were only
measured are not included. This comparison is shown
in Table 1. In this table, only modes up to
approximately 20 Hz have been presented. The
results show a similar or slightly increased relative
error for the rest of the modes up to 50 Hz.

One of the most important objectives in this project
was to try to predict the operating vibration stresses.
This was done from the calculated natural frequen-
cies and mode shapes together with the measurements
during operation. This prediction ended up with a
relatively poor result which was believed to be
because of the problems with the measurements when
the reactor was at power. This problem gave too few
values to solve the mode participation. In addition,
the fact that no perfect agreement was reached
between calculations and measurements was believed
to strongly influence the results. Because of the
problems with calculation of operating vibration
stresses, some conservative assumptions were made
based upon the vibration monitoring system. Hence,
it was possible to show that cracks with a depth of
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Table 1. Comparison between measured and calculated
natural frequencies

Calculated  Measured Diff. %
(Hz) (Hz) [1-(calculated/measured)]
1.84 2.03 10
3.01 3.08 2
5.56 6.13 10
6.75 6.70 -1
7.20 Not found
7.39 7.82 6
7.7 7.65 -1
7.98 Not found
8.57 8.31 -3
8.88 Not found
9.05 885 -2
9.75 9.56 -2
10.66 9.92 -7
11.56 11.30 -2
11.85 Not found
13.23 12.83 -3
14.01 13.16 -6
14.91 15.34 3
18.80 19.40 3
21.74 21.81 0

up to 65% of the thickness were still under the
threshold value for crack propagation due to
vibration stresses.

The results from the sudden pipe-break loading
were not compared with experiment; the calculated
stresses were used to calculate the maximum
allowable crack size. The result was that for a
depth-to-length ratio of 1/6, a crack with a depth of
75% of the wall thickness was acceptable. This type
of information was then used for qualification of the
non-destructive testing equipment used for searching
for cracks in this system.

2.1.6. Summary and conclusions. Natural frequen-
cies and mode shapes were calculated and measured
for a large pipe system. When a serious comparison
with measured data was performed, a number of
problems were found. The thickness tolerances in
pipes and pipe components are normally up to 15%.
In the current system, some pipes are not completely
concentric; many of the large components, such as
valves and pumps, are cast and the local dimensions
are usually hard to find. Considering the supports,
these most likely present the largest problem when
predicting natural frequencies in a pipe system or
similar structures. In this respect, our system was very
simple with only one support, but this still caused
many problems. This project gave us a serious
warning that dynamic calculations of complex
problems may be practically impossible if high
accuracy is needed.

2.2. An ongoing investigation of the practical useful-
ness of modal analysis of branched systems

2.2.1. Background. In the previous calculation
(Section 2.1), we have demonstrated that ‘small’
changes in a branched-pipe system can totally
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change local stresses in dynamic loadings. One of the
aims of this study was to gain a better understanding
about the behaviour of branched systems exposed to
dynamic loadings. The following two questions were
of special interest:

e Is it practically possible to determine how
accurately you must predict the frequencies and mode
shapes of the structure in order to reach a certain
level of accuracy on the stresses due to vibration
loading?

e What error level do you have to expect in a
calculation of vibration stresses in a engineering
component?

The questions above are for a component where all
dimensions, physical properties, support friction etc.
have a certain amount of uncertainty.

2.2.2. Test model. The authors felt that one way to
study the above questions was to make a complicated
branched test model. The model needed to be very
well documented by means of dimensions, physical
properties and boundary conditions etc. If the test
model was complicated but so well defined that we
could ‘exactly’ calculate the frequencies and mode
shapes, we felt that it should then be possible to study
the effects of small changes, both to the test model as
well as the FE model. The changes could be both
‘outer’ (different boundary conditions) and ‘internal’
(dimensions, properties, etc.). The FE model of the
test model is shown in Fig. 2. In this model, the long
bottom bars and connections are made of steel, rest
of aluminium. The test model was hanging in 40 very
weak springs to simulate a near-free condition. All six
‘rigid body modes’ were under 0.5 Hz.

2.2.3. Dimensions. The bars in the bottom were
45m long, 70 mm high and 30 mm thick. The
distance between the bars was 0.7 m. The upper part
consisted of four V bars connected in two levels with
square bars. The V bars were 1.2 m high and
40 x 40 x 4 mm in cross section.

2.2.4. FE calculation. When starting up this
project, one aim with the FE model was to calculate
exactly the natural frequencies up to approximately
150 Hz. The latest FE model is shown in Fig. 2. The
geometry is modelled to a high degree of accuracy.
The 20-node solid element was used in the model, and
comprised approximately 130,000 degrees of free-
dom. In order to avoid bias, it was decided that the
FE model should be created before the experimental
measurements. This was carried out just to see how
good the expected results would be if there were no
measurements to compare against. The first model
consisted of approximately 80,000 degrees of freedom
and predicted the frequencies within 4% except for a
few that were up to 15% in error. We will come back
to this 15% error problem later. It was important to
see that one has to assume this magnitude of error in
the absence of feedback from measurements, and this
is for a model with well-known conditions. To further
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reduce the errors for the major number of modes, the
mesh was refined. The refinement was mostly
performed by including the actual geometry of the
accelerometers (the lumped mass of the accelerome-
ters was already included in the first approach), and
some refinements in order to better catch modes near
150 Hz. This resulted in the mesh shown in Fig. 2.

The modes with the worst agreement were not
affected by the refinement. These modes had the
dominating deflections in the thin plates that
connected the long beams in the bottom. One of these
modes is shown in Fig. 3. The connections in the test
model were bolted together; in the FE model, the bolt
connection was assumed to be in full contact. Some
work has been done to try to understand the main
error with the current model for these modes. This
work includes a study of how sensitive the natural
frequencies are to very small deviations in dimensions
and, for example, to straightness. In addition, some
studies of local modelling of the bolt connection have
been done. It has now been decided that more effort
will be placed on trying to solve this question.

An interesting observation was that the second
calculated mode was 5% from the measured value in
the first ‘blind’ calcufation. When we then included
the springs that the model was hanging in, the
frequency was increased to the right value. This was
a surprise since the ‘rigid body modes’ were a factor
of ten lower and showed that even the lowest natural
frequencies are very sensitive to ‘small’ approxi-
mations in the modelling. This is the status of the
calculation today.

2.2.5. Measurements on the test model. Measure-
ments of natural frequencies and mode shapes have
been performed on the full structure for two different
points of excitation. The lower steel part and the
upper aluminium part have also been measured
individually. For the full structure, 130 accelerome-
ters and two strain gauges were used. In some areas,
very closely spaced modes made the evaluation
difficult.

2.2.6. Comparison between calculated and measured
results. The comparison of the measured and
calculated results in this presentation has been
performed in the following way. The calculated
frequencies are tabulated in ascending order and
compared with the measured mode that compared
best in mode shape. This is shown in Table 2.

This type of comparison has proved a large
problem in many other calculations (e.g. the
problems stated in Section 2.1) but in this case, the
comparison was relatively straightforward. This was
believed to be because of the large number of
accelerometers which gave a good representation of
nearly all the modes and, generally, a good agreement
between measurements and calculations. As an
example, the calculated mode shape with a frequency
of 97.84 Hz is shown in Fig. 4.

2.2.7. Summary and conclusions. For one test
model, it has been demonstrated that the calculation
of natural frequencies and mode shapes for a
branched system is very difficult. The first FE model
was performed with care and with ‘exact’ geometry,
measured density and Young’s modulus plus a lot of

Fig. 2. The FE model in its present shape.



Experiences in use of ADINA 897

ADINA REFERENCE MODESHAPE XVMIN -3.750 X
MODE_SHAPE «-—. — XVMAX 1.165 lé
MODE 25 0.2048 0.6184 YVMIN -0.1736 Y
F=63.78 YVMAX 1.562

Fig. 3. One of the mode shapes with a large error in frequency compared to the measured value.

sensitivity studies. The model was, however, set up
without prior knowledge of the measured results. The
results from the first calculation were, for most
frequencies, within 4% but for some modes, up to
15% from measured values. After some mesh
refinement and a very rigorous inclusion of the
accelerometers in the model, most modes were
predicted within 2%, but still some differed up to
15%.

The most important conclusion from this project
so far is that we think it is ‘impossible’ to calculate
all natural frequencies with high accuracy for many
types of engineering structures including pipe systems
and complex frame structures like buildings, bridges
etc.

2.3. Cracks in a large generator rotor

2.3.1. Background. A lot of small cracks were
found in a number of generator rotors during
inspections. A similar but somewhat larger rotor had,
ten years earlier, been very close to a total disaster
when cracks at the same position grew fast and deep
into the rotor body. This project was started up in
order to explain the reason for the initiation and to
predict future propagation of the newly discovered
cracks. One of the cracked rotors was completely
disassembled and the cracked areas were cut out in
order to study the cracks with destructive methods.
For this rotor, a new geometry had to be designed at
the formerly cracked region.

2.3.2. Dimensions. The large diameter was 1.2 m.
The length between the end supports was 9 m.

2.3.3. FE calculations and loading information. The
loading comes mainly from three effects. The first is
gravity loading which is a high cycle fatigue (HCF)
load with a frequency of 50 Hz. The second is
compressive stresses from a ring that is shrunk onto
the rotor radially, outside the crack area. This
loading was only applied once. The third is the
centrifugal loading which is a low cycle fatige (LCF)
loading with a frequency of 1-5 cycles year ™'
(start/stop).

The first rough calculations gave the same result
as the original design calculations, namely that
the area where the cracks had started was nominally
under compressive stresses during all conditions.
This led to the fact that no special care was taken
in order to reduce stress concentrations in this
area during construction and manufacturing. The
cracks all started at very small radii (0.2 mm).
After the very first calculations, more detailed
models were made, both for the HCF and LCF
loading.

The FE model for the HCF loading is shown in
Fig. 5. The 20-node element was used, and the model
had approximately 130,000 degrees of freedom. One
quarter of the rotor was modelled due to symmetry.
This model was, with minor changes, also used to
calculate the stress-intensity factor for different crack
shapes. The rotor was vertically supported at the end.

One model for the LCF loading is shown in Fig. 6.
In this case, the eight-node element was used and the
mode] had approximately 200,000 degrees of
freedom. In this case, the connection between the
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rotor and the shrunk-on ring was simulated by
contact conditions. Since the geometry and loading in
this case are cyclic, only one cyclic part was modelled.
In the axial direction, the model was extended until
no further change in the solution result was observed.
In this model, both the centrifugal and the shrunk-on
loading were included. Later on in the project, a large
number of calculations were made to try to simulate
the local conditions at the crack area. It was these
new calculations that led us to what we think is the
cause of the cracking. We applied an approximation
of the deformations from the large LCF model to a
local model, highly refined in the crack area. In this
calculation, a multilinear material model was used
and a number of LCF cycles were calculated. The
results showed that the small radii where the cracks
had started was yielding under compressive stresses
from the shrunk-on loading. When the centrifugal
loading was applied later in the cycle and the nominal
stress over the cross section was near zero, reversed
plasticity at the small radii produced very high tensile
stresses. These high tensile stresses have a dramatic
decreasing effect on the threshold value for the stress

Table 2. Comparison between calculated and measured
frequencies

Difference %

Calculated  Measured [1 —(calculated/measured))
1.54 — —
3.74 3.85 2.8
5.77 5.82 0.9
9.80 10.06 2.6

14.12 14.22 0.7
14.15 14.18 0.2
17.35 17.07 ~1.6
19.80 19.79 0.0
20.59 20.58 0.0
24.67 24.46 -0.8
27.70 27.77 0.2
28.18 27.29 -3.3
29.23 28.35 -3.1
33.69 32.72 -3.0
46.90 47.28 0.8
54.55 54.41 -0.3
54.71 54.50 -04
56.85 57.22 0.6
63.78 56.24 ~13.4
66.58 57.64 —15.5
67.35 68.49 1.7
75.24 75.76 0.7
75.73 76.40 0.9
82.10 76.58 -7.2
82.78 82.75 0.0
87.13 87.08 0.0
89.59 89.89 0.3
90.53 91.00 0.5
91.61 91.63 0.0
97.84 97.89 0.0
105.0 105.90 0.8
105.4 105.40 0.0
106.4 107.38 0.9
109.4 111.07 1.5
118.6 119.00 0.3
121.2 120.90 —-0.2
127.0 126.20 —0.6

intensity factor for propagation as well as the
threshold stress amplitude for initiation.

2.3.4. Material. The material in the generator
rotor is a low alloy steel. It is interesting to briefly
point out some problems with the representation of
this material in numerical simulations; it experiences
a quite dramatic softening due to cyclic loading. In
the first cycle, the yield stress was around 600 MPa;
it was already after 50 cycles up to 1% strain reduced
to 450 MPa. In addition, the hardening effect when
the stress—strain loops were stable was not well
represented by either kinematic or isotropic harden-
ing models. These are only some of the problems
involved with measuring and representing the
material behaviour. On the experimental side, it is
extremely difficult to measure cyclic stress—strain
relations over a few % strain. In addition, the
monotonic stress—strain curve up to failure strain is
very complicated to measure or simulate.

2.3.5. Experiment. The first rough calculations
showed that the cracks had started in an area that,
during all loading history, was under nominally
compressive stresses; this was a new phenomena for
us. At this time, a number of laboratory experiments
as well as measurements on the actual rotor were
started up. The following main experiment and
measurements were performed: strain measurements
in the cracked area on the rotor, which were
undertaken both for the gravity and the shrunk-on
loading. Later on, when the rotor was repaired and
back in service, strains from the centrifugal loading
was measured. A large number of fatigue experiments
were performed on a test geometry that had been
designed to reasonably simulate the stress field in the
cracked area. Both uniaxial and more accurate
biaxial test specimens were tested. There were several
purposes for the experiments: firstly, it was a way to
see how accurately the calculations predicted the
stresses from the different loads. It was also very
important to see if the predicted loading applied on
a test specimen could initiate and propagate cracks
in a similar way as in the rotor. The experimental
work on the test specimens showed a very strong
interaction between high compressive loads followed
by unloading and a large number of small load cycles.
Even if the experiment showed this interaction, a
somewhat lower crack propagation was measured
than in the actual rotor. We think that the deviations
were caused mainly by differences between test and
operating conditions.

2.3.6. Results and comparison between calculation
and measurements. For our purposes, the agreement
between measured and calculated strains was good.
In Fig. 7, the calculated stress at some points at the
short end of the rotor beams is compared with the
stresses converted from the measured strains. The
comparison is made for the gravity loading (HCF)
and for the shrunk-on loading. In addition, the
calculated centrifugal-loading results compared ac-
ceptably well to measured values.
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ADINA REFERENCE MODESHAPE XVMIN -3.594 X
MODE_SHAPE ‘-2 e — XVMAX 1.097 E
MODE 36 0.1955 0.1292 YVMIN -0.3717 Y
F =97.84 YVMAX 1.768

Fig. 4. One mode where both mode shape and frequency agreed well with measurements.

2.3.7. Summary and conclusions. We believe that cycle. After the LCF load that follows, the average
the reason for the crack initiation and propagation is  stresses over the cross section are very low, but very
the following: the crack area experiences high high tensile stresses appear because of reversed
compressive stresses during one phase of the LCF  plasticity. This happens in the small radii before

Y
ADINA DEFORMED  XVMIN -1.852

LOAD_STEP o, XVMAX 1.658 Z;
TIME 0.000  0.1818 YVMIN -0.9852 X

YVMAX 1.237

Fig. 5. The FE model used for the gravity loading.
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ADINA DEFORMED XVMIN -0.1311 Y
LOAD_STEP — XVMAX 0.3084
TIME 0.000 0.05054 YVMIN 0.009087 4 X

YVMAX 0.6267

Fig. 6. The FE model used for the shrunk-on and centrifugal loading.

cracks have initiated and later on in front of the crack tip, the small cyclic loading from the gravity loading
tip. This is the condition when the rotor is in service. (50 Hz) can propagate the crack. This propagation
Because of the very high stresses in front of the crack  will stop as soon as the crack grows into a lower static

Y

2

HCF load Shrunk load
Calc. Measured. Calc. Measured
25 17 504 448
45 40 515 491
\\\ 7 80 85 392 409
[ ——— 100 938 336 340
(MPa)

Fig. 7. Detail from Fig. 5 over the cracked area. The cracks have started in the bottom of the longitudinal
rotor beams.
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ADINA ORIGINAL XVMIN -0.2335
LOAD_STEP — XVMAX 0.2335
TIME 15.00 0.01946 YVMIN 0.000

YVMAX 0.2299
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Fig. 8. The FE model of one quarter of the test specimen.

stress field. The crack will then stand still until the
next LCF loading, usually one to five times a year.
Because of this, the crack propagation is very low and
is not considered to be a safety problem.

One conclusion regarding the calculations is that
good agreement of stresses between calculations and
measurements can be achieved for problems where
linear conditions are dominating, even in rather
complex geometry. If the problem includes plasticity,
or even more complex, cyclic plasticity, the current
material descriptions are still too simplified in order
to give accurate results.

2.4. Post-test calculation of a large-scale fracture-
mechanical experiment

2.4.1. Background. One very important postulated
accident loading on a pressurized-water reactor
(PWR) is pressurized thermal shock (PTS). Several
scenarios may lead to a PTS, i.e. cold emergency
cooling water is pumped into the reactor when it is
still under pressure. During these conditions, the
reactor material might be cooled so much that the
fracture behaviour moves from the upper shelf to the
transition region. A number of large-scale fracture-
mechanical experiments have been performed in
order to study this event.

This specific experiment was planned to study in
detail how the global biaxial stress field that arises
from a PTS loading affects the brittle fracture
behaviour of a shallow crack. The experiment has
a biaxial load ratio of 0.6:1, but in the same test
series both 0:1 and 1:1 was tested. The Oak Ridge

National Laboratory (ORNL) in the U.S.A. and
the Gesellschaft fir Reaktorsicherheit (GRS) in
Germany were organizing an international compara-
tive study called Fracture Analyses of Large Scale
International Reference Experiment (FALSIRE-11)
in which this experiment was analysed.

2.4.2. FE calculations and loading information. The
final FE model is shown in Fig. 8. The 27-node
element was used with the u—p formulation (total
130,000 degrees of freedom). Large strain and large
deformation were used. For the material behaviour,
a multilinear elastic—plastic material model was used.
The crack tip was modelled as in Fig. 9. The
deformation in Fig. 9 is not magnified, so the initial
small crack tip radius is judged not to greatly
influence the result. To numerically try to predict the
influence of biaxial loading, the 0:1, 0.6:1 and 1:1 load
cases were calculated. The calculated triaxial factor in
front of the crack tip is shown in Fig. 10. The
definition of the triaxial factor is —1 x (HP/SVM)
where HP = hydrostatic pressure and SVM = von
Mises stress. Even where the test was performed at
—53°C, the longitudinal loading beam cross section
was in a completely plastic condition at fracture.

2.4.3. Experiment. The experiment was performed
at ORNL. The test was performed on a reactor steel
sub-cooled to —53°C. This was performed to
guarantee that the material was on the lower shelf, so
that the fracture mode should be mostly brittle. The
experimental setup is shown in Fig. 11. The special
test-specimen geometry was proposed because it
could represent all variations between uniaxial and
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902
ADINA DEFORMED  XVMIN 0.07965 Y
LOAD_STEP — XVMAX 0.08118 I__
TIME 22.00 9.286E-05 YVMIN 0.000 z
YVMAX 0.001135
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Fig. 9. Original and deformed geometry near the crack tip.

2.4.4. Results and comparison between calculations
and measurements. Important results from the test are
that the work defined by P (force) vs LLD (load line
displacement) curve was greater by a factor of three

biaxial loading. This was important since one of the
goals was to see how the biaxial loading affects the
fracture toughness and to find out which load ratio

is the most severe.

Triaxiality factor [-]

£_14 - BB4, biaxial Idading, no blunting
£ 16 - BB, biaxial loading, blunting

0_5 e sienerenniserenns f -.1.7“Bmw; ...... ,....,.‘jl.l ...... » : b[unﬁng
Load=780kN |
0 0.2 04 0.6 08 1 1.2 14 1.6
Crack tip distance [mm]

Fig. 10. Triaxiality factor in front of the crack tip for different load and mesh cases. The presented
calculation is no. f-16.
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Fig. 11. Geometry and dimensions for the test specimen.

for the uniaxial result than for the biaxial loading. In
addition, the fracture toughness in the biaxial test was
approximately 20% lower than for the uniaxial test.
Only more ‘global’ parameters were measured during
the experiment, namely LLD and crack mouth
opening displacement (CMOD). In Fig. 12, the
measured and calculated CMOD are compared. One
result from the experiment is that no single- or
two-parameter fracture-mechanical method (K,
J, K-T and J-Q) could predict the differences in
failure loads between the tests with different biaxial
ratios.

2.4.5. Summary and conclusions. In order to solve
fracture-mechanical problems, we believe that a
micromechanics approach is needed instead of the
fracture-mechanical continuum methods. This is
especially important for problems which include
large ductile tearing, but also for problems, such as
that considered here, that only have 0.1-0.2 mm of
tearing before cleavage. This type of international
round-robin exercise is very important for many
reasons, ours being that participation is an excellent
chance to compare our results with the ADINA
program with results from other FE codes used by
skilled analysts. In this comparison, the ADINA

program has proved to be very competitive. This is
particularly true for the type of calculation which
include large three-dimensional models, very large
strains, large deformations and especially when
combined with stress fields with high triaxiality.

2.5. Calculation of an ongoing large-scale fracture
mechanical-experiment

2.5.1. Background and aims. This very large
experiment has the same background and motive as
the Section 2.4 experiment. In this experiment, the
effects of combined temperature and mechanical
loading are studied as well as the influence of a thin
layer of stainless steel (cladding) welded to the surface
of the (black) reactor steel. Both embedded and
surface cracks are studied.

The experiment is intended to force the numerical
simulations to handle the following issues:

e Will warm prestressing prevent the structure
from cleavage fracture?

e How can numerical simulations predict the
effects of large differences in crack tip ‘constraint’
between the real component and the specimens used
for fracture-toughness testing?
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o If there is a cleavage in this testing it will arise
after quite a large amount of ductile tearing. How will
this affect the cleavage initiation?

This project is organized by Network for Evaluating
Steel Component (NESC-1) and sponsored mainly by
the HSE in the U.K. The experiment is planned to be
performed in February 1997.

2.5.2. Important fracture-mechanical phenomena
covered in this experiment. Below is a short
description of important fracture-mechanical
phenomena in this experiment and the numerical
methods we will use to try to simulate them.

In the project, we have decided to use the methods
outlined in Ref. [1] to predict cleavage-fracture
initiation. In order to predict the initiation condition
for the cylinder, two other geometry configurations
were also analysed; these have been used in the work
concerned with characterizing the fracture properties
of the test material. The tested geometries are
CT-specimen (Compact Tension) and shallow cracks
in a three-point bend specimen. These tests showed a
large decrease in the temperature where a cleavage
fracture could initiate for the ‘low constraint’
shallow-crack test compared to the CT-specimen.
This is a well-known phenomenon, but the magnitude
of the temperature shift between different geometries
is difficult to predict. This is, of course, very
important since the crack in the real test cylinder due
to the temperature loading is restricted to initiate
close to the surface under the stainless-steel layer. In
this position, the crack tip condition is believed to be
much like the shallow-crack test. The warm

prestressing effect is covered in this project by
controlling the temperature vs crack driving force. By
doing this, we simply have, as a criterion, that the
point where cleavage is predicted must have an
increasing crack driving force, in this case J. The
problem of how the ductile tearing will affect a
cleavage fracture is not handled by in this study;
other organizations will do this with a non-contin-
uum material model. In addition, the problem of
predicting the final crack shape is not covered here.

2.5.3. Dimensions. The outer diameter of the
cylinder was 1.5 m and the thickness was 0.16 m. A
number of cracks were fatigued into the cylinder
material. The crack depth was between a few mm and
100 mm.

2.5.4. FE calculations and loading information.
Until now, the calculations have only been used to
chose the final crack dimensions and loading
conditions. The loading conditions were as foliows:
the cylinder initially has a rotation of 2200 rpm and
a temperature of 300°C. A temperature transient was
then applied by spraying water with a high velocity
and a temperature of 5°C on the inner surface. A
number of different crack geometries were sub-
sequently analysed. The FE model with a 2:1 crack
is shown in Fig. 13. One quarter of the cylinder was
modelled due to symmetry. It was shown that the 45°
model in Fig. 13 represents with a high degree of
accuracy the correct boundary conditions of 180°.
The 27-node element with the u—p formulation (total
170,000 degrees of freedom) and large strain and
deformation was used. For the material behaviour, a
multilinear elastic—plastic temperature-dependent

1000 ————1————

200 kbt B N

500

Long. Load (kN)

300

200

100

02 03 04

0.5 0.6 0.7 0.8 0.9 1

CMOD (mm)
Fig. 12. Applied longitudinal load vs CMOD.
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Fig. 13. The FE model for one of the analysed surface cracks.

material model was used. All calculations from all
participants will be presented before the experiment
is complete. After this, an evaluation will be
performed to see how well the simulations predicted
the testing.

2.5.5. Results and comparison between calculated
and measured results. The J-vs-temperature relation-
ships are shown in Fig. 14 for some points on the
crack front just under the surface.

2.5.6. Summary and conclusions. In this problem
there are, as we stated earlier, a number of difficult
areas. Even if we are in the middle of the project, we
are aware that the numerical simulations are far
removed from the real material behaviour. The
problem with the simulation of the material
behaviour in this calculation is mostly because of the
high predicted amount of ductile tearing which will
precede a possible cleavage fracture.

2.6. Flow analysis in a RDM vessel head penetration
using ADINA-F

2.6.1. Background. The water flow in a typical
penetration at the Ringhals 2 PWR reactor has been
analysed using the ADINA-F code. The analyses
were motivated in order to study the presence of flow
stratification and temperature fluctuations that could
have been the cause of cracks found in the lower parts
of the penetration wall.

2.6.2. Finite-element model. The FE model with
the used boundary conditions is shown in Fig. 15. For
practical and economical reasons, the calculations

have been two-dimensional. The typical two-
dimensional calculation involved about 30,000
degrees of freedom. The assumption of rotational
symmetry could, however, also be justified by the
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Fig. 14. J vs temperature for three points just under the
surface in the analysed crack in Fig. 13. Increasing time in
the transient moves from right to left in the figure.
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Fig. 15. The analysed geometry and boundary conditions.

applied thermal load (cooling) found to be almost
rotationally symmetric.

Analyses using coarser grids were also performed
in order to establish grid-independent solutions.
Transient calculations were performed with about
2000 time steps for a typical analysis. The turbulence
was been modelled using a modified mixing-length
mode! assuming a combination of shear flow (in the
shear flow region) and a modified tube flow including
corrections for the laminar sub-layer closer to the
wall.

The material data used for the water at
temperatures of 500-600 K are: density, 692 kg m?,
heat capacity, Cp = 5800 J kg ~'; heat conductivity,
0.521 Wm~' K™, viscosity, 1.4 x 10-"m s~% and
a buoyancy coefficient of 0.003 k~'.

2.6.3. Assumptions. The following assumptions
have been made for the different analyses. The
cooling on the outside of the penetration tube has
been applied by a heat transfer number of
80 Wm~?K-' which roughly corresponds to a
horizontal flow velocity of 15ms~' towards a
vertical cylinder of 0.1 m diameter in the outer parts
of a tube bank. The value is uncertain since the flow
is neither constant nor horizontal due to the geometry
and the presence of adjacent tubes. The value should
be between 40 and 160 depending on tube location
with various values tried as part of a sensitivity test.

The downward extension of the applied cooling has
been uncertain and the assumptions used in the
analyses varied from a nominal isolation level
240 mm above the head surface, to all the way down
to that surface. The analysed domain extends to

0.6 m below the reactor-head surface. A temperature
of 593 K has been applied as an initial value except
that the inner part of the reactor head has been given
an initial temperature of 573 K. The boundary
condition used for the reactor head (halfway to the
next penetration) was an adiabatic wall condition.

2.6.4. Results. The results show that there exists a
flow of cold water in the penetration, which, under
some conditions, extends down below the reactor-
head surface. This might cause significant cyclic
thermal stresses when the mixing zone fluctuates.
Such fluctuation might be a cause for cracks.

A division of the flow into two counter-flowing
flow cells with a clear separation beneath the
reactor-head surface is shown in Fig. 16. In the upper
flow cell, cold water comes down along the cooled
tube wall while warmer water rises in the centre. In
the lower flow cell, warm water flows upwards, close
to the tube wall and cooler water goes downwards in
the centre. The radial temperature differences are
about 20 K in the upper flow cell and the temperature
drop across the flow division is also about 20 K.

An oscillatory behaviour of the flow division zone
with a period of about 15 s has been observed. The
final conclusion from this work is that thermal
cycling can occur at the penetration but that the
amplitudes are probably too low to cause any cracks
in the absence of other phenomena. It should also be
noted that comparative studies using the CFD code
‘Fluent’ have been performed after the ADINA-F
analysis. The Fluent analyses were performed with a
K-¢ turbulence model and with meshes with up to 10
times the number of cells in the ADINA-F analyses
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Fig. 16. The position of the two counter-flowing flow cells is shown for one time in the transient.

in the two-dimensional model, and 100 times in the
three-dimensional models. The resulting flow fields
were, however, found to be quite similar for the codes
except that the three-dimensional analyses showed a
complex three-dimensional flow at the tank level due
to the asymmetry in this area.

3, SUMMARY AND CONCLUSIONS

Six calculations have been presented. Both for
these and for the large number of other calculations,
the ADINA program has been proved to be very
useful. One interesting detail is that even if the
speed-up of the computers has been very strong, we
have observed that new solvers etc. in the ADINA
code have given approximately the same speed-up for
many types of problems. For structural analyses, we
point out the problem of simulating the actual
material behaviour in the calculations is very
important. For fluid-flow problems, the large number

of equations that need to be solved may limit the
problem that can be tackled.
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