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ABSTRACT

Physical benchmark evaluations were used to assess the accuracy and
adequacy of the analysis methods and assumptions used in typical piping
qualification evaluations. Physical benchmark evaluations have been completed
for six systems involving both laboratory and in situ tested piping. In each
evaluation elastic finite element methods were used to predict the time
history response of a system for which physical test results were available.
In the analytical simulations the measured support excitations and the
measured damping properties were used as input and the acceleration and
displacement response of piping interior points were predicted as output. The
Tinear analysis methods were found to provide reasonable estimates of system
response, for a near linear system and using conservative estimates for
system damping, a good correlation of response traces and acceptable estimates
of response peaks can be expected, Using realistic estimates of uniform
system damping, large underestimates of peak response components were observed
and deviations of 100% or greater should be expected,
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EXECUTIVE SUMMARY

Over the past years a program has been underway at Brookhaven National
Laboratory (BNL) to evaluate the analysis methods used by industry to qualify
nuclear power piant piping. One element of this program has been the
development of physical benchmark solutions for piping systems tested under
other programs, The basic premise of this effort is that the relative
accuracy of computational methods can be gauged by the direct comparison of
physical test results to the analytical predictions of those results, A total
of six evaluations have been performed under this program., These have
included simple and complex laboratory tested systems and in situ tested power
plant systems, In all cases but one the evaluations were performed blind
after the test programs, conducted by others, were completed.

The linear analysis methods were found to provide reasonable estimates of
system response, The estimates of system natural frequencies were good being
within 5% for the lowest modes and within 10% for the higher modes, The
agreement between predicted and measured displacement: and accelerations
ranged from good to poor with the estimates for displacemerts being better,

In a typical preblem good correspondence would be achieved for many points but
deviations of 100% or greater would be observed for other points, In these
cases plausible explanations for the deviate behavior were advanced, but not
tested, For accelerations, instances of consistent under- or overprediction
were observed, with these effects ascribed to the damping assumption used in
the analysis,

For some points in the various systems little or no correlation between
predicted and measured response, or extreme deviations between these response
traces, was observed, In the majority of cases, the deviate behavior was
observed for points in the close proximity of supports. In those cases, the
poor correlation was atrributed to postulated nonlinear characteristics of the
support in guestion, Given the high incidence of this phenomenon less
credence should be placed in linear estimates of support loads and affects.

On average, these effects were local and did not compromise the validity of
the linear estimates of gross system response,

In each evaluation an experimental estimate of uniform system damping was
used, For each of the laboratory tested systems this assumed level of damping
was later judged to be too large. In each of these evaluations, a general
level of underprediction was observed with peak acceleration amplitudes being
underestimated by as much as 100%, Although it was postulated that an
adjustment of the damping assumption would correct this, the root cause of
this deficiency should be established unequivaocally. In any case, the
relative high rate of underprediction observed should caution against the use
of high estimates for system damping in performing analyses.

In summary, the linear analysis methods were found to provide reasonable
estimates of system response., The estimates for system natural frequencies
were good while the estimates for displacements and accelerations ranged from
poor to good., For a near linear system and using conservative estimates for



system damping, good correlation of response traces and acceptable estimates
of response peaks can be expected. Using realistic estimates of uniform
system damping, large underestimates of peak res‘:onse components were observed
and deviations of 10U% or greaver should be expected.
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1.0 INTRODUCTION

The dynamic analysis of piping systems represents a major engineering
effort in the safe design of nuclear power plants., Such analysis is typically
performed using computer programs based on the finite element method, which
consider the structure elastic over the entire deformation range, These com-
puter programs can be used to predict the time history response of the system
or to provide a conservative estimate of that response using the response
spectrum method of analysis. The rasponse spectrum method is normally used in
the production analysis of power plant piping.

Over the past years a major program has been underway at Brookhaven
National Laboratory (BNL) to evaluate the analysis methods used by industry to
qualify nuclear power plant piping. This program has various elements includ-
ing the development of analytical benchmark problems and solutions, the devel-
opment of analysis methods, the evaluation of new and alternate analysis meth-
ods and the development of physical benchmarks.

Herein a detailed description of the last two evaluations in the physical
benchmarking effort, as well as a summary description of the overall effort,
will be provided. The basic premise of this effort is that the accuracy of
computational methods can be gauged by the direct comparison of physical test
results with the analytical predictions of those results. The evaluations
have included simple and complex laboratory tested systems and actual power
plant systems tested in situ. In all cases the evaluations were performed
after the test programs, conducted by others, were completed,

At the outset of the effort ' was decided that the evaluations should be
performed, as nearly as possible, 1n the same fashion and with the same degree
of foreknowledge as power plant piping system analyses are performed., That
is, the analysis would be based on the as-built system dimensions and line-
arized system properties, input functions at all support points would be de-
fined and linear response would be assumed. To assure that no foreknowledge
of the measured response was factored in, each evaluation (except one) was
performed blind with only the measured inputs provided at the time of analysis
and the measured response data made available for comparison only after the
analyses were complete, Further, after evaluation, no attempts to improve the
results with refined analyses was undertaken,

The last two evaluations involved prototypical piping systems laboratory
tested by ANCO Engineers, Inc. at their facility in Culver City, CA. The
tests were conducted under the joint sponsorship of the USNRC and EPRI and
were undertaken to expand the data base on damping in piping systems and to
assess the design margins inherent in ASME Class 2 and 3 piping. The specific
tests simulated involved a three-dimensional pipe run with no branches desig-
nated XEQIC1 and a three-dimensional pipe run with branches designated XEQ3C2,
each subjected to seismic like excitations. For test XEQICl an independent
evaluation of the blind prediction results was performed by EG&G Idaho prior
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Fig. 6. Finite Element Model, Main Pipeline
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COMPARISON OF MAXIMUM RESPONSES

The magnitudes of the maximum displacements and accelerations for
corresponding node points, without regard to the time of occurrences,
were evaluated. For displacements, the motion was underpredicted 90%
of the time and overpredicted 10% of the time. These maximum displace-
ments were within 0 to 10% on forty percent of the comparisons, within
10 to 20% on ten percent of the comparisons, and within 20 to 30% on fifty
percent of the comparisons. The average difference was 17%.

For accelerations, the motion was underpredicted 76% of the time,
exactly predicted 5% of the time, and overpredicted 19% of the time.
The maximum accelerations were within 0 to 10% on ten percent of the
comparisons, within 10 to 20% on ten percent of the comparisons, within
20 to 30% on nineteen percent of the comparisons, within 30 to 40% on
fourteen percent of the comparisons, and were greater than 40% on forty-
seven percent of the comparisons.

The times of maximum response for the BNL and ANCO data were within
0.25 second on 56% of the comparisons.

COMPARISONS OF FIVE CORRESPONDING MAXIMUM PEAKS

The five maximum magnitudes at each measurement location, both
positive and negative, cn the ANCO experimental plots were compared to
the corresponding peaks in the BNL predictions. This eliminated time
from consideration, and gives an overall indication of the variance on
a peak-to-peak basis. For displacements, the motion was underpredicted
on 72% of the comparisons, exactly predicted 12% of the time, and over-
predicted 16% of the time. The peaks were within 0 to 10% on twenty-eight
percent of the comparisons, within 10 to 20% in eight percent of the
comparisons, within 20 to 30% on twenty-four percent of the comparisons,
with 30 to 40X on eighteen percent of the comparisons, and over 40% on
twenty-two percent of the comparisons. The average underestimate was
30% while the average overestimate was 22%. Overall, the average percent
deviation was 25%.

For accelerations, motions were underpredicted 82% of the time,
exactly predicted 4% of the time, and overpredicted 14% of the time.
The peaks were within O to 10% on sixteen percent of the comparisons,
within 10 to 20% on ten percent of the comparisons, within 20 to 30% on
sixteen percent of the comparisons, within 30 to 40% on twelve percent
of the comparisons, and over 40% on forty-six percent of the comparisons.
The average underestimate was 43% while the average overestimate is 49%.
The average overall percentage difference was 42%.

Histograms of the percentage differences are shown in Figure 2 for

both displacements and accelerations. The deviations of the five maximum
peaks of the measured data are shown by circles on the histograms.
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EVALUATION

To give more of a quantitative perspective to the numbers compared,
the maximum absolute data values are discussed below, with the locations
of these maxima shown in Figure 1. The maximum experimentally measured
displacement was 0.29 inch (at 15.10 s) whereas the maximum predicted
displacement was 0.21 inch (at 6.85 and 11.65 s). The corresponding
predicted displacement at the equivalent time of the maximum measurement
(15.10 s) was 0.16 inch (vs. 0.29 inch experimental). Similarly, the
max imum measured acceleration was 1.53 g's (at 15.05 s) while the maximum
predicted acceleration was 1.37 g's (at 15.25 s). However, for the time
(15.05 s) and location (see Figure 1) corresponding to the maximum
measurement, the BNL prediction was only 0.36 g's.

Some general observations and conclusions to this evaluation are:

1. The shapes of the corresponding plots are similar, but magni-
tudes are different. Frequency response comparisons, such as power
spectral densities (PSD) or Fourier transforms, were not made because
digitized BNL motions were not supplied.

r {8 In general, the displacement case comparisons are much closer
than the acceleration comparisons.

3. Overall, experimental values range higher than the BNL values
for both cases, exemplified by the high percentage underestimates by BNL.

4. The five peak evaluations give a clearer picture because this
eliminates the time variable and enables point-by-point comparisons.

§. Based primarily on the overall underestimates of the peak
response magnitudes, the BNL predictions are judged to be a "fair"
estimate of the ANCO test data.

The variation in predicted and measured values may not necessarily be
entirely due to the computer results. The tolerance on the reported
experimental data is not krown. 'n addition, the structural damping used
for the analysis may have been higher than the actual damping present

in the piping system. Since the computer code used a linear method of
analysis, the small but inevitable nonlinearities inherent in any piping
system could also make a contribution to the overall deviations in pre-
dicted and measured responses. The BNL predictions probably represent
the state-of-the-art in computer predictions for piping system response
today; thus it is recommended that an assessment be made as to why the
motions were underestimated since this affects the design margins that
would be present in a piping stress analysis.
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