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ABSTRACT

A finite element based fatigue monitoring system has been developed for on-line monitoring
of fatigue degradation of components used in various plants. This system is capable of
analysing several components of a plant using a P.C.-486. The system converts the plant
transients to temperature/stress responses using finite element method, computes the fatigue
usage factor and updates the record everytime. This system is successfully operating at Heavy
Water Plant, K ota, India.

INTRODUCTION

Integrity of important components is essential for operational safety, reliability and for
economical aspects of plant operation. Generally plants used in power industry and chemical
process industry have a design life of 30 to 40 years. However, because of conservatism in the
design the actual lives of these plants are expected to be much more. An on-line fatigue life
monitoring scheme has emerged to be a viable methodology to assess actual plant transients,
realistic load sequences and number of fatigue cycles {1-4]. This in turn provides information
about the accumulated damage after a specified period.

The important step in on-line fatigue monitoring is the conversion of plant transients to
the temperature/stress responses in the structure. The technique generally used in almost all
the fatigue monitoring systems is Green’s function technique. This is a method which
transforms the plant transients to temperature/stress responses using a transform function
approach. However, the Green’s function technique has some limitations. Strictly the Green’s
function technique cannot be applied to nonlinear analysis [5,6]. The variation of process flow
in the plant gives rise to nonlinearities in convective heat transfer coefficient which is an input
to compute the temperature/stress responses in the structure. This technique also provides
information at some predetermined points on the structure. If the number of points are
increased, the computation time also increases. On the other hand the finite element method
can take care of these nonlinearities and can provide whole-field information. The limitation
on the use of finite element method is due to the large computation time and storage area.
However, the availability of fast personal computers, such as P.C.-486 etc., has overcome this
limitation to a great extent. By using these P.C.s, one need not live with the limitations of
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Green’s function technique for on-line fatigue monitoring. We have updated our earlier work
on the development of a software for on-line fatigue monitoring [3] by implementing finite
element modules for the computation of temperature/stress, instead of using Green’s function
technique. In this present paper the implementation of a fatigue monitoring system based on
finite element method at heavy water plant Kota is described.

LIFE EXTENSION PROGRAMME AT HWP KOTA

The life of a component is limited by various time dependent failure modes like corrosion,
fatigue, creep, fatigue-creep interaction, crack propagation followed by fracture, etc. The
estimation of residual life of a component has to take into account these failure modes. This
involves historical review, non-destructive testing, semi-destructive examination and stress
analysis. However, fatigue is the most important degradation phenomenon affecting the life of
a component.

The heavy water plant, Kota, has completed successful operation for more than fifteen
years. An assessment of integrity of components in critical areas of HWP Kota has been
initiated to estimate the remnant life of the plant. This also involves actions required for life
extension at a future date. To measure the accumulated fatigue degradation of various
components this present work is initiated. A fatigue monitoring system is installed to monitor
the degradation of a few selected components. Since the on line fatigue monitoring system has
been installed after fifteen years of plant operation, it can also be used to assess the past
fatigue usage factor by extrapolating the computed data. This present work is a part of the on-
going programme for life extension of components at HWP Kota.

SELECTION OF COMPONENTS FOR FATIGUE MONITORING

The selection of components in a plant requires a thorough understanding of the plant
operation and transients. It is neither possible nor economical to monitor the fatigue life of all
the components of a plant. Fatigue is monitored for the components which experience
maximum fluctuation of transients. The integrity of the rest of the components is assumed if
the usage factor does not exceed the limiting value in the selected components. Hence, a
thorough process dynamics analysis of system is necessary to identify the components which
are relevant for monitoring. These aspects also include replaceability, 1.S.1. results, operating
experience and design concession and repairs permitted during fabricatior of components etc.

In HWP Kota, the components have been selected based on the chemical processes, plant
layout, pressure and flow distribution in different piping systems and availability of existing
plant instrumentation. Initially about 25 locations were identified which are expected to
experience significant fatigue cycles during normal operation and/or during start up and shut
down conditions. These initially selected nozzles are screened based on severity of process
fluctuations and availability of plant instrumentation and it has been decided to monitor three
components at the first stage of implementation of fatigue monitoring system (FMS) at HWP
Kota. The selected locations are nozzles connecting piping system with the storage vessel/
column tower. Due to geometric discontinuity and mixing of process fluids, these nozzles are
postulated to be most susceptible to fatigue damage.
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FINITE ELEMENT BASED FATIGUE MONITORING SYSTEM

A finite element based 2-D axi-symmetric thermo-elastic computer code is developed. The
code is capable of handling axi-symmetric pressure and fluctuating thermal load. The stresses
calculated using this code should be superimposed with the stress due to piping loads,
calculated separately. Two diagonally opposite planes are selected. In one plane the bending
stresses due to piping loads are maximum tensile and in the other they are maximum
compressive. The stresses due to thermo-elastic computation and piping load analysis are
superimposed on these two planes. All the nodal points on these two planes are monitored for
computation of stress fluctuations; fatigue cycles are evaluated using rainflow cycle counting
algorithm for calculation of fatigue damage. Some special features of the various modules of
this system are listed below. '

Temperature Transient Module

- The formation of element coefficient matrices is done every time to avoid their storage.

- The solution of transient equations are done by using Galerkin’s method.

- The active column solver is used to solve the set of equations.

- The thermal load vector at the end of previous day’s calculations is stored in a restart file for
the computation to proceed for the next day.

Stress/ Deformation Module

- The decomposed assembled stiffness matrix, after forward elimination is stored as a data
base to be used at the beginning of every day’s processing.

- For the subsequent solutions, only back substitution is required for a new load vector
cormresponding to every record.

- The solution scheme is again the active column solver.

General

- The whole code is written in Turbo C language.
- Only relevant stress peaks and valleys are stored for recorded one day data for calculating
rain flow cycles.

The stress and temperature responses are computed and the fatigue usage factor is
calculated using material fatigue data. There is a provision of screening the input data
received from the plant instrumentation. ‘The plant transients are processed based on the
severity of the transients. An efficient file management is adopted to store relevant data.
Based on the geometry of the component to be analysed, a few critical locations which are
likely to exxperience most severe stress conditions are determined. The temperature and stress
histories are stored for these points. The fatigue usage factor is updated whenever the code is
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executed using rainflow cycle counting algorithm [3]. The temperature, stress and usage factor
contours are also stored for display. A post processor has also been developed for the display
of results. This FMS is commissioned in a P.C.486. The speed of processing of records has
been found to be fast enough to enable it for on-line fatigue monitoring.

INTEGRATION OF SYSTEM INDUCED LOADS INTO FMS

Fatigue degradation may be attributed to parameters such as variation in the internal pressure,
temperature and flow. Generally fatigue monitoring systems take care of fluctuations in the
process parameters. Apart from these process parameters, the additional system induced
extemnal loads may also contribute to fatigue degradation of components. These external loads
usually arises from the piping system. The external loads and bending moments acting on the
selected component are computed by carrying out piping analysis of the system. The resultant
stresses are computed using a 3-D finite element analysis. Through this analysis, a data base
has been generated for the selected components for unit change of process temperature and
pressure. This data base is used in the FMS and these stresses are superimposed with the
stresses due to process parameter fluctuations.

FATIGUE MONITORING SYSTEM AT HWP KOTA

It has been decided to implement this fatigue monitoring system at Heavy Water Plant Kota
as a part of life extension programme. In the first stage of implementation this system is used
in monitoring fatigue damage of three components. The selected components are nozzle NO1,
nozzle NO2 and nozzle N13. The nozzle NO1 is a gas outlet nozzle connected to the spherical
head of waste stripper column. The nozzle NO2 is a gas inlet nozzle connected to the
cylindrical column tower. The nozzle N13 is an inlet recirculation nozzle to the cylindrical
column tower.

An axi-symmetric mode] of the nozzle is generated for on-line fatigue monitoring. The
nozzle along with the column tower and reinforcement pad is modelled using eight noded axi-
symmetric ring elements. There is a geomeiric discontinuity at the nozzle vessel junction. A
transient thermo-elastic finite element analysis is performed everyday and the resultant
temperature and stresses are computed.

The data base for system induced loads is also generated using finite element method.
The loads acting on the nozzle are considered as input from a piping analysis. The nozzle,
vessel and reinforcement pad are modelled using a 3-D finite element mesh with twenty
noded brick elements. The effective stresses are computed due to the application of axial
force, internal pressure and bending moment. The two diagonally opposite planes
experiencing the most severe stresses are selected as the data base.

The resultant thermal stresses across the thickness of the wall are determined by
superimposing the thermo-elastic stresses computed by finite element method and the stresses
due to piping load. The whole-field information of most severe transient experienced by the
component will be stored as temperature and stress whole-field information. The cumulative
fatigue usage factor is always updated after every execution. There is some restriction for
storing the stress and temperature histories of all the nodes of the model due to requirement of
large storage space. Hence, few locations are selected as critical locations where the
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temperature and stress histories would be stored. These points are selected in the component
where the effect of fatigue degradation is expected to be the maximum. In this present case,
five such points are selected.

The fatigue monitoring system is installed at HWP Kota in mid 1996. It is combined with
a disturbance recording system (DRS) developed by R.CnD. of B.AR.C. The DRS
continuously aquires process parameters associated with the selected components. The signals
are converted to relevant engineering units. Every night at zero hours, the DRS triggers the
fatigue monitoring module. The recorded process data are screened and only significant
transients are selected for further computation. Initially a screening function screens the input
data and only significant transients are selected for computation. After screening, the finite
element module computes the resultant temperature and stresses at the nozzle considering the
process fluid fluctuations and the induced stress due to the thermal expansion of the connected
piping. After the finite element computation is over, only the relevant peaks and valleys of
stresses and corresponding temperatures are stored. The fatigue usage factor is computed
using rainflow cycle counting technique. After each day’s execution, the computed stresses,
temperatures and fatigue usage information are updated using the previous information. The
computation is repeated for all the nozzles in sequence. A typical input fluctuation of process
parameters for NO2 is shown in Fig.1. The fluid temperature varies from 30-200° C and the
pressure from 0.5 to 2 MPa. The process flow rate varies from 0 to 32 tons per hour. However
in Fig.1 the derived convective heat transfer coefficient is shown as process flow. The
temperature and stress histories at a few selected critical points of NO2 is shown in Fig.2. The
stresses are stored as stress intensity which is the maximum difference between the principal
stresses. The fatigue usage information of the same point is shown in Fig.3. The stress
frequency spectrum computed by rainflow cycle counting algorithm is shown as a bar chart.
The final fatigue usage factor is displayed on a logarithmic scale and the fatigue usage factor
history is also displayed. The stress and temperature histories are recorded at five selected
points. However, whole field information for stresses, temperature and usage factor are also
available. The usage factor information of the nozzle subjected to the process parameter
fluctuations is shown in Fig.4. Similar informations are also available for the other nozzles.

CONCLUSION

The fatigue monitoring system is running continuously in HWP Kota. The system in based on
direct finite element solution for on-line fatigue monitoring instead of Green’s function
technique being used elsewhere [1,4].

The performance of the system is satisfactory. The whole computation is performed in a
P.C. 486. While testing the performance of the system before implementation, the
computation speed of the software was recorded for an input consisting of five thousand fluid
records with 125 relevant fluctuations. It was found that the whole procedure, e.g. screening
of input data, computation of structural temperature and stress responses, evaluation of cycles
through rainflow cycle algorithm and determination of usage factor from material fatigue data,
takes around ten minutes for a single component in a P.C. 486. This shows that it can be
utilised for monitoring fatigue degradation for a multiple number of components using a
single P.C. 486. Therefore it is recommended that the use of finite element technique instead
of Green’s function algorithm can be adapted for on-line fatigue monitoring scheme.
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Fig.1 The variation of process pressure, temperature and flow for nozzle N02
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Fig.2 The variation of computed temperature and stresses at a critical point of N02
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Fig.3 The counted rainflow cycles and usage factor history of a critical point of NO2
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Fig.4 The fatigué usage factor contour of nozzle N02
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