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ABSTRACT 

In an ongoing project a practical method is being developed to monitor the condition and remaining lifetime of process 
piping. This method combines both measurements - using a minimum number of fixed continuous measurements - and an 
adequate computational model. Relatively simple piping was chosen as the first pilot analysis case. This paper outlines the 
contents of the project and describes the finite element analyses, based on design documents and detailed observation of the 
piping geometry and supports, and compares their results to experimental modal analysis results. 

INTRODUCTION 

It is essential that developing piping failures can be anticipated and/or monitored and that any repair work is carefully 
planned ahead and carded out during regular outages. Traditional design and condition monitoring of piping is mainly based 
on postulated events and on the application of allowable vibration levels. This approach gives only indirect information on 
the loading at the critical locations and generally leads to over conservative assessments. 

More relevant information about the actual loading state and condition of the piping is obtained by direct measurements, 
which can be accompanied by detailed finite element (FE) analyses. In practical cases the amount of measurement points is 
very limited. Many actual structural details can be rather difficult to model or they may deviate significantly from design 
documents. So, often an iterative process is needed to obtain adequate agreement between computational and experimental 
results. This goal may be achieved using special purpose tools designed to update Finite Element analysis models with 
experimental data (modal correlation). 

Within this project a practical method, based both on measurements - using a minimum number of fixed continuous 
measurements - and on an adequate computational model, is being developed. This method is then used to monitor the 
condition and remaining lifetime. The work performed during the first project year has been described in [ 1]. 

The project was started with a literature study on model updating techniques [2]. As further steps, the necessary 
computational and/or monitoring software and hardware tools and the working method are identified, purchased or self- 
developed, tested and gathered into a well-documented toolbox. Throughout the study, the methods are readily verified using 
measurements on an actual piping. In the model fitting and development phase a somewhat larger amount of measurements 
will probably be necessary than is possible in normal condition monitoring. Probably several iteration cycles are needed to 
come up to an adequately working FE model (Fig. 1). 
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l several iteration steps may be necessary 

Figure 1. The approach to come to an adequate model to monitor the vibration behavior of a piping system, starting from 
the piping design phase. 



One special feature of the work is that the modelling work will utilize the piping and loading database systems developed 
as a co-operation task between TVO and VTT as described in further papers in the SMiRT 16 conference [3, 4]. 

Our expectation is that the project will give useful hints on how to optimally plan the limited measurement actions in 
practical condition monitoring. This project will also teach how to develop a piping model fit to perform a dynamic analysis 
and where the biggest mistakes are made when developing such a model. This will help to improve models that are made in 
the design phase. 

S T U D I E S  W I T H  T H E  P I L O T  P I P I N G  

There are several issues causing uncertainties to the dynamic piping analysis. The most important ones are the difficulties 
in determining the actual in-service loads and in describing certain structural features, especially the functioning of the piping 
supports. This may differ significantly from the original design. With regard to the modal analysis, the available amount of 
directly measured information describing the actual structural behavior is rather limited. This is both the case in practical 
cases and even in a research project. If there are too many unknown parameters it is difficult to distinguish between the 
various effects and their importance. So it is essential to keep the first studied case as simple as possible. However, it was 
decided to perform the study using an actual process plant pipe line instead of a laboratory experiment. 

The first pilot system, part of the auxiliary feed water system piping at the OL1 plant was chosen based upon the 
following requirements' 

- Reasonable in size, 
- Cold in operation condition, no temperature effects nor insulation, 
- Easy to access and measure in both operational and standstill condition (modal analysis), 
- A clearly defined excitation (reciprocating pump). 

During normal operation the auxiliary feed water system is not in use except for the periodically performed tests lasting 
for five minutes each month. The expected - and measured - vibration amplitudes were so small that no integrity problems 
are anticipated due to this vibration. 

The part of the piping system being under consideration is located on the outside of the containment between the 
containment penetration and the auxiliary feed water system pumps. The pumps are 3 piston plunger pumps running at a 
frequency of 4 Hz. The pipeline has a total length of about 40 meters and has two major branches. There are 17 supports and 
the pump is equipped with three different pressure accumulators. 

This pipeline is made from a DN 100 stainless steel pipe. The design pressure, which is effective while operating the 
pump, is 90 bar and the design temperature is 100°C. However, the piping is filled with water that does not exceed the room 
temperature during any anticipated transient. This means that the piping is not insulated and that temperature is not an issue. 

M o d a l  testing 
Both operational and modal animations of the actual pipe, based upon 29 measurement locations mostly measured in 3 

directions, have been reported in [5]. Measurement locations are shown in Fig. 2b. However, the measurements to the pipe 
axial direction are missing at the measurement points located at the straight pipe sections. These values are predicted by 
interpolation. Modal testing was performed to experimentally characterize the dynamic behavior of the piping. The mode 
shapes and associated frequencies were determined both during operation and in standstill condition. Thus, both operational 
and natural mode shapes were obtained. 

The following equipment and software was used for the measurements and for the vibration animations: 
• Acceleration transducers: Bruel&Kjaer type 4371 and Wilcoxon Research 
• Hammer: 1.68 kg 
• Charge amplifiers: Bruel&Kjaer 
• Recorder: Sony 16 channel DAT- recorder 
• Dual channel FFr spectrum analyzer AND AD-3525 
• ADCNV File conversion program 
• Animo for DOS and Animo for Windows 

Operational mode shapes 
The operational mode shapes result from the reciprocating pump induced excitation, which is active during the whole 

operational period (five minutes per month). 
During the short operational periods of the auxiliary feed water system, 16 acceleration signals were recorded at a time. 

However, altogether 29 points had to be measured in several directions to characterize the behavior of the complete piping 
system with sufficient accuracy. This means that five measurement sessions were needed. Therefore a time span of five 
months calendar time had to be allocated for this task. 



One vibration signal, being the same signal for all measurements, was chosen as the reference signal. Because the 
behavior of this reference signal was similar in all measurements, this was considered to be a valid procedure. 

With help of the frequency dependent phase relation between the reference signal and the other signals it was possible to 
produce animations of the complete pipe for any single frequency. The most significant frequencies were selected based on 
the maximum amplitudes in the piping and animations were made for these frequencies. 

Natural mode shapes 
The natural mode shapes were excited with hammer impacts causing short time impulses with more or less uniform 

energy input over the significant frequency band. The mode shapes themselves were then recorded but the data immediately 
after the impulses is neglected. The data, after the direct influence of the excitation has become negligible, is used to 
determine the modes and associated frequencies. This was done in a similar way as described above for the operational 
modes. Later on, also shaker excited mode shapes have been studied. 

PULS computations 
A hydrodynamic load analysis resulting from the reciprocating pump excitation was made with the program PULS [6]. 

The input for this analysis was obtained by pressure measurements taken in the direct vicinity of the pump. 
Neste Engineering has recently started to use the acoustics analysis software PULS for the design of compressor piping 

filled with gas. The pilot study offered a good possibility to study how this software works for liquids. The difficulties met 
when defining an acoustic excitation in these cases are a matter of interest. 

Pipelines in energy and process industry contain plenty of reciprocating compressors. They cause a remarkable acoustic 
excitation in the piping. The accuracy of the analyses performed in the design phase should be assessed. However, in practice 
it is quite impossible to go to the field after a design project and stop the compressor for measurements, just to find out how 
successful one has been with the design tool. 

Discussion on the excitation analysis 
The pumping system considered contains a reciprocating pump and pressure accumulators ("chambers"). The purpose of 

the chambers is to cut off the harmful high or low frequencies and damp the pulsation. In this case, the task was to identify 
the forces that cause the vibration. 

The most difficult thing with regard to the modeling was to find out the volumes of the chambers. After a small research 
it turned out that there are three possibilities to define the volume. To be sure, it was necessary to calculate the volume in 
three different ways and then compare the results. The comparison of results showed that the shaking force can vary up to 30 
%, but the pulsation pressure response seems to be quite the same. 

Later the acoustic and mechanical systems are coupled together and the mechanical response analysis is done. After that 
we have a chance to compare the results of on site measurements and those generated with the model. This will probably 
show how important the chamber volume is in real life. The second interesting result will be the ratio of the model results 
compared to field measurements. So far, much of the work has been getting acquainted with the difficulties in the modeling 
and learning what kind of basic data one should have to create a digital acoustic model of this kind. 

FE analyses 

Model and analyzed cases 
Finite element analyses were carried out using the ABAQUS [7] and FPIPE [8] finite element codes. These analyses were 

conducted as a MSc. thesis [9]. The first FE analysis was carried out with models based solely upon the design documents. In 
the following this model is referred to as Case 1. This would also be the normal approach in the design phase. This model is 
also used to plan the measurements. 

The first FE analyses were conducted using the Finnish special purpose piping analysis program FPIPE. However, as the 
FPIPE results cannot be directly used in the model updating program FEMtools [10], it was decided to continue the analysis 
with the general purpose FE analysis program ABAQUS. The results presented in this paper have been obtained using 
ABAQUS. The FE model used in the ABAQUS analyses, main dimensions of the pipe line and support locations are shown 
in Fig. 2a. The model consists of 181 elbow and pipe elements. Both pipe bends and adjacent straight segments are modeled 
with ELBOW31 elements. There are 5 integration points through the wall thickness and 20 integration points around the 
circumference of the section; six ovalization modes are used. The middle segments of long, straight pipe runs are modeled 
with PIPE31 type elements. To join the pipe segments modeled with different element types, warping is prohibited at the end 
of the pipe section modeled with ELBOW element adjacent to a straight pipe run. 
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Figure 2. a) FE model and the support locations, b) vibration test model and measurement points. 

Several different FE models have been made for the selected piping in order to find out how modifications affect the 
behavior of the model. Because it was known on beforehand that the critical aspect was to find suitable stiffness values for 
the piping supports, the modifications were mainly made to the spring constants of these supports. From the start it was clear 
that it makes no sense to calculate the support stiffness in the belief that one could do it exactly correct. This is due to the 
differences between the actual structure and the ideal design drawing. The stiffness values for the supports were estimated by 
using simple FE models which were loaded by unit forces and moments. More relevant information concerning the geometry 
was obtained by direct measurement. In the actual piping analyses, 1-dimensional spring elements are used in the appropriate 
directions to model the supports. 

The locations and stiffness values of the supports as well as the pipe wall thickness values were modified according to 
inspection and measurements in Cases 2 and 3. In Cases 1 and 2 the pipe is assumed to be completely filled with water 
whereas in Case 3 the pipe is assumed to be filled only up to +15.00 m (see Fig. 2a). This is done because one may assume 
that the isolation valve at the top of the piping is closed and there will be a vacuum in the upper part of the piping. The main 
differences between cases 1-3 are summarized in Table 1 and the material properties used in these analyses are summarized 
in Table 2. 

Table 1. Analyzed cases. 

Property 
Support locations 
Support stiffness 
Gaps 
Wall thickness 
Water level 

C a s e l  C a s e 2  

based on design documents 
simple FE models 
low spring 1) stiffness 
nominal 
full 

measured 
simple FE models 
updated spring 2) stiffness 
measured 
full 

C a s e 3  

measured 
simple FE models 
updated spring 2) stiffness 
measured 
level + 15.00 m 

1) Gaps in supports according to design documents are described using spring elements with low stiffness 
2) Observed gaps in supports are described using spring elements with low stiffness 



Table 2. Material property values used in aH analyses. 

Property 
Parameter value 

Young's modulus [GPa] Steel density [kg/m3] I Water density [kg/m ~ 
206 .... 7850 . . . . . . . . . . . . . . .  I !000 

Poisson's ratio [-] 
0.3 

.Anal. ysis results 
Here the FE results of the three different analysis models are compared to experimental data. The comparison presented 

below is based on hammer excited mode shape measurements. The results are compared both in terms of eigenfrequencies 
and the modal assurance criterion (MAC) values 

MAC(~a' ~e) = ((¢/a i 'T {~a }~{~e } ~" {~e}) (1) 

where Wa and We are computed and measured eigenmode vectors. The FEMtools code is used to compute MAC values. In 
practice, according to experiences, a MAC value lower than 5% means that the modes are totally different. A MAC value 
higher than 90% means a complete correlation [11 ]. 

A selection of measured and corresponding calculated results is shown in Table 3. The lowest nine measured modes and 
frequencies, up to 82 Hz, are shown in columns 1 and 2. The measured data is filtered when calculating the MAC values so 
that the eigenvector components less than 15% of the maximum value are ignored and a tolerance of 5% is assumed for 
double frequencies. This is done because due to the definition of the MAC value an eigenvector component with relatively 
small amplitude may still dominate the MAC value. Corresponding calculated modes were selected based on visual 
inspection of results, proportional eigenfrequency error values (see columns 5, 9 and 13) and MAC values (columns 6, 10 
and 14). In performing the Error and MAC value computations for the first mode, only the upper part of the FE model (above 
point 10, Fig. 2b.) was considered, because only a part of the measurement data was relevant. It should be noted in 
considering the results of Case 1 that the supports were not correctly located. 

In cases with no filtering, even if the MAC value is relatively low, the modal shapes may correlate quite well. Due to the 
definition of the MAC value an eigenvector component with a relatively small amplitude may dominate the MAC value. 
Further, the effect of the mesh used in the model should be carefully studied before any updating. E.g. the number of 
elements in pipe bends may affect the result. In this FE model pipe bends are modeled with two elbow type elements only. 

The description of the water level in the piping hardly affects the lowest 14 eigenmodes (Cases 2 and 3, see Table 1). 
The eigenmodes are essentially similar in Cases 2 and 3, but the frequencies in Case 3 are higher due to the lower mass of the 
upper part of the pipeline. 

The second measured vibration mode and the corresponding numerical modes related to Cases 1, 2 and 3 are shown in 
Fig. 3a, b and c. The measured mode shape corresponding to the mode number 9 and comparable numerically predicted 
mode shapes in Cases 1, 2 and 3 are shown in Fig. 4a, b and c, respectively. It should be noted that measurement points are 
connected by straight fines only. 

Updating the locations of the supports according to the observations clearly improved the correlation results (compare 
column 5 with column 9 and column 6 with column 10). According to the more detailed correlation studies, when comparing 
the modal shapes related to the vertical Z-direction, the error is clearly higher than when comparing the components related 
to the horizontal plane only. This is mainly due to the vertical friction component effecting at the horizontal supports. At 
some horizontal supports the vertical displacement is prevented to the negative Z-axis direction. This kind of non-linear 
support can not be handled in linear analyses needed for FEMtools considerations. Because the supports are modeled using 
spring element the mass of the support is not considered at all. 

Also, the measurement data related to the Z-axis is lacking at the measurement points located elsewhere than at the pipe 
bends. The support located between the measurement points 15 and 16, (see Fig. 2 b) need to be modeled more detailed. It 
could be noticed during the modal testing that this particular support was vibrating significantly. 

According to the latter experiment with the shaker, the lowest significant eigenfrequency is 27.2 Hz. There are several 
significant frequencies between 27.2 and 81.2 Hz (27.2, 32.7, 33.5, 39.2, 40.8, 42.3, 56.4, 57.8, 71.2, 77.0 and 81.2 Hz). 
Analysis of these, quite recent results is at present an ongoing process. 



Table3. Modes and eigenfrequencies from hammer excited test and corresponding FE analysis results from models Case 1-3 
with 15%filtering and assumed 5% double frequency tolerance. 

Test 
Mode [Hz] 

1 * 19.00 
2 27.13 
3 32.38 
4 38.38 
5 40.88 
6 56.50 
7 71.63 

t . 

8 77.64 
9 82.00 

Mode [Hz] 
12 
18 
31 
31 
45 
39 
43 
56 
54 

Case 1 
Err MAC 

22.36 17.66 54.50 
25.15 -7.28 90.80 
4 3 . 2 7 3 3 . 6 6 4 7 . 9 0  

. . . . . . .  

43.27 12.77 54.30 
. . . . . .  

60.05 46.91 75.90 
54.77 -3.07 41110 
5 7 . 7 6 - 1 9 . 3 5  96.80 
80157 3.78 87.10 
76.44 -6.79 53.9 

. . . . . . . . . . . .  

Case 2 
Mode [Hz] Err MAC 

14 24.34 28.10 66.60 
17 26,26 ...... -3.!7 ....... 90 .40 
29 43.05 32.96 
29 43.05 12.17 

, , 

29 43.05 5.31 
38 54.92 -2.79 
42 57.35 -19.93 
59 91.81 18.25 
62 95.93 16.99 

. . . . . . . . . . . . .  

*measurement error, only a part of the measurement data was relevant 

50.6 
56.80 
75.60 
66.60 
94.50 
85.70 

. 

60.10 

Case 3 I 
Mode [Hz] Err MAC 

9 16.55 -12.89 72.40 
15 25.21 -7.05 90.40 
16 2 6 . 2 6 - 1 8 . 8 8  57.50 
28 43.68 13.82 56.80 

. ,  

28 43.68 6.86 75.60 
37 54.92 -2.79 53.4 
50 75.17 4.95 90.30 

i 

60 94.25 21.40 84.3 
, 

52 77.03 -6.06 64.2 

Pair 2 MAC 31 Pair 2 MAC 30 Pair 2 MAC 90 
FEA 18 25.1 H z FEA 17 26.3 H z FEA 15 25.2 H z 
EM,a, 2 27.1 Hz EMA ~-" ,_'~7.1 Hz E t,,4.a, ':'~. ,_,.";";' 1 Hz 
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Figure 3. Measured mode number 2 together with the corresponding calculated a) Case 1, b) Case 2 and c) Case 3 modes. 
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Figure 4. Measured mode number 9 together with the corresponding calculated a) Case 1, b) Case 2 and c) Case 3 modes. 

SUMMARY AND CONCLUSIONS 

Operational modes and eigenmodes of a pipeline were measured using an impact hammer excitation. Even shaker 
excitation was used for comparative vibration testing. The modes and frequency values determined with these methods were 
similar. 

Finite element analyses were carried out using the ABAQUS code. The first model, Case 1, was built according to the 
available design drawings. In Cases 2 and 3 the geometry of the model was modified according to the observations and 
measurements carried out at the plant. For case three the water level was corrected to correspond to the expected vacuum. 
The FEMtools code was used to compare the measured and calculated results. 

FEMtools is found to be an effective tool in studying measured and numerical data. In order to avoid numerical 
divergence in the automatic updating procedure, a relatively good original FE model is needed. The modeling of the supports 
according to the inspection clearly improved the numerical results. The effect of the measured wall thickness variation was of 
minor importance. The difference between the measured and the numerical results was clearly higher when comparing the 
components related to the horizontal direction only. The main reasons for this are the non-linear vertical supports which can 
not be properly modeled in linear analyses. Also, the masses and dynamic behavior of supports should be more completely 
modeled. 

FUTURE WORK 

Next the work on the first pilot piping will be completed. Additional vibration test data obtained using the shaker will be 
further analyzed. Among other things, the damping values and dynamical behavior of the supports will be predicted. This 
improved FE-model will be updated automatically using the FEMtools program. Results of modal identification analysis 
obtained by impact hammer tests and experimental frequency response functions measured using the shaker will be used in 
the updating processes. The difference between these two types of measurements on the results of this type of analysis will 
be studied. Special attention will be paid to the updating of the supports. The final updated model will be loaded using the 
excitation calculated by the PULS code. These numerical results will be compared with the measurements carded out during 
the operation of the pump. After that, the process will be repeated using an isolated pipeline with an elevated operational 
temperature. 
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