
Modeling of a piping mock-up for dynamic tests 

F.G. Cesari 1), P. Battistellal), F. Sindaco 1) and L.Bezerra 2) 

1) Lab ofMontecuccolino - University of Bologna 
Via dei Colli, 16 - 1-40136, Bologna (Italy), E-mail: paolo,battistella@mail.ing.unibo.it 

2) Universidade de Brasilia- UnB, Departamento de Engenharia Civil e Ambiental 
70910-900 Brasilia, D F -  Brasil 

ABSTRACT 

The dynamics analysis of the primary cooling piping of nuclear plant or the steamline of conventional power plants 
is currently faced with sophisticated numerical models. Such codes of calculation base the simulation on algorithms (Finite 
Elements Method) of well-known reliability providing simplified analyses. 

The verification of such models has to be simply obtained by means of comparisons with results of experimental 
campaign. The tests on original structures are of extremely hard execution and, above all, provide insufficient technical- 
scientific value even if applicable for extremely high costs. Entering more in detail, we can say: 

1. Original dimensions of the pipe involve huge spaces and particular machinery of test; 
2. Operating conditions (temperature, pressure, etc) are practically impossible to catch up all together in test 

laboratories; 
3. Constraint conditions must carefully be studied and estimated and are difficult to be simplified and reproduced; 
4. Experimental results on real structures would involve such a superimposition of all the effects to make 

questionable the definition of the single factors' influence. 

For these reasons LIN has developed a series of criteria that concur in evaluating the possibility to carry out 
dynamics tests on less scaled-down mock-ups. 

DEVELOPMENT OF THE ANALYSIS 

The study to be developed is inherent to the dynamic behavior of piping of such a primary cooling system subject to 
a seismic action. In particular having in mind a PWR plant the layout schema could be supposed with one extremity 
connected to the reactor and the other one to the steam generator. The same occurs in steamlines of a conventional thermal 
power plant, where one end of the piping is connected to the boiler, which is usually hanged up and sufficiently free to have 
its displacements in certain directions. The other end is in connection with the turbine, which is normally clamped in and 
obviously fixed in the space. For a correct representation of piping of the real structure (either main cooling system, or 
thermal power plant), in selecting the scaled model the following items must be considered: 

- Design of a dynamically similar geometric layout of the piping section; 
- Application of the seismic load input; 
- Application of external constraints. 

The geometrical configuration of nuclear primary cooling system is more complex to simulate than that of 
conventional plant steamline. For that the second piping is preferred in this analysis. The study has put in evidence the not 
trivial correlation between dynamic tests carried out on models in scale (1:5 / 1:10) and the behavior of the real structures. 
The presence of both effects depending on the characteristics of mechanical resistance of the sections (increasing with the 
square of length) and on the mass of the component (increasing with the cube of length) imposes complex corrections to 
experimental conditions. 

The specimen to be tested during the experimental campaign must geometrically correspond to steamline or to a 
small portion of that line and simulate the dynamic behavior of it. For that in selecting the model configuration we are 
obliged to respect in the specimen some conditions of the steamline (called factors of similarity). They are in particular the 
stress level existing in a predetermined section (lower bend), the natural frequency having the same mass fraction, and a 
scaled-down geometry of the piping portion. 

The above mentioned considerations have to be verified, if they are sufficient to simulate the piping response. Some 
calculation by means of the modal analysis of the steamline in steady-state operation are performed in manner to find a good 
and acceptable correlation with the preceding factors of similarity. The segment sizes (diameter, thickness and schedule, 
additional mass, ratio between length and height, etc.) will be tentatively determined waiting for all the information needed 
(characteristics of the antiseismic devices, availability of tubes to assemble the model, etc.) to prepare the technical 
specification for specimen construction. 



STEAMLINE 

The complexity of the layout of piping of primary cooling circuit does not allow an easy modeling, as already 
mentioned. In fact the structural solutions introduce a number of not-planar developments (to take into account thermal 
expansion, for instance) that cannot be led back to a rectilinear model. A more useful model should be developed on a plan 
that is considering the projection of pipe on the vertical plan containing the two tie ends. This solution, also extremely 
complex, was analyzed to verify its usefulness and correct idealization. A wide-range numerical analysis has been performed 
[1 ], carrying to the conclusion: that experimental test on the entire section (in scale) is not completely useful and acceptable. 

There are in fact too many particular cases in the single primary lines and, therefore, the entire job would turn out a 
useless exercise, not able to provide result of general utility to be applied to the entire range of primary cooling circuits. 
Therefore the modeling of a single section has been chosen, which could enclose all main mechanical and dynamic 
characteristics of the entire structure. The most significant feature to represent the whole structure is the handle of expansion, 
introduced for thermal and dynamic reasons. The correct attempt could be to consider only a portion of the steamline. 
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Fig. l  - Numerical model of the steamline 

Numerical Analysis of Whole Steamline 
The analysis carried out in this phase of the study consists in the determination of the natural frequencies of the 

whole steamline. This is necessary to have a detailed idea of the range of frequency to be respected in the test and also to be 
corresponding to the specimen. 

Theoretical stress analysis of steam pipes in a 600 Mw thermal power plant with a supercritical cycle has been 
carried out in view of determining the first general situations related to the full power operation in respect to hot/cold standby 
of the plant. The stress component, particularly influencing the natural frequencies of the line, is the axial stress. Each loading 
condition, taken separately in consideration during the various runs of numerical calculations, generates the following axial 
stresses due to: 

- Weight (of the pipe itself, not considering the weights of support systems, of the fluid, etc.): compression and 
tension stresses along the line, from -3.85 to +1.5Mpa; 

- Internal pressure (26.7MPa): tension stress from 6.71 to 6.77Mpa; 
- Temperature (551°C): compression stress, to -17.9Mpa; 
- Cold springing: tension stress of about 20Mpa. 

Some simplification can be assumed before starting the modal analysis. Taking in mind cold springing effect, it is 
evident that the corresponding stress will relax slowly with time. It could be applied on the structure in order to limit the 
thermal expansion stresses on the line, when the plant goes to operating temperature and can't expand freely due to the end 
restraints. 



Tab.1. Natural frequencies of steamline 
and mass contribution of each mode in the Z direction 
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With such a hypothesis it can be foreseen that, at the plant's end of life, cold springing will delete any stress effect 
due to thermal expansion. Along the period between the first start-up and end of life the tension stress by cold springing will 
exceed the temperature stress avoided by expansion, and so the frequencies could be higher. The spring support's elastic 
constants have been roughly estimated and are all arbitrarily chosen at 800 N/mm, because this constant has a negligible 
influence upon the natural frequencies of the structure. 

To calculate the stresses in each section has been chosen the axis Z along the direction of upper horizontal portion of 
the steamline (the axis X is coincident with the vertical location in downstream direction). The result of the modal analysis 
for the first 20 natural frequencies of the selected steamline and the mass fraction corresponding to the contribution of each 
mode to that direction of excitation is listed in table 1. 
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Fig.2. First four natural frequencies of steamline 

For the earthquake acting along Z-axis the main natural frequency is the third (approximately equal to 1 Hz). At this 
level of natural vibration is concentrated the major portion of the energy involved in the seism (see fig.2). In this case the 
earthquake cuts all the frequencies over some Hertz. The mass fraction percentage for frequencies lower than this level 



increases significantly. So the third natural frequency comes in evidence as the main frequency for Z-axis seismic 
propagation. This situation will be taken as reference in the theoretical and experimental analysis. 

PIPING MOCK UP 

The mock up involved by experimental analysis could be derived by a small portion of the power piping already 
discussed in the previous paragraph. Two problems arise from this position of the problem: a) the location of the piping to be 
considered in manner to determine the specimen configuration; b) the reduction factor of size in scaling down the model to 
reproduce the same conditions existing in static/dynamic regimes, like maximum level of stresses and some principal 
frequencies. 

To respect the real layout a good solution could suggest cutting from the whole steamline a significant portion. In the 
rough representation of the steamline we can suppose to connect two C portions (the upper one and the lower too) by a 
vertical tube. If this hypothesis could be accept the more complex and realistic form to be suggested for specimen is a C 
mock-up. 

Taking into consideration the need to validate the bends, where the maximum stress is positioned under 
static/dynamic loads, it looks like to be useful to submit a very simple structure, like an L fitting to stationary loads with the 
aim to know the concentration factors and the greatest stressed positions. Assembling together two L-pieces in symmetrical 
arrangement (fig. 4), the final model, which really represents the portion of the steamline to be analyzed, is obtained. 

~i!!! i!!~ii ~ 
I;=Z 

• ii.?=i : .~ 

i./i~i~:: ~.':i~: :i: i::;::~ii!/!~i: 

~ii~i~ ~ ii~ili, i~i~ !~,i ~'i ~ ~'~i!! il ' i~!:! ~, ~ ~ii', ~'~i~ ~,~ ,~ 

;~i,!~!~i~ii~!ii!i~ ~!~i~;~!!~;~;!;~i~!i~!i~!!~!~ii!;~,J~i~;~!i~i~i~!~ ;~::~,~:. ....... 

ii !i: 
...... i ] ,,,,,  !,,iiiii i iii i  , ~ ~ ~,, ~ ~ - ~ ~!i'!ii ~ , ~ i~:~! ~ i~i~ it'ii ~ iii'~ili!!~~ ~ ~i!!~!i!~ ~ • :.,~:~ . . . .  i ~ :  ~ :!! : ! 

Fig.4. C-pipe Model 



Experimental Hypothesis 
The first step is to examine the small portion of the whole steamline described above, mainly on the correspondence 

of the natural frequencies and the static stresses. The C-model is positioned vertically on the experimental facility and 
assembled with one end built in on it. To the other end shall apply the requested force/displacement along a predetermined 
direction. 

The first difficulty rises from the fact that the portion of steamline we'd like to reproduce (about 15 meters long) 
vibrates with the frequencies of the whole steamline (about 105 meters long or more). To lower the natural frequencies of 
short piping in such a way to approximate those of a very slender structure it is necessary to choose small diameters and thin 
tubes just to lower the moment of inertia, and to increase the total mass. The easiest way to do this is filling the inside volume 
of pipes by water avoiding any pressurization. 

The geometrical/structural data have to be determined in view of having between model and steam-line a 
coincidence of natural frequency (at least of the lowest ones). Even in the worst case the first natural flequencies ofthe model 
will not have to exceed that of the power piping by half an order of magnitude. The frequency of our interest will be that 
which has the maximum influence in case of a seism directed along Z-axis (which is consistent with the plane of the model). 

Seismic Load 
The application of seismic loads to the C-pipe must be made considering the real operating conditions of the 

reference piping. Thus its definition implies several limitations. In synthesis: 
- The seismic spectrum of reference [2] must be applied to the two structures existing at the ends ofthe piping (that are, in 

the case of PWR, the heat exchanger and the reactor and in that of thermal plant the boiler and the turbine); 
- A first calculation must transpose this spectrum directly to the piping ends, introducing all dynamic effects (dissipation, 

resonance amplification, etc.) generated by the extreme structures above mentioned; 
- Finally, a dynamic calculation on the whole piping leads to calculate the specific spectrum to be applied to the ends of 

the expansion section (that is, the C-pipe). 
All these steps should be performed taking into account the intrinsic criticality of a pure dynamic analysis, such as 

non-linear dissipative effects. 

Fig.5 Seismic Input-  Acceleration m/s 2 

External Constraints 
This is the most critical phase during the definition of the experimental tests. Impact of external constraints on the 

dynamic behavior of the specimen is crucial. Just considering shock-adsorber system, its action is resulting negligible for 



slow movements, and infinitely rigid for fast displacements. More, the behavior of the extemal tie point must be specified. It 
could be loyal to one of the two extreme structures (vessel or exchanger) or, more likely, it has a different behavior, 
influenced by the dynamic-structural characteristics of the support. 

Considered the complexity of the problem, it is preferable to insert the effects of external constraints as perturbation 
on the seismic load applied to the C-pipe. Therefore, it means that the section to be analyzed is free of intermediate 
constraints. 

S p e c i m e n  s i z i n g  

In the first step it is necessary to apply to the C-model a pre-load (cold spring) or pre-displacement sufficient to get 
in the more strained bend a stress level equal or corresponding to that of the steamline in the same fitting. Choosing to 
reproduce the conditions existing in the lower elbow of the steamline, a stress level of about 26 Mpa has to be reached. To 
apply this load to one ofthe elbows ofthe model it is sufficient to impose to the loading end a displacement ofabout +20 mm 
along Z axis. 

The main purpose for dynamic analysis is to apply to the model the same spectrum of seismic displacements as in 
the real piping. Obtaining with preliminary considerations that the maximum seismic displacement will not exceed :k20 mm., 
a first set of experimental parameters can be completed as follows: 

- Initial displacement imposed at the loaded end (pre-displacement): +20 mm at most; 
- Maximum additional displacement applied at the same end: i20 mm; 
- External force to apply the above displacement at the frequency of interest: not over 1,000 daN; 
- Damping of the piping by itself: to be determined experimentally. 

The ultimate definition of the experimental parameters will be achieved after a more precise knowledge of the 
characteristics of the antiseismic devices, of the material, of the earthquake's spectrum and of all the other physical variables 
involved in the problem. Taking into consideration the piping layout and its structure it looks like practicable a double way of 
approach. The first one consists in applying devices based on energy dissipation along the axis of the piping or between the 
two extreme points of a bend (upstream and downstream positions). The other one allows isolating the piping complex acting 
on the building at which it is connected. 

Due to the fact that it is impossible to lower the damping effect on a small piping portion because of its rigid 
connection to the steamline, the only possible solution would be to reduce as low as practicable the local stress due to seismic 
imput. The devices useful for safety and protection of piping against earthquakes are mainly based on energy dissipation or 
rolling of ball system. 

Among these only these two devices could be easily applied to piping in consideration of their limits on load and 
geometry, as follows: 

- Devices to be located in the piping itself. The viscous oleodynamic dampers allow an easy application in the piping 
configuration and a correct response to whole steamline; 

- Devices to be applied outside the piping. Rolling-ball system could be located at one end of the steamline allowing 
in principle the isolation of turbine as well as the boiler building [3-4]. 

A more deep analysis of these initial indications will be developed, when the intrinsic characteristics of different 
devices and their best field of applications will be known. 

P r e l i m i n a r y  t e c h n i c a l  s p e c i f i c a t i o n s  f o r  C f i t t ing  to be  t e s t e d  

These data on C-specimen are selected considering the model without the device, because at this moment no detailed 
information about it is available. Consequently, there is no possibility to evaluate any reaction of the device on the model 
itself. In the calculation of the forces on the C specimen the reaction of the device has not been considered. Besides, the 
evaluation of these forces is made mainly by static investigations. In conclusion the technical specifications of the C fitting to 
be used during static/dynamic tests on the behavior of antiseismic devices have been determined, as follows: 

- C model: two L shaped fittings connected through one flange; 
- Assembling procedure: flanged; 
- Material: ferritic alloy meanly; 
- Nominal diameter: 8"; 
- Thickness: less than that of Scd. 30; 
- Inside volume: to be filled by water; 
- Dead-weight including water: 800 daN in the first approach for calculation; 
- Vertical dimension: 3.6-3.8 m; 
- Horizontal dimension: less than 3 m; 
- Natural frequency of interest: about 4 Hz; 



- Weight percentage ofthe frequency along Z: about 75%; 
- Test temperature: 20°C; 
- Test configuration: C model vertically assembled on test facility by builting-in one end; 
- Initial displacement (opening the bend) imposed at the loaded end (pre-displacement) to obtain the same level of 

stress: +20 mm at most; 
- Maximum additional displacement applied at the same end: 4-20 mm; 
- External force to apply the above displacement at the frequency of interest without the device: not over 1,000 daN; 
- Damping of the piping by itself: to be determined experimentally. 
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Fig.5 C-pipe Modal  Analysis  

Tab.2 First  10 natural  fi'equencies and their mass participation along Z 

Frequency .... 

' i 

Value 
( r i z )  . . . . . .  
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. . . . . .  
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. . . . . . . . . . . . . . .  

4 9.45132 8 7 . 6 %  
, ,  
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. . . .  
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. . . . . .  

7 51.7807 89.7% 
. . . . . . . . . . . . . .  

8 69.9535 94.5% 
9 71.347 95.6% 
10 76.0890 ' 95.6% 

. . . . . .  

At this stage of our analysis it is evident that all the data necessary to describe the devices have to be communicated 
by the manufacturer to the experimental laboratory on time. It needs to evaluate the effect of the device on the response of the 
whole system (model plus device) in static/dynamic regimes. 



CONCLUSIVE CONSIDERATIONS 

The conditions to be applied in scaling down the sizes of a power plant steamline strongly result by the behaviour and 
characteristics to be indicated as a minimum by damper manufacturer. This explains the large dimensions of the specimen 
that have been adopted to verify the ability of smallest device in reducing the stress level. 
The theoretical and numerical analysis of the steamline revealed that the application of damper inside the steamline layout 
has a large favorable effect in limitating the stress/strain regimes during earthquake. The proposed solution based on energy 
dissipation looks like effective, easy to apply, simple, not particularly costly and completely congruent with the specific 
conditions of typical of this piping. No resistance structure external to piping are requested to mounted the device. 
The types considered are selected among a certain number to be available and to be capable to represent a real alternative to 
usual shock absorber devices like the hydraulic couplers. After a large spectrum examinations on the existing devices could 
be reduced to rolling balls equipment, viscous/viscous-elastic damper and finally elastic-plastic element. The attention has 
been concentrated to VED (Viscous Elastic Damper) because of the design/operating temperature of steamline, the particular 
montage to be performed, the global size and the environmental conditions together with its favorable response to seismic 
input. 
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