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ABSTRACT 

Concerning the design for hydraulic load cases there is always a sequence of fluid- and structural 
dynamic calculations, where the structural vibrations are induced by the time depending fluid forces. 
Therefore, in order to prevent excessive structural reactions, it is most important to avoid conservative 
fluiddynamic results. That refers to the maximum value of the pressure surge as well as to the damping 
of pressure oscillations. This is especially relevant in case of fluid-structure resonance. To meet these 
requirements the effect of dynamic wall friction was implemented in our fluiddynamic code. Thus, a 
more realistic damping behavior of the fluid forces was achieved. In the structural analysis code the 
damping of the pipe structure could be more accurate adapted to the real conditions. Additionally the 
local damping by viscous damper was included in the model. At supports now non-linear behavior like 
clearances can be simulated. The possibility of coupled calculation was installed to consider the effect 
of fluid structure interaction. The programmed effects are validated against measurement results from 
power plant systems. The favorable effects of the program improvements are demonstrated by typical 
examples. These included the realistic damping of pressure oscillations as well as a case of 
fluid-structure resonance. Additionally the effectiveness of the improved models of piping supports is 
demonstrated.  
 
Keywords: Piping design, pressure surge, structural analysis, friction, damping 

1. INTRODUCTION 
In order to avoid unnecessary high expenses for the design of piping and supports, the design 

loads from the relevant load cases should represent the realistic conditions as good as possible. 
Concerning the hydraulic load cases there exist connected physical processes from the creation of 
pressure surges to the generation of structural vibrations, transferring the loading via supports to the 
building structure. Traditionally the design loads were determined consecutively using separate codes 
for the fluiddynamic and structural dynamic calculations. Since the structural vibrations and loads are 
induced by the time dependent fluid forces, it is most important not to get too conservative fluiddynamic 
results in order to avoid excessive structural reactions. That refers to the maximum values of the 
pressure surges as well as to the attenuation of the following pressure oscillations.  

Based on practical experience from measurement results it was recommended to install coupled 
calculation, in order to utilize the mitigating effect of energy dissipation and exchange in fluid structure 
interaction (FSI) (Heinsbroek, 1997). Note that the influence of the structural displacement on the fluid 
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pressure waves applies only in liquid filled piping. The option of coupled calculation between the fluid 
code ROLAST and the structural code KWUROHR was inserted by a user interface. This allows the 
user to provide the geometrical input data for both codes simultanously, as well as reading them from a 
CAD file if existent. Thus, the calculations are carried out more efficiently (Diesselhorst, Neumann, 
2005).         

But to meet the requirements for realistic design loads, further mitigating effects have to be 
considered in the codes. Thus, it has been stated by Erath et al. (1999) that the decay of fluid 
oscillations was not adequately reproduced by the applied pressure surge code. Therefore, in the 
fluiddynamic code ROLAST the effect of dynamic wall friction was implemented (Diesselhorst et al., 
2000). Thus, more realistic results for pressure amplitudes in the system far from the point of origin of 
the pressure surge and for damping of the time dependent oscillations were achieved. Because 
compared to stationary friction there is a strong increase of friction in case of pressure waves 
propagating through a pipe.  

The programmed effects of dynamic friction and FSI were validated against available measurement 
results of load cases in power plant systems.  

The structural analysis is based on a linear elastic solution of the piping vibrations. Therefore, in 
order to get likewise a realistic approach by the structural analysis, the damping behavior of the piping 
structure should be improved by adapting it more accurately to realistic conditions. An important 
contribution in getting realistic design loads is the modeling of different kinds of supports, especially of 
their damping behavior. Beside the normal spring hangers and struts, friction bearings and 
viscous-dampers have to be considered. The damping behavior is especially relevant in cases of 
fluid-structure resonance. On the other hand in piping with high mass inertia the non-linear 
performance of supports with clearances or gaps can have a remarkable contribution to the load 
reduction compared to an unrealistic linear elastic behavior (Charalambus, 1995). These capabilities 
were introduced in the structural analysis.       

2. ANALYSIS OF HYDRAULIC LOAD CASES 
Design loads of piping and supports are produced by fluiddynamic load cases in the systems, as 

well as the loading from static load cases due to gravity and thermal expansion. The fluid forces 
inducing the piping vibrations and the loads on supports are created by the thermo-hydraulic processes. 
The time dependent fluid forces have to be calculated as an input for the structural dynamic analysis.  

Deciding for the design loads are operational load cases like pump trip with check valve closure in 
water systems, turbine trip in main steam system and generally closing or opening operations of valves. 
Safety related piping systems may also have to be designed to withstand the pressure wave loads due 
to incidental load cases like condensation water hammer or pipe rupture.  

The one-dimensional fluid dynamic code ROLAST was developed for modeling and calculating 
these transient load cases. A branched piping system is divided in sections and nodes for the numerical 
solution of the conservation equations by the method of finite differences. Besides the piping itself 
components like vessels, heat exchangers, pumps and valves can be modeled in the program. The 
dynamic process according to the load case is brought into the calculation by changing the boundary 
conditions and by reproducing the performance of active components. Unsteady flow, pressure surges 
and pressure wave propagation in the piping are calculated in time steps, simultaneously with the 
behavior of active components like pumps and check valves.  

2.1 Fluid oscillations 
Usually pressure surges are induced in a piping system as consequence of a hydraulic load case 

followed by more or less damped pressure oscillations. Any unsteady action in the system like valve 
actuation or closure produces a change or stop of mass flow creating a pressure surge according to the 
well known formulation of Joukowski 

    wap Δ⋅⋅=Δ ρ      Eq. 1 
where a is the velocity of sound, ρ  the fluid density, and wΔ  the change of flow velocity. At 

each bend or change of cross section of the pipe momentum forces are imposed, as demonstrated in 
fig. 1. According to eq. 1 the maximum fluid force is approximately proportional to the change of mass 
flow. The time dependent pressure difference at two subsequent bends generates a pipe section force 
acting on the pipe structure as an external force. Each pressure ramp running through a pipe section at 
speed of sound generates a peak of fluid force as shown in the diagrams at the right hand side. 
Therefore, the time dependent forces inducing the vibrations of the piping structure have a higher 
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frequency than the pressure fluctuations. On the left hand side of the fig. 1 a typical example is shown 
for the progression of a pipe section force in time. Usually the first pressure surge generates the 
maximum force. The following fluid forces are caused by the pressure waves due to reflections, 
dispersion and superposition of the first pressure ramp propagating through the piping system.  

 

 

Fig. 1: Generation of pipe section forces by pressure surges 
The accuracy requirements on these calculations are very high considering that the pressure rise 

e.g. due to check valve closure may occur within a few milliseconds. If the pressure gradient varies 
between 2 and 6 ms, the fluid force differs by a factor of 3. The accuracy of the pressure surge depends 
on the reliability of modeling the valve function. The check valve models are validated by comparison 
with measurements in plant systems, an example is given in fig.2. The frequencies of the fluid forces 
are determined by the piping geometry as the length of straight sections and the distances responsible 
for wave reflection and dispersion, and by the fluid properties, especially the sound velocity. This can 
be calculated exactly if the fluid properties are adequately considered. 
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Fig. 2: Pressure surge due to check valve closure after pump trip in a feedwater system, 
comparison of measured and calculated pressure oscillations  
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In the interesting load cases the piping vibrations are induced by fluid oscillations. Therefore it 
makes primarily sense to provide a realistic calculation of the fluid damping. In order to increase the 
accuracy two different improvement measures were introduced: the effects of unsteady friction and of 
fluid-structure interaction.  

2.2 Dynamic friction effect 
When in case of pressure oscillations in the fluid only the wall friction for stationary flow is applied, 

the damping of pressure waves is apparently too weak. Here it has to be considered that according to 
the hypothesis of wall shear stress the main parameters determining the wall friction are the flow 
velocity and the velocity gradient at the pipe wall. Exactly these parameters are strongly influenced by 
unsteady flow due to pressure transients.  

When for example the flow velocity is rapidly decreased by valve closure the whole velocity profile 
is shifted (see fig.3) with the consequence that due to the inertia of the fluid a reverse flow is generated 
along the wall, the so called annular flow. This effect induces a very high velocity gradient at the wall. 
Thus by unsteady flow the wall friction is significantly increased by factors of 10 to 100 compared to 
steady state friction, further on called dynamic friction. The friction effect corresponds to the pressure 
oscillations. Each new pressure surge creates a new peak of the friction energy as shown in the right 
hand side graph of fig.3.  

 

Fig. 3: Dynamic friction effect: Pressure transients create annular flow with the consequence 
of increased wall friction. High values of unsteady friction induced by pressure waves 

 
We succeeded to formulate this time dependent boundary layer problem of unsteady friction by 

simplified expressions which were implemented in the one dimensional pressure surge code. The 
derivation was done analogous to the method of Colebrook for steady friction using the fact that the 
similarity of the radial velocity profiles is equally valid for unsteady flow.  

The basic idea in the formulation of stationary friction was that the determination of the radial 
velocity profile can be derived separately from the hydraulic equations in axial direction of the pipe. 
Additionally these profiles are valid independent from time and position inside of the piping. The 
resulting friction coefficients are used to describe the pressure loss in the pipe flow. The same 
procedure should be applicable considering the unsteady pipe flow. Looking at the state of flow at a 
certain time, the basic formulation of the velocity profile in radial direction is also valid for the unsteady 
flow. There is no influence of the pressure change on the radial velocity distribution, since the 
equalization of pressure in radial direction will happen instantaneously. More details of this method are 
given in the report of Diesselhorst et al. (2000). 

2.3 Fluid-structure-interaction 
Fluid-structure-interaction is the other relevant issue which has to be considered in order to achieve 

more realistic results for fluiddynamic load cases as aforementioned. In reality the structural vibrations 
and loads are caused by the fluid oscillations and forces, the processes occurring simultaneously. 
Especially in water systems exists an additional dissipation of vibration energy due to the interaction 
between fluid oscillation and structural vibration. The piping displacement generates secondary 
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pressure surges, disturbing and changing the original oscillations of the fluid. Mostly this leads to an 
additional damping effect. 

Of course the structural damping also plays an important role in diminishing the resulting loads on 
piping and supports, especially in cases of fluid-structure resonance.  

The momentum transfer is located at pipe bends, changes of cross section and closed ends as 
outlined in fig. 4. To realize the coupling, the fluid- and the structural program have to run 
simultaneously. At every time step the fluid force at each coupling point like bends is transferred to the 
structural calculation and the displacement of the respective point is returned to the fluid calculation. 
The additional input for the coupling is easily specified by the user interface. It’s important that in 
coupled calculation the mass of water is not considered as a rigid mass in axial direction of the pipes.  

 

 
 

 
Fig. 4: Fluid-structure interaction: Frequency shift of structural reaction in case of resonance 

applying fluid-structure interaction 
 
The most significant effect of FSI can be observed in situations, where the fluid oscillations are in 

coincidence with eigen-modes of the piping structure. In these cases there is a high risk to get very 
conservative loading results if the coupled calculation is not applied, as illustrated by the graph at the 
right hand side of fig. 4. The graph shows the influence of fluid structure interaction (FSI) on the 
displacement of the structure. The example was calculated using the model of two coupled single mass 
oscillators. The result of the realistic calculation with FSI is that the amplitude of structural displacement 
is collapsing at the original resonance frequency. This is surprising at first sight. However, it has to be 
considered that the fluid oscillation is strongly weakened by a frequency change due to a double phase 
shifting of two times 90 degree. Firstly the phase of the structural response is shifted compared to the 
fluid oscillation and secondly the feedback to fluid oscillation by the structural deflection. At the same 
time we see the resonance shift to higher and lower frequencies. Therefore, resonance cases have to 
be regarded in the design if they cannot be avoided.    

3. ADVANCED ANALYSIS OF PIPING AND SUPPORTS  
Generally structural analysis is based on linear elastic behavior of piping elements and supporting 

structures. Modeling of a typical piping system (see fig. 5) is done by a simplified finite element 
simulation using element stiffness, masses and linear spring rates, and considering the given boundary 
conditions. The response of the structural vibrations which are induced by the fluid forces is calculated 
by direct integration of the differential equations of motion in time. The algorithm used for the solution of 
the differential equations is known as Newmark-Wilson method. The fluid forces are acting as external 
forces on the pipe sections. In this basic concept of linear elastic description of structural response the 
modeling of the general damping behavior of the piping itself is included.  

The direct integration method has the advantage that it allows the introduction of non-linear 
behavior of supports. Thus, the modeling of supports was enhanced in order to take into account such 
non-linear effects. By this improvement of support models more realistic and reliable results are 
achieved for displacement, pipe stress, oscillation frequencies and support loading, compared to 
simple models of constant stiffness. Features to consider the performance of supports with gaps, local 
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friction like guide bearings and fix points, and with local damping like e.g. viscose damper were 
introduced.   

fixed point

fixed point 

break 
location  

valves

hanger 

struts 

damper

struts

SG 
nozzle 

 
Fig. 5: Piping model of a feedwater line with supports and valves between steam  

 generator and break location at right hand side. 

3.1 Damping in the piping reaction 
Structural damping in general is considered to act across the whole piping structure, based on the 

influence of insulation, material properties, and similar effects distributed more or less uniformly along 
the piping. This damping represents the mechanical energy losses of the structure.  

Looking on the original system of differential equations of movement in matrix formulation 
 )(tPVKVCVM =⋅+⋅+⋅  Eq.2   
it can be seen that the damping behavior is proportional to the velocity of movement. 

(With the matrices for mass M, for damping C and for stiffness K; P(t) is the vector of external 
forces on nodes; VVV ,,  are the vectors for acceleration, velocity and displacement). The damping 
matrix is formulated as a Rayleigh-damping, that means a linear combination of mass matrix and 
stiffness matrix, based on empirical parameters within a specified frequency range, to fulfill the 
conditions for linear elastic calculation. The maximal allowed damping rate within the range of 
eigen-frequencies is normally prescribed by guidelines, as for example 5% of critical damping 
according to ASME.    

3.2 Modeling of supports 
In general piping supports are simulated by the definition of spring stiffness. This linear spring rate 

has to be derived, more or less accurate from the real stiffness of the whole supporting structure for 
each relevant piping support location. In reality, particularly in older plants, a lot of support constructions 
have tolerances or gaps between pipe and support, as shown in fig.6. Also, at fixed bearings, gaps for 
translatory or rotating motion can exist. Besides, a gap can be used to simulate a slip of the pipe in a 
shell and a weak stiffness for example due to deformation of the pipe in cross direction.  

The gaps are modeled in the code according to the characteristic presented in fig.6: as far as the 
displacement is smaller than the gap width, the force remains zero. Further on the normal spring 
stiffness of the support is considered. The gap characteristics have to be regarded separately for each 
degree of freedom.   
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Fig. 6: Examples of piping supports with gaps, and their load characteristic 

3.3 Modeling of dampers 
For the linear analysis, viscous dampers (see fig. 7) usually are considered like other supports, 

defined by a linear spring characteristic. This substitute spring stiffness, generally provided by the 
supplier, gives only a rough approach to the real performance. It can only be applied in a small 
frequency range of piping vibration; otherwise the results will be not reliable.   

For a more realistic simulation of the damper performance, it has to be considered that the 
damping force is proportional to the velocity of the stamp inside of the viscous substance. Additionally, 
as shown in fig. 7 the damping resistance itself depends on the frequency of the piping vibration. The 
implementation in the structural code was done in a way that the damping force is calculated using the 
relevant current velocities; this force is put into the equation of motion as an additional external force at 
the respective location.   

 

 
 
Fig. 7:  principle drawing and characteristic of a viscous damper 

4. IMPROVEMENT IN SPECIFYING DESIGN LOADS 
In the following examples are presented which demonstrate the positive effect of the improvements 

of the dynamic fluid-structure analysis, which were described in the previous sections. For that purpose 
a typical piping model of a feedwater system with different supports was chosen, as shown in fig. 5. The 
line reaches from the steam generator nozzle at the left hand side to the break location at the transition 
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to the turbine hall at the right hand side. In the foreground we see the valve station with control and shut 
down valves between fixed points and a bypass for weak load. The loading is generated by the pipe 
break load case, producing steep pressure gradients and high loads.  

The more realistic modeling yields advantage in two directions. The maximum design loads are 
diminished to non conservative values, thus avoiding too high expenditure for piping and supports. 
Furthermore more accurate results form a reliable basis for evaluation and optimization of support 
concepts.       

4.1 Load reduction by realistic damping 
To demonstrate the influence of realistic damping of the fluid pressure waves on load reduction, the 

load case pipe break was analyzed for the model of a feedwater line mentioned above. Loading results 
of a conventional calculation without dynamic friction and coupling are compared with results achieved 
with the improvements installed. It is most reasonable firstly to aim for realistic results of the fluid loads, 
since the support loads are induced by the fluid forces.  

 
 
 
 
  
A 
 
 
 
 
 
 
 
 

 
         
        
 
 
 
 
 

B 
 
 
 
 
 
 
 
 
Fig. 8: Comparison of loads with and without coupling and adequate damping; 
      A, Maximum values of pipe section forces along a feedwater line due to pipe break; 
      B, Maximum resulting forces and moments on subsequent supports 
 

The results for the maximum values of the fluiddynamic forces of subsequent pipe sections of the 
main line between steam generator and break location are plotted in fig. 8 A. The maximum values of 
the generated support loads of the same line are presented in fig. 8 B. In this example of a pipe break a 
remarkable load reduction of up to nearly 50 % has to be stated caused by the more realistic damping 
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of the rapid decompression wave. Generally with hydraulic load cases an averaged load reduction of 
25 to 30 % is achieved when a realistic damping is considered. The propagating pressure wave is 
damped with the consequence that the fluid forces are reduced with increasing distance from the origin 
of the pressure wave (see fig. 8 A). Due to the same effect the pressure oscillations are much more 
damped in time when dynamic friction and FSI are applied. This can be seen from a fluid force after 
closing of the check valve, as depicted in fig. 9 A. Due to the mostly linear elastic structural calculation 
the loads on supports show a similar distribution as the fluid forces. Of course the distribution can not 
be totally analogous, because one support gets an influence from several fluid forces. And the resulting 
support load depends on the kind of the bearing, and from the degrees of freedom supported.  

In normal cases without resonance the effect of increased general damping of the piping structure 
is only marginally compared to the effect of improved damping on the fluid oscillations. This can be 
seen from fig. 8 B where a third curve drawn in light blue represents the maximum loads with increased 
damping of 5 % instead of 3 %, as usually applied.     

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

A        B 
 
Fig. 9: Influence of realistic damping of fluid forces on support loading;  
 A, Attenuation of dynamic force with and without adequate damping; 
 B, Reduction of support loads, especially in case of resonance    
 
Analyzing the relation between fluid forces and load reaction (fig. 8) it clearly shows that throughout 

the whole line the support loads are higher. Since the piping vibrations and reaction loads are induced 
by the fluid forces in this dynamic process, also the frequency ratio and the number of stimulating 
peaks of forces are deciding for the maximum loads on supports. The reason for higher reacting forces 
can simply be the fact of summation of stimulating forces like at the fixed point which balances forces 
from all directions. In the normal case where the structural frequencies are lower than the frequencies 
of fluid forces, the resulting force on the support must not be effected by the first inducing peak. Two or 
three subsequent peaks can act in the same direction, with an integrating effect. And in case of 
resonance without adequate damping of fluid and structural oscillations the results for the support loads 
may overshoot to very conservative values. This is shown in fig. 9 B by an example of a pump trip in a 
feedwater line, where the hydraulic frequencies are in the range of the structural frequencies. When 
realistic modeling is applied the damping effect is increased and the frequency ratio is shifted. As 
consequence the resonance disappears, as described in section 2.3.      

4.2 Influence of non-linear support reaction 
The advanced models of non-linear support reaction were introduced in the structural analysis, as 

pointed out in the sections 3.2 and 3.3, to enhance the accuracy of the results for support loads. 
However, it can not be expected that by these improvements at particular locations of the reacting 
system, a general load reduction can be achieved as was the case for the reduction of the activating 
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fluid forces. Nevertheless the energy dissipation in the system is increased and resonances are 
mitigated, caused by deviation from the linear-elastic behavior.     

The main result of these studies on non-linear support modeling is that the effects on load reduction 
and load distribution on other supports strongly depend on the relation between the system conditions 
and the inducing fluid forces. A crucial parameter is the frequency ratio of hydraulic forces to the 
structural eigen-modes in the respective area.  

A typical non-linear performance of supports is obtained if gaps at bearings are considered. The 
most significant differences to results with linear elastic modeling are reached for extreme conditions. 
Resonances of fluid forces and support reaction are disturbed and depressed by the effect of gaps. In 
case of high hydraulic frequencies and low frequencies of structural vibration, caused by high mass 
inertia of piping, the support forces may decrease to zero regarding a gap. The reason is that the 
amplitude of displacement of the pipe, induced by high-frequency fluid oscillations at the support 
position in direction of the gap may be lower than the gap width. In this particularly favorable situation 
the bearing would be dispensable, yet not really, because supports have to be designed for several 
different load cases.    

  
Fig. 10:  Influence of gaps at supports on displacement and forces; example of fixed bearing 

 
Figure 10 shows a comparison of calculation results of displacement and forces on a support 

carried out with linear elastic behavior and considering a gap. The results apply to the fixed point 
bearing at the right hand side of the piping model presented in fig. 5 which is built by two guide bearings 
with a distance of 1.5 m. During hot conditions a small horizontal gap of about 3 mm appears at the 
inner guide of this fixed point. The structural response has a lower frequency as the inducing fluid force. 
When a gap is inserted, the support load is reduced by about 30 % and the harmonic oscillation is 
interrupted. The reason can clearly be seen from the behavior of displacement at the support: without 
any restriction by the support, the deflection of the pipe reaches to about 4 mm; with the gap only the 
surplus of 1 mm is hindered by the support. In contrary, if the linear elastic support model is used, the 
force on the support is created starting from zero displacement. Thus, this example is situated between 
the extreme cases mentioned above.    

The second example demonstrates the influence of local damping, put into practice by a viscous 
damper. The damper is located in the by-pass line on the right hand side of the piping analysis model of     
fig. 5. To show the increase of accuracy by applying the advanced model, in fig.11 the results of support 
loads are compared to the results from the conventional linear elastic model. In this model the 
performance of the damper using constant stiffness is insufficiently simulated. This modeling can only 
be used as a first approximation if the frequency of the piping motion at the relevant position is known; 
otherwise the results are very doubtful, as can be seen by comparing the first and second column 
representing force F_64. The third column represents the result of the improved model which 
incorporates the frequency dependent damping effect. However, the influence of the kind of modeling 
on the variation of the load distribution on the adjacent supports seems to be relatively moderate.    
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Fig. 11: Viscous damper: accurate results by frequency dependent modeling; influence 
 on adjacent supports 

 
With regard to the support modeling it can be concluded that normally the results of a linear elastic 

structural analysis can be applied as an assessment of loads on civil engineering structures. But in the 
scope of work to prove the correct design of existing systems and to optimize the piping design and the 
support concept, it is recommended to apply the advanced support models.      

5. CONCLUSIONS  
Mostly hydraulic load cases generate design relevant loads on piping and supports. By introducing 

new models considering dynamic friction and fluid structure interaction the calculated forces inducing 
the loading on the piping structure were remarkably reduced in comparison to former analysis methods 
to more realistic values. This helps to avoid unnecessary high expenditure for the design of piping and 
supports.  

The dynamic friction effect is generally applicable, whereas the reaction of structural motion on the 
fluid is only valid in liquid filled pipes. The calculation method was proved and validated by comparison 
with commissioning measurements in power plant systems.   

Non-linear support behavior was installed in the calculation process of structural analysis, to further 
increase the accuracy and reliability of the results. These features seem not to be essential for the 
general assessment of piping design, but are particular recommended in special cases like resonance 
problems, for purposes of design approval of existing systems, and for optimization of special supports 
and support concepts.   
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