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ABSTRACT

This paper reviews the current technology being used to predict acoustic resonance in fluid-filled piping systems.

The paper also reports on the analysis of a simple benchmark experiment that yielded some valuable insights and
understanding into acoustic damping.

A volumetric drag formula for the ABAQUS code is presented. Its application in experiments has yielded better
results than previously obtained using a constant volumetric drag.

1. INTRODUCTION

Acoustic resonance has been identified as the cause of fuel damage and fretting wear in the Darlington and Bruce
reactors. The discovery of this occurrence by Ontario Hydro has led to the belief that the primary heat-transport
piping can behave as organ pipes, and amplify or attenuate the acoustic impulses originating from the pump.
The discovery of this problem resulted in a need for better understanding of acoustic phenomena and for
validated computer programs that can accurately analyze the problem for the full range of reactor operating
conditions.

Investigation of acoustic phenomena was initially undertaken by Ontario Hydro [1] using the ABAQUS code [2].
Later, the TARA code [3] was developed at AECL-Chalk River Laboratories (CRL) for modelling acoustic
phenomena in heated and two-phase reactor flows.

Each methodology possesses it own unique set of advantages and disadvantages. Applicability to CANDU'
systems and accuracy of predictions are clearly essential prerequisites. Knowledge of the state-of-the-art is
essential to ensure that proven and established technology is being used.

ABAQUS is a commercial finite-element computer program with an acoustic option that solves the wave
equation. TARA is a computer program, written specifically for acoustic analysis, that solves the non-linear
conservation equations.

In a previous paper [4], ABAQUS solutions were compared against corresponding solutions derived from the
more general non-linear conservation equations solved in TARA. The rationale for this was: if the wave
equation is a good approximation to the more general conservation equations for reactor-type flows and
conditions, then the wave equation predictions should be reasonably close to the conservation equation
predictions throughout the full range of reactor operating conditions. In that study, which was confined to
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simple geometries, single-phase flows with and without heat addition, and two extreme temperatures, there was
generally very good agreement of resonant frequencies between ABAQUS and TARA. The agreement between
resonant amplitude predictions was not nearly as good, and hence required further work.

Further studies of resonant frequency and amplitude predictions in a constant area pipe with laminar flow
conditions were undertaken [5]. Modelling of laminar flow is important for those reactor components where the
mean flow is zero, such as in the dead-ends and end-segments of the inlet header. Inaccurate modelling of these
zero mean-flow branched components could introduce spurious prediction errors in the main flow path.

In this study, acoustic damping is the focus. Accurate prediction of both resonant frequencies and amplitudes in
CANDU reactor piping is a necessary requirement for any acoustic computer program used in engineering
analyses. It is well-known that predicting resonant frequencies is much simpler than predicting resonant
amplitudes. Resonant frequencies can often be determined by analytical or semi-analytical means, but accurate
predictions of resonant amplitudes require more complex formulations.

Accurate predictions of resonant amplitude are required to determine susceptibility to fretting damage in fuel
channels. This means that the methodology used in ABAQUS to estimate volumetric drag must be sufficiently
accurate and general to cover the wide range of geometric effects and flow conditions encountered in CANDU
reactors. Where appropriate field data are available, these data can be used to tune the drag. Analyses of
existing reactors may fall into this category, but analyses of new reactors will likely not. Hence tuning the
volumetric drag to measured amplitudes is not an option for new designs.

Ideally the non-linear conservation equations, with specified standard thermalhydraulic parameters, should
naturally yield reasonable predictions of amplitude. Can the requirement for an experimentally based volumetric
drag be supplanted by more mechanistic formulae based on frequency, geometry and flow conditions? While
this study does not conclusively answer these questions, attempts to derive answers are ongoing.

2. LITERATURE REVIEW

2.1 Objectives of Review

The requirement for acoustic analyses of nuclear reactor piping is relatively new. Engineering analysts at
Ontario Hydro and AECL had to acquire this technology quickly and apply it to the Darlington and then Bruce
fuel damage problems, using the commercial code ABAQUS.

However, ABAQUS had not previously been used by any other industry to predict acoustic resonance in heated,
reactor-type applications. Therefore, for continued use of ABAQUS as the analytical tool for acoustic
predictions in reactor applications, it must be conclusively demonstrated that its methodology is valid for the
range of conditions encountered in CANDU systems.

A literature review was undertaken to better understand the various methodologies reported and the approaches
being utilized to derive engineering solutions.

2.2 Review

It has long been recognized that flows with sinusoidal variations exhibited larger pressure drops than the
corresponding mean steady-flow cases. The reasons stated are that the local pressure drop is related to the time-
varying boundary-layer profile, the acceleration of velocity waves and certain lag effects. From the 1960's on,
investigators have developed models to calculate this extra pressure loss.

In unsteady flows, especially with imposed sinusoidal variations, the wall boundary-layer profile is in a dynamic



state of flux, and the time-averaged shear-stress effects cannot be appropriately described by mean steady
conditions. Various authors suggested the use of the more fundamental Navier-Stokes equations to model
frequency-dependent damping effects. In a water-hammer application, D'Souza and Oldenburger [6] used the
linearized Navier-Stokes equations, transformed to the LaPlacian domain, to derive frequency response equations.
They showed, using comparisons between experiments and analyses, that damping increases with frequency, and
they demonstrated conclusively that correct amplitudes can be achieved by paying proper attention to the viscous
shear-stress terms.

The work of Phillips and Chiang [7] was in a similar vein, except that they derived expressions for the
instantaneous, time-varying friction factor as a function of frequency. The ensuing expressions are quite complex
and difficult to incorporate into any complete model. They concluded that "the quadratic dependency of the
friction factor on the average velocity, which oscillates about the steady-state value, is the result of the non-
sinusoidal characteristics of the friction factor". Therefore, damping, which is directly related to the friction
factor, must also possess non-sinusoidal characteristics.

The work of Foster and Parker [8] directly applies to ABAQUS. For laminar situations, they derived formulae
for the volumetric drag. These formulae are equivalent to solving Zielke's [9] convolution integral, and would
be appropriate to those geometry components where the flow is zero.

The paper by Besant and Srinivas [10] is particularly interesting, as it follows essentially an identical approach to
the development of the wave equation employed in ABAQLfS, and derives a damping term that looks identical to
ABAQUS' volumetric drag term. However, recognizing that the damping term ought not to be a constant, the
authors rigorously developed an expression for this damping term that includes a frequency dependency. This
expression is written in LaPlacian space, indicating its real nature as a time-varying function. The authors
obtained solutions by coupling this expression with the wave equation, also expressed in LaPlacian form.
However, they reported success in obtaining solutions for only very simple cases, such as a straight pipe. The
difficulties encountered were associated with inverting the LaPlacian expressions for complex geometries.

For turbulent flows, Brown, Margolis and Shah [11] examined the effects of an extra time-varying eddy viscosity
term superimposed on the steady-state eddy viscosity, and concluded it was not necessary. They made the
following two important conclusions:

(1) The effect of proper phasing can significantly affect resonant amplitudes.

(2) Damping is a strong function of the instantaneous Reynolds number.

The importance of phasing was also noted by D'Souza and Oldenburger [6], who stated that phasing is crucial
for proper predictions of resonance amplitude. Their calculations show convincingly that velocity and pressure
were most out-of-phase at the resonance peaks. Their paper will be examined in more detail later.

The study by Kirmse [12] on pulsating turbulent pipe flow led to the conclusion that further developmental work
is needed to derive a more accurate formula for the time-varying component of the eddy viscosity.

Zielke's paper [9] is an important contribution to modelling frictional effects on water-hammer or acoustic
waves. In steady flow, the profile of the boundary layer attached to the wall is time-invariant, and the wall shear
stress can be computed by standard friction-factor formulae. In flows with high-frequency acoustic waves, the
boundary-layer profile distorts rapidly with time. This means that the wall shear stress also becomes time-
varying, and caution must be exercised when applying steady-state friction formulae. To derive the "correction
terms" to the one-dimensional momentum equation, Zielke used the two-dimensional, linear Navier-Stokes
equation containing the proper time-varying shear-stress terms.



Various authors (Trikha, [13] Suzuki et al. [14] and Schohl [15]) have developed useful simplifications to the
time-domain solution of Zielke's convolution integral. It is also clear from the convolution integral that damping
would be frequency dependent. Zielke [9] stated that the fluid friction is highly dependent on the rate of change
of velocity, as well as the velocity amplitude. This implies that higher harmonics would attenuate faster than
low-frequency components. Zielke's model has been installed in the TARA code for assessment.

More recent acoustic codes (e.g., CIRCUS [16]) contain some expression for the damping coefficient that
resembles Zielke's convolution integral. Goodson and Leonard's [17] paper, which summarized various
formulations, showed that they all attempt to model damping. Ohmi and Iguchi [18] derived estimates for the
friction factor in pulsating turbulent pipe flow as a function of the steady-state friction-factor. They compared
model predictions against experimental data and reported good agreement.

In acoustic codes such as CIRCUS [16], the damping term has an implicit dependency on frequency. In the non-
linear formulation, it is still unclear whether the frictional loss factors, that embody damping, possess the correct
dependencies.

Wylie and Streeter [19] also present an enlightening summary of current understanding.

3. DAMPING

The understanding of acoustic damping is still unfolding, especially for turbulent flows. A pulsating flow is
believed to yield higher pressure drops, and higher damping, than a steady flow with the same mean flowrate.
Therefore, the effect of damping appears primarily on the peak resonant amplitudes.

ABAQUS and TARA model damping differently. In TARA, viscosity and flow effects simulate the natural
system losses. The effect of temperature enters indirectly through the fluid viscosity, density and velocity.

Modelling of damping in ABAQUS requires specification of a volumetric drag, /?, which is expressed simply as;

Damping = fn(R)

R is a parameter that clearly depends on fluid viscosity and the system's steady-state pressure losses. Derivation
of a rigorous formula for R for turbulent flow has been elusive [19]. Derivation of an approximate formula is
given later in this paper.

The argument used to justify the zero-net-velocity assumption made, in most acoustic analysis is that velocity is
usually small compared to the sonic speed, which is true! However, this comparison between flow and sonic
velocities is only valid in calculating resonant frequencies. Flow velocity is important in defining a system's
damping characteristics, so when it is omitted entirely, important information required for calculating resonant
amplitudes is irretrievably lost. Hence, to improve ABAQUS's ability to predict resonant amplitude an external
methodology must be implemented to predetermine the volumetric drag for all frequencies and temperatures.

For laminar flows, Foster and Parker [8] developed formulae to determine the volumetric drag for the wave
formulation as is used in AEJAQUS. Conventional definitions of "laminar" and "turbulent" regimes were usually
meant for steady-flow, uniform surface conditions. It is well-known that roughness on the surface wall can shift
the laminar-turbulent boundary to lower Reynolds numbers. Likewise, an imposed large-amplitude, high-
frequency oscillation on a given flow is also expected to shift the laminar-turbulent boundary to lower Reynolds
numbers. Hence, it is likely that the turbulent regime will occur earlier. Further review of the literature is
recommended to clarify the location of the laminar-turbulent boundary with frequency, Reynolds number and
surface condition.



4. MODELLING BENCHMARK PROBLEM SETS

Assessment of damping mechanisms and model validation require test data derived from simple experiments,
with low levels of uncertainty and minimal miscellaneous effects. Such "clean", separate-effects experiments are
always useful, but hard to find. However, two experiments were identified for validation studies. They are the
experiments of D'Souza and Oldenburger [6] and Rzentkowski et al. [20]. These are reasonably well-
documented, "clean" experiments that have yielded valuable insights. The experiments of D'Souza and
Oldenburger are considered here, while Rzentkowski's experiment was considered elsewhere [5].

4.1 D'Souza and Oldenburger Experiment

A schematic of this experiment with specifications is shown in Figure I. It consisted of a straight pipe,
0.0125 m in diameter, 12.268 m long with an orifice at the end. Though the working fluid was oil, the
experiment is still relevant, as most of the system pressure-drop occurred at the orifice and was not a result of
the wall skin friction. (This was confirmed by doing simulations using water properties instead of oil, and the
resulting differences in predictions were minor.) The pipe just after the orifice was connected to a short hose
(length not identified), which ended in a tank that was open to atmosphere.

The Reynolds number in this experiment was 650 and the fluid temperature was 28.3°C. Further experimental
details are given in Table I. This experiment is appropriate to those reactor components that have low or zero
mean flow, to ensure that our predictive methodologies are valid for these situations. It may also provide insight
into what to expect at other Reynold's numbers.

The frequency sweep in the experiment was in the range of 0-100 hertz. The sonic speed employed was
calculated based on the sonic speed in the fluid and the elastic properties of the wall. This experiment was
successfully modelled with ABAQUS and TARA, but by using quite different procedures, described below.

4.2 Modelling Procedure Used in ABAQUS

This experiment was successfully modelled by Misra [21] at Ontario Hydro using ABAQUS, with the 1-D option
invoked. The geometry up to, but not including, the orifice was modelled using 5 cm node lengths. The area
change effect of the orifice was therefore omitted. An outlet end-boundary condition of dp/du, obtained from the
experimental steady-state pressure-velocity characteristic (given in [6]), was invoked through the REACTANCE
feature in ABAQUS. All other required parameters for the input, except the volumetric drag, are defined in
Table 1.

The volumetric drag that Misra [21] used was derived from the formulae of Foster and Parker [8]. The principal
parameters defining the damping are obviously viscosity and frequency. Since the formulae of Foster and Parker
for volumetric drag were employed outside of ABAQUS, the volumetric drag had to be altered appropriately for
each frequency through the program input, prior to deriving a solution for each corresponding frequency. The
source frequency was placed at the inlet end.

4.3 Modelling Procedure Used in TARA

Suitable modifications to the code's built-in water property package were made to simulate the correct viscosity
and density of the oil. TARA's input format is more in line with standard thermalhydraulic codes, so the
complete geometric length was modelled, including the orifice, its area change and pressure-loss effects.
D'Souza and Oldenburger [6] did not specify the actual length of the hose connecting the outlet to the water
tank, other than by saying it was "short". Solutions were not very sensitive to this length provided it was kept
short, so a few node lengths were assumed. The actual experimental flowrate was specified through the program
input. The K-factor of the orifice was also required to complete the model description. It was determined by
carrying out various steady-state calculations, using the front end of TARA and different input K-values. The K-



value that yielded a computed outlet pressure equal to atmospheric pressure, for the specified inlet pressure of
225 psig, was chosen. (Usually, the orifice K-factor is a manufacturer-specified entity and need not be
determined through any special procedures, as were employed here.) For the transient simulation, the outlet end-
boundary condition at the location of the water tank was simply set to p ' =0 , i.e., constant pressure. The
geometry was divided into 5 cm node lengths and a time-step of 20x10"6 second was used. The source frequency
was placed at the inlet end with an amplitude of 1 kPa.

4.4 Discussion of Results

The ABAQUS results, obtained using the procedure outlined above, and experiment are shown in Figure 2, while
the TARA results and experiment are shown in Figure 3. It can be concluded that agreement with the
experiment is equally good for both codes. However, it should be noted that the REACTANCE feature of
ABAQUS used in this benchmark cannot be used when the orifice is not located at the pipe end.

It has been ascertained that if a procedure similar to the one used in ABAQUS were used in TARA, predictions
from both ABAQUS and TARA would be in agreement. However, if a procedure similar to the one used in
TARA was applied in ABAQUS, such as specifying a constant outlet pressure boundary condition, the results
obtained from ABAQUS would disagree with the experiment and TARA, as Figure 4 shows. Yet, this is the
procedure that would be used if the orifice was away from the pipe end and the outlet pressure was truly
constant. This shows that the ABAQUS acoustic model does not properly model the effect of flow through an
orifice, unless the orifice is placed at the end of a pipe.

Figure 5 shows the effect of different flowrates on TARA solutions. As the flowrate decreases from 100% to
0%, the amplitude and mode shape change. It is clear that the mode shape is a function of flow, which sets up a
certain pressure drop at the orifice location. The effect of flowrate on the acoustic response of an orifice has
also been reported and discussed by Jungowski et al. [22], They confirmed the findings given above. Hence,
flowrate is one of the physical parameters that defines amplitude and mode shape.

D'Souza and Oldenburger [6] derived approximate closed form solutions for the case of reasonably large K-
values of the orifice. Figures 6 and 7 show solutions from TARA, and the authors' closed form solutions for
different values of dp/dx, or K. In general, there is very good agreement between the two solution-sets on
amplitude and mode shapes, when K is large (for small K, the analytical solution becomes invalid!).

5. VOLUMETRIC DRAG FOR ABAQUS

It has been shown that the Foster and Parker [8] formulation for volumetric drag coefficient is valid for laminar
flow. In turbulent flows, it is believed that acoustic waves decay more quickly and the Foster and Parker
formula will not be appropriate.

Zhou [23] developed the following formula for the volumetric drag, R, for turbulent flows, using a two region
model of the turbulent velocity profile.

R _
a|2 D

where D is internal diameter, w is frequency, p is density, Re is Reynolds number, X is the friction factor, u is



viscosity and a is a complex number with imaginary part or,. This is calculated on the basis of a two region
model; the derivation involves Kelvin's functions of the first and second kind.

For details of the derivation, see [23]. This formula is frequency dependent, as it should be, and appears to
capture the correct trends. It has been incorporated in an external program for calculating volumetric drag values
required by ABAQUS input. It has not yet been extensively tested.

6. MODELLING THE STERN EXPERIMENTS

Outlet feeder data from the fuel channel validation tests [24] carried out at the STERN Laboratories were
compared to modelling results obtained using ABAQUS and TARA [I]. For this study, the ABAQUS code was
applied to STERN outlet feeders using the volumetric drag formula given above. A sketch of the geometry, with
dimensions, is shown in Figure 8. The experimental temperature was 290°C, the flowrate was 28 kg/s and
pressure amplitudes were normalized to the inlet.

The predictions of ABAQUS obtained using the formula given in Equation (I) is shown in Figures 9 - 12. Also
presented are ABAQUS predictions using a volumetric drag (VD) of 13 200 used in previous studies. For these
cases, the predicted damping is good and slightly better than the constant value of 13 200. However, further
testing is recommended to confirm a wide range of applicability.

7. SUMMARY

Recent technology for modelling acoustic phenomena in fluid-filled pipes has been reviewed. Accurate
prediction of resonant frequencies is attainable; however, modelling of amplitude, especially in turbulent flow, is
the most difficult aspect of acoustic analyses, because of the uncertainties in representing damping.

A prototype volumetric drag formula for turbulent flow was presented for the ABAQUS code. This formula is
intended to reduce uncertainties associated with predictions of resonant amplitudes. Application of this model to
STERN experiments yielded good agreement, but more extensive testing is recommended.

The ABAQUS model is presently unable to model the effect of orifices and valves within pipes with
concentrated pressure losses. For such effects, the non-linear formulation as is used in the TARA code is
believed to be more appropriate.

The studies reported herein were associated with only single-phase, adiabatic flows. Extrapolation to two-phase,
heated flows is not possible without further in-depth studies.
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TABLE I: DATA OF D'SOUZA AND OLDENBURGER EXPERIMENT

Length (between section 1-2)

Diameter

Orifice Area

Fluid Density

Fluid Viscosity

Sonic Speed

D'Souza and Oldenburger Experiment

12.268 m

0.01257 m

0.178 cm2

857.766 kg/m1

1.569 * 10"2 Ns/m2

1253.4 m/s
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Figure 1: D'Souza and Oldenburger Experiment

10



10 20 30 00 100

Figure 2: ABAQUS Results of D'Souza and Oldenburger Experiment (From Misra)
(Normalized Pressure Amplitude vs. Frequency)
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Figure 3: TARA Results of D'Souza and Oldenburger Experiment
(Normalized Pressure Amplitude vs. Frequency)
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Figure 4: ABAQUS Results of D'Souza and Oldenburger Experiment for p'=0 at
Outlet (Normalized Pressure Amplitude vs. Frequency)

Figure 5: TARA Predictions of Different Flowrates in D'Souza and Oldenburger
Experiment (Normalized Pressure Amplitude vs. Frequency)
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Figure 6: TARA Predictions for Various dp/dx Values used in D'Souza and
Oldenburger Experiment (Normalized Pressure Amplitude vs. Frequency)
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Figure 7: D'Souza and Oldenburger Analytic Solutions
(Normalized Pressure Amplitude vs. Frequency)
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6.36 m
4.51 m |

STERN Benchmark Cases

2.16 m

© (?)

Area 0 - 0.002734 m2

Area (2) -0.004261 m2

Area (3) -0.007417 m2

Location of pressure taps, given as distance from the inlet

1.48 m (ch30), 3.04 m (ch31), 4.51 m (cr>32) and 7.65 m (ch34)

Outlet boundary condition In zero.

Figure 8: Sketch of STERN Outlet Feeders
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COMPARISON OF VARIOUS VOLUMETRIC DRAG MODELS WITH EXPERIMENTS
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Figure 9: Comparison of Experiment and ABAQUS for CH30
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Figure 10: Comparison of Experiment and ABAQUS for CH31
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Figure 11: Comparison of Experiment and ABAQUS for CH32
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Figure 12: Comparison of Experiment and ABAQUS for CH34
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