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Abstract. Dynamic forces induced by turbulent flow are ohéhe most common sources of piping vibration. Esice
vibration can lead to pipe failure and immoderatése. Piping fittings tend to cause disturbancethe flow profiles,
increasing the turbulence and hence the pipe vibnatThis paper compares the influence of pip@n{ig (e.g. long
and short radius elbows and orifice plates) on thebulence in single-phase fluid flows and its @feon pipe
vibration, using both numerical and experimentapagaches. Results from CFD analysis using thenkedel and
experiments with different pipe fittings are prasen

Keywords: Turbulence induced vibration, turbulence modelipigge fittings.

1. INTRODUCTION

Flow induced vibration is the term denoting theratibn response of any structure subject to amnateor external
flow (Chen, 1985). Piping systems are used in nuiffgrent applications hence they can be undemouarimechanisms
of excitation which are responsible for generatifiyation and dynamic strains in pipes. BlevinsQ2Didentified the
excitation mechanisms according to the flow chamdstics on which turbulence is shown as a randreitaion
source of vibration due to its unsteady behavior.

Pipe fittings are used to facilitate the constiuttof pipping systems and to control the processvéver most of
pipe fittings increase the turbulence at regionsl@se proximity to them, hence increasing the lle¥eipe vibration.
Sudoet al (1998) identified a great increase of the turboéeat the bend outlet. The turbulence levels aomgly
influenced by bend geometry increasing as the ¢urgaatio R/D) decreases (Dutta and Nandi, 2015), weig the
mean curvature radius aidis the pipe diameter.

The flow structures in pipe bends are also infleehby geometry and Reynolds number. In pipe bentls w
R/D<1,5 the adverse pressure gradient is responsiblehéo flow separation upstream of bend outlet, whsra
reattachment point occurs downstream (Munsebal, 2013). The reattachment point was identifiedh&sregion of
largest pressure fluctuation by Shiraishal. (2006) with a secondary flow being formed.

Orifice plates are common component in several strihl segments used as flow control elements pingi
systems. They are responsible, however, for crgdtirge disturbances in the flow, generating stmadtexcitation
(Mao Qing and Zhang Jinghui, 2007). Failures caumsedrifice-induced vibrations have been reportethe literature
and studied by several researchers, especiallydlear power plants (Qingt al, 2003; Caillaucet al, 2006 and Bagt
al.,, 2016). Two main consequences of excitation meash@n observed during this process are cavitatiah the
increase of pressure fluctuation due to turbulé@irg and Jinghui, 2007; Qiret al, 2003).

2. TURBULENT FLOW

Turbulent flows are characterized by their chaatid random behavior where pressure and velocisidéeother
quantities, vary in the same way (Versteeg and Msékera, 1995). Tennekes and Lumley (1972) howewgrhasize
the difficult to define the turbulent flow and deténe it through some other characteristics suchigls diffusivity,
high Reynolds numbeRR@, three-dimensional vorticity and dissipation. Bulent flows are always dissipative and
require a continuous supply of energy to keep tiheulence, which has a quick decay if this doesogetr. Stretching
caused by the mean flow provides to the large adttie energy required to maintain the turbulencergi¢eg and
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Malalasekera, 1995) and this energy is dissipatethé form of heat close to the surface due tovikeous effects
(Souzaet al, 2011). Pittard and Blotter (2003) however congdethat part of this energy is converted into ptat
energy in the form of pressure fluctuation, whishhie main responsible for the pipe vibration. Tgnscess of energy
transfer is known as cascade energy.

2.1 Analysisof turbulent flow

Since turbulent flows present random behavior,ube of deterministic approaches for studying therfrditless.
Consequently, statistical methods are usually eygglofor such analysis. Turbulent flows presentanttneous
fluctuations in velocity, temperature, pressure] ather quantities (Souz al, 2011) and can be represented in terms
of the sum of mean and fluctuating values. Thishoetis known as Reynolds decomposition (Bétdal, 2002).
Equation (1) shows the Reynolds decomposition floaity, wherev, V andv’' are respectively the instantaneous,
mean and fluctuating velocity.

v =7, +v; 1)

The subscripti=1, 2, 3, indicates the directions of an orthogonal axesesy used to describe the flow direction.
The time-averages of fluctuations are equal to ze1d the magnitude of turbulence can be determinethe
turbulent kinetic energy:

k=2(v” + 3% + v3?) 2

wherel,, is the characteristic mixing length.
Equations (3) and (4) show respectively the Reysmaldcomposition applied to Navier-Stokes and caittin
equations for incompressible fluid with constarstcaisity, where: is the dynamic viscosity andis the density:

a7; 7,75 ap 8 ( an ——
—+tp—=—+—\u—-pv/y 3
pat+pax,- 6xi+6x]- ”ax,- Uy (3)

dwv, =divy, = 0;
(4)

divy,’=0

Equation (3) is called Reynolds Averaged Navierk8foand introduces new terms in the Navier-Stokestons

called Reynolds Stress or turbulent strgss/v/) which represent the convective momentum transfiertd velocity
fluctuations (Versteeg and Malalasekera, 1995).

2.2 Turbulence-induced vibration

Turbulent flows are present in most of industriedgesses, being one of the most important excitatiechanisms
in piping systems (MTD, 1999). However systemsfegquently designed to maximize this turbulenceiagrfor an
increase in heat and mass transfer efficiency (Wieav al, 2000). According to Pittar@ét al (2004) pressure
fluctuations at regions close to the pipe wall s¥sponsible for exciting vibrations in the pipesisTconclusion is
further corroborated by previous studies by otkeearchers such as Kim (1989), Durant and Rob@99]1

In a research that aims to develop a non-invasoxe fneter using accelerometers, Evans (2004) ptesetheory
relating the pressure fluctuation generated bytahieulent flow with the dynamic response of theepip the form of
acceleration, being the pipe considered as a bdarans (2004) first proposes that pressure fluainatiare
proportional to the turbulent shear stress as shovy. (5):

p xu'v (5)

u’ andv’ represent the velocity fluctuations in axial amdmal flow directions ang’ the pressure fluctuation.
Evans (2004) also considered the pressure fluctuas a distributed load. Applying this concepthe flexure
equation and relating this with the equation ofiotofor transverse vibration gives:

o%w B
SE =P ®)

wherew is the transverse displacemehis the timex is the direction along the pipe axis afdds the cross sectional
area of the pipe wall.
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3. EXPERIMENTAL PROCEDURE AND APPARATUS

The water system of the test bench consists bisizhé closed circuit with a reservoir of 300 fgeof capacity, a
horizontal centrifugal pump with a nominal capaaitfy 16 m3/h maintained in a fixed rotation of 3GRPM, two
rotameters with different scales, one ranging f@aihm3/h to 1 m3/h and the other ranging from 1hmé8/10 m3/h and
an test section, as shown in Fig. 1. Additionalhg test bench has an entrance length which gessiuthe fully
developed flow in the test sections.
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Figure 1. Diagram of test bench.

The dynamic response of the pipe test sectionsweasured with high sensitivity accelerometers m888B50 by
PCB Pizotronics, installed on the outer surfacthefpipes and fittings. Data acquisition was pented with the Spider
8 from HBM using a sample rate of 1600 Hz duringesiod 20 s. The data post-processing was perfonmitdthe
software Catman®.

The operation of the water circuit consists in tagang the flow by opening and closing the contralves installed
downstream of the pump. The data were acquirea fidww rate ranging from 0.2 mé/h to 9 m3/h thatresents d&re
varying from3.19 x 103 to 1.96 x 10° depending on the test section. In order to vatiyreplicability of the results,
three measurements were performed for each flow.

3.1 Test sections

The test section is the region of the test benchravithe instruments are installed and are capdtdepporting
various piping arrangements. Four different sestimere used in the experiments aiming to comparénttuence of
each one on the turbulence and hence on the whrégivels. The test sections consist of a straijie, used as a
reference of a non-disturbed flow, a long radilmel, short radius elbow and a straight pipe witloafice plate.

Almost all tested flow rates are characterizedualsuient flows in the used test sections excepy l@w flow rate
(0.2 m3/h or less) in the test section with intédiameter of 25.4 mm which was transient.

a) Straight pipe

The straight section was made of acrylic to allaw the flow visualization, with 25.4 and 19 mm exrtd and
internal diameter, respectively. The propertiessaared for the acrylic afe=3200 MPa ang=1200 kg/m3, wher& is
the Young’s modulus andis the specific mass.

The tests were carried out in a straight sectiarhared in both ends with a span of 650 mm. Accefeters were
installed in the midpoint between the anchorages.

b) Short radius elbow

The short radius elbow is made of polyvinyl chleri@PVC), with curvature ratio &/D=0.5 and sharp inner corner.
PVC properties arE=3000 MPa ang¢=1400 kg/m3.

Straight acrylic pipe sections were welded to thew with PVC plastic adhesive and the set was arethin the
two supports forming an "L" arrangement. The acosteeters were mounted close to the elbow as showigi 2a.

¢) Long radius elbow

The test section of long radius elboR/[P=2) with the accelerometers is depicted in the Fig.
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Figure 2. (a) Short-radius elbow; (b) long-radilso® test sections.
d) Orifice plate

The fourth test section was designed consideriegribtallation of flanges and orifice plate. Thpgiused is also
made of acrylic but in this case with an internad @xternal diameter of 25.4 mm and 31.8 mm regpyt

The flanges were manufactured in Nylon 6.0 witlbastruction dimensions adapted to the needs distesection
and fixed to the pipe by epoxy resin. The flangagehgrooves in the internal surfaces for gaskesribN40.

The orifice plate was manufactured in aluminum 6061 Five different diameter ratigs (d/D) of the orifice plate
were used in the tests, wherés the orifice diameter arid is the internal diameter of the pipe.

Table 1. Orifice diameters and diameter ratio.

Orifice diameter d) S (d/D)
5.2 mm 0.2

7 mm 0.22

10 mm 0.35

12.3 mm 0.48

17 mm 0.54

The test section detailing, the position of theedemmmeters and the orifice plate dimensions apgvshn Fig. 3.

&

|

2765

7

Figure 3. Details of the orifice plate test section

4. NUMERICAL PROCEDURE

The numerical analysis of the flows aims to perfamguantitative and qualitative assessment of thgutence
created in each test section and correlate thesdtgewith the data obtained experimentally. Thgective of this
exercise is to evaluate how the turbulence gergtiateach case influences the structure vibrafitwe. fluid used in the
experiments and simulations was water at 10132808227 °C. The commercial CFD software FlGlemas used as the
numerical analysis tool of the turbulent flow. Tke model was chosen due to its lower computationat gath
respect to other models such as LES (Large Eddyl&tian). Thek-¢ is a semi-empirical model that is among the most
used for practical engineering cases. The moddélased on the Reynolds Averaged Navier-Stokes ensatnd
proposes the determination of length and velodisles of the largest turbulence scales througlstihation of the
transport equations for turbulent kinetic enerlgy,and turbulent kinetic energy dissipation rate,(Versteeg and
Malalasekera, 1995), as shows Egs. (7) and (§)eotisely.
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where,

E;; is the mean component of the rate of deformatfanftuid element angi is the turbulent dynamic viscosity.

Equations (7) and (8) have dimensionless constanégljustment based on experimental observations faide
variety of flows, whose values ar€; = 0.09; o, = 1; g, = 1.30; C;, = 1.44; C;, = 1.92

In order to compare the variation of the flow stames and their properties as a function of theriRils number,
simulations for 1, 3, 6 and 8 m3/h were performedthe straight pipe and curved test sections.tR@rsection with
orifice plate, flows of 1.3, 4, 8 and 10.7 m3/h weimulated with orifice diameters of 5, 10 andrim. The Reynolds
numbers of the simulated flows for the section witifice plate were the same as those simulateth®pther sections.
Simulations were performed in straight pipe setitm obtain the fully developed velocity profiledait was then
imported as the velocity inlet for the other geamest The meshes created for discretization oftbdels were hybrid,
with hexahedral elements close to the wall andibetdral elements in the internal regions.

4.1 Validation

The validation was done by comparing the kinemamalysis obtained numerically in this study and the
experimental and numerical analyzes obtained by 8udl (1998) and Kinet al (2014) respectively.

Sudoet al (1998) carried out experiments aiming to investgthe characteristics of flows through 90° ciacul
bends with a curvature ratio of 2 aRd = 6 x 10*, with similar conditions carried out in the presstudy. Kimet al
(2014) performed numerical simulations to chardmtethe secondary flow in 90° pipe bends and madenaparative
study using Sudet al (1998) experiments data and conditions to setectdeal turbulence model. Figure 4 shows the
normalized axial velocity profil€U/U;,;.;) at the horizontal symmetry plane of the outlefae of the bend, with
curvature ratio of 2, namely long radius elbowadsnction of the dimensionless distang®. U is the axial velocity,
Uiniet IS the inlet mean velocity, andR are the inner radius and the curvature radiub®®tbow, respectively. In the
graph, -0.25 represent the inner corner of theveland 0.25 its outer corner. A good agreementusido especially at
the outer corner, whereas discrepancies are grisathe inner region due to adverse pressure gngsjiaccording to
Kim et al. (2014).

© Sudoetal.
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Figure 4. Comparison between normalized axial yvglad present and previous studies.

5. RESULTSAND DISCUSSIONS
5.1 Experimental results
Figure 5 shows the power spectrum density (PSRldést sections for a specific Reynolds numbédreng it was

observed that the highest peak occurs at thenfatsiral frequency of flexural vibration of the testtion. Turbulence is
characterized for its random behavior and its gneygoncentrated at low frequencies so that tte¢ fnode shapes of
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the structure are primarily excited. Despite thakseat the natural frequencies, it can be seeml¢bay trend as the
frequency increases indicating that the turbulés¢ke main source of vibration.

107"

Straight pipe (Re=1,74x10° / 8m*/h)
Long radius elbow (Re=1,74>(105 ! Bmalh)
Short radius elbow (Re=1,74x10° / 8m°/h)
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Figure 5. Power spectrum density for all test sectit a specific Reynolds number.

Apart from the effect on signal amplitude, variatiof the Reynolds number does not appear to genesédvant
shifts on signal behavior in the frequency domain.

In order to evaluate the pipe response to a tunbdlew, the standard deviation of the acceleromsignals for
increasing Reynolds number was considered.

Figure 6 presents a comparison between the vilrafiall the test sections studied and their vammaés a function
of the Reynolds number.
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Figure 6. Variation of vibration levels as a functiof Reynolds number for the test sections.

It can be seen that piping vibration is influendsdthe Reynolds number for all test sections, louttlie orifice
plate and short radius elbow this dependency isialbe larger, and responsible for generating tighést vibration
amplitudes.

For the orifice plate, a parameter that greatijuirice the vibration levels is the diameter r@id_arge pressure
loss and consequently a large decrease in the papaxity are observed for small diameter rAtigigure 7 shows the
influence off on the piping vibration.
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Figure 7. Influence of diameter ratio of orificeafd in the vibration levels.

It can be seen a great increase in vibration aog#itasg decreases. Even for relatively low Reynolds number
there is a high vibration amplitude for smalin comparison with others diameter ratios, anchdvigher if compared
with a straight pipe without fittings.

5.2 Numerical results

Figures 8a and 8b show the velocity vector field &ing-radius elbow in the longitudinal plan an@ &ross section
of the elbow outlet, respectively, f@e = 1.74 x 10°.
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Figure 8. Long-radius elbow’s velocity field f&e = 1.74 x 10°: (a) Horizontal symmetry plane; (b) Elbow outlet.

Flow separation was not observed for any simulai@aditions in the long radius elbow as shown in. Fdg.
However Fig. 8b shows the formation of a secondlwy which is typical of flows through 90° elbow.hiE flow
structure consists of a vortex dipole induced IBspure gradient between the outer and inner cofrtbie bend. This
behavior was found for all the Reynolds number el

The main structure observed in the flows throughshort radius elbow was the formation of a redating region
due to the flow separation and reattachment cabgeal strong adverse pressure gradient as showigirO&. The
separation occurs in the elbow outlet and theaehthent can be observed downstream to the elbgurd-L.0a shows
the structure for a flow witlRe = 1.74 x 105 in the horizontal symmetry plan of the test sectibhis structure was
observed in all the simulated conditions.

The velocity vector field of the flow downstreanetarifice plate presents similar characteristicthad observed in
the short radius elbow. The jet caused by theaerifestriction lowers the pressure with a recitingaregion being
formed with symmetrical vortices between the oéfand the pipe wall. Figure 9b shows this behaeioRe = 1.74 x
10°, B = 0.54 in the symmetry vertical plan of the pipe. Thiewil structure was also observed for all the simdlate
conditions.
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Figure 9. Velocity profile foRe = 1.74 x 10°: (a) Short radius elbow; (b) Orifice plgfe= 0.54 .

Turbulent kinetic energyk) is also evaluated for the chosen pipe fittingsarisv(2004) shows that the Reynolds
stresses can be associated with the pressuredtigricausing the piping vibration. In the: model,ur = pC,k?/e,
which can be related to the Reynolds stressesrd-iti shows the variation of the area-weightedamenfk along to
the longitudinal axis to all test sections ®e = 1.74 x 10°. The area-weighted average lotan be calculated by
dividing the summation of the productlofind facet area by total area of the surface.dn i thex axis represent the
distance from a reference point normalized by tihernal diameter. The reference point (OD) foreghmws and orifice
plate are, respectively, the outlet surface andrndtn@am plate surface, with position increasinthi flow direction.
For the straight pipe, 2.5D is the middle of thetaiice between anchorages.

The kinetic energy tend to increase downstrearhddittings in the regions close to these and hasva in Fig. 10,
the turbulent kinetic energy tend to decay to a-disturbed flow level in the distant regions, iratiog that the flow
structures generated by the fittings are respoméibsithe increasing in the turbulence levels.
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Figure 10. Kinetic energy variation along the Idadinal axis.

Figure 11 shows the influence of the Reynolds numbthe production of turbulent kinetic energy &ach fitting.
It can be observed that the productiorkdé affected by the Reynolds number and in agreémih the experimental
results, orifice plate and short radius elbow grecslly affected byRe The numerical results showed a higher
turbulent kinetic energy in the orifice plate tharthe short-radius elbow, showing a discrepandy wie experimental
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results that shows a higher amplitude vibrationtfigr short-radius elbow. It can be explained byléinger mass in the
orifice-plate test section which causes a lowerlaoge vibration. Also the production &fincreases ag decreases.

12

T
—e-Orifice plate B=0,54 /o
& Short radius elbow p
Long radius elbow B4
|2 Straight pipe P a
10 4 >
P
b
//"
< /
& 81 Pz -
£ p
3 7
o e
) w
£ 6 L .
© 7
=
2@ o
=1 -
g af 2 x
= ,///
//
,/’/ g
//
2 > -
o
,//7/
i
e EE e —e—a"
e | ey | | | L | i °
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
Reynolds number %«10°

Figure 11. Influence of Reynolds number in the piadithn ofk and comparison between test sections.

As showed in the previous results, the flow strrggiformed due to the disturbances caused by peefitiings are
the main responsible for the turbulence increasarg] consequently for the pipe vibration, beingrsger as the
adverse pressure gradient increase as shown idEidrigure 12 shows the static pressure varialiong the pipe axis
for the orifice plate and short-radius elbow testt®ns, which demonstrated higher productiok.df can be seen for
each test section that the condition which gensratestronger adverse pressure gradient also predudaigher
turbulent kinetic energy and consequently highbration, as corroborated by experimental resule decrease in the
diameter ratio in the orifice plate also showedirmrease of the adverse pressure gradient for ahee sReynolds
number.
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Figure 12. Static pressure along to pipe axis fifice plate and short-radius elbow test sectimrsstveraRe

6. CONCLUSIONS

Pipe fittings augment turbulence in single-phasevdl, increasing the vibration of the pipe systemsu®s show a
relation between the turbulent kinetic energy dm\ibration amplitude, both showing similar beloa\as function of
Reynolds number, making the turbulent kinetic eyeatj least a qualitative parameter for the turbcgeimduced
vibration in single-phase flows. Flow disturbancassed by these fittings increases the turbulewtic energy and the
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vibration amplitudes of pipe systems, being greagethe adverse pressure gradient increases. Thelds number
and the fittings geometry are the main influenaedes of the adverse pressure gradient. Althoughettperiments do
not presents high amplitude vibrations and thusictbe considered a potential cause for strucfaiaire, pipe fittings

can lead to high turbulence and for more severescaghbulence-induced vibration due to fittingsutisance must be
considered for structural analysis. As observedgrpentally, the vibration amplitude caused byftbes through pipe

fittings increases as the Reynolds number increasdss higher than in straight pipes without dista flows. This

behavior can be used to the development of a neasine flow meter with higher accuracy than theposal that

consider no disturbed flows.
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