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Abstract. Many different types of branching have been devel oped, such as bifurcation, trifurcation, and manifolds,
among others. These configurations are used in penstocks to transport water from surge tanks to power houses in
order to feed several turbines at the same time. This arrangement allows for smaller assembly costs in comparison
with independent penstock systems. Nevertheless, such installations can generate higher head losses in the systemin
comparison with single systems. This study focuses on the quantification of these head losses as a function of
volumetric flow rate using Computational Fluid Dynamics (CFD) and later validated with previously published
results. To determine the coefficient of head losses three mesh settings were analyzed: hexahedral, tetrahedral and
hybrid, for both a steady state and transitory flow. Based on the literature, the k- turbulence model was used, with
refinement to elements near the wall to check y+. To the simulation transitory, the SAS model was used for analysis
of the instability in the trifurcation.

Keyword: Trifurcation, CFD, Loss coefficient, SAB,ansient
1. Introduction

Extensive research has been carried out in ordquantify losses in adduction systems, particularlyhe
high pressure components of hydroelectric plantorigher to maximize their performance. Common typés
branching seen in studies are bifurcations, whilevastudies have looked into trifurcations in genks. This can
be attributed to the uneven flow at the turbingartes and higher variable loss coefficients. ingortant to note
that turbine performance depends on the flow behmam the penstock, and therefore the researchifancations
could be made through numerical or experimentalyara to provide vital information for an appropeiaurbine
design. In hydroelectric plants that only use oaestock, it is essential to use branches for the #istribution of
the hydraulic machines. Three geometric configarati of the ramifications are mainly used in penrsipc
bifurcations, trifurcations and manifolds. The bfations and trifurcations can be classified inim tcategories
based on the geometry employed, considering thectatal advantages. The first geometrical arrangenms
comprised by trunk cones which intersect in thedieicdbf the branches, while the second geometry asgshere
between at the branches.

Both geometrical arrangements need to be desigaegfully to enable an even flow, avoiding excessive
pressure drops, vibration and cavitation [1]. Othgvortant design aspects to take into accounthf@mpressure loss
are the geometrical supports that reinforces thadires, the branching angles, the transition betwhes penstock
and the branches (expansion and contraction). ithmrtant to highlight the relationships betwebese design
aspects and the construction limitations.

An early research study focused on the analysisanf losses caused by the geometric variationsaosfdnes
in a pipe, and was carried out by Petermann citedayr [2]. Gladwell and Tinney [3], conducted ady of the
trifurcation of Round Butte project of 367 MW inettUnited States. Cone trunk geometry was analyzexigh
several tests applying changes to the input camditby changing the flow and output for each bratioh branch
being kept open or closed. This study enabled #tection of vortex formations due to the separatibrihe
boundary layer in the clearance section of thedhteranches, so it was possible to obtain thespiresdrop curves
in the various settings. The results of the coffits in thexxx configuration were in the range from 0.45 to 0.55
for the side branches, and from 0.37 to 0.47 incékr@ral branch. The symbxkx, was based on the reference from
Gladwell and Tinney [3], representing the situatwith three open branches axalx represent the lateral branches
opened and the central closed=(openedp = closed)
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Berner [4], realized tests in a trifurcation georical model with cone trunks and a taper angle4sf Zhe
loss coefficients obtained for the configuratiorttod three open outputs were as follows: 0.128énle¢ft branch; -
0.12 the central branch; and 0.104 in the righhtna In the second part a comparison was made batie
trifurcation and an arrangement of two forks inartb supply three hydraulic machines. The reshitswed that
the use of trifurcation is more favorable for tineadler load loss coefficients.

At this point it is important to conduct analysislated to the negative coefficients in trifurcaoand
bifurcations, defined by an anomaly, because tsborild not be any negative energy loss due to timeiple of
energy conservation. Investigators have suggestadthis may be due to the non-inclusion of kinetiergy
coefficient in the computations of energy lossethanit any experimental evidence. In the technicaé by Rao
and Kumar [5], experimental analysis was perforntedevaluate the velocity profiles and the energgslo
coefficients, by correcting the kinetic energy dméént based on the integration of the velocitgfges, concluding
that there is no loss of negative energy in théraebranch. As highlighted by Wood et al [6] anddett [7], use of
the term ‘loss coefficient’ is therefore somewhstdcurate, since its value is affected by energhaxge as well as
energy loss. However, following Wood et al [6], teem is retained, given its widespread use.

The trifurcation of Marsyangdi Hydroelectric 70 MW Nepal was tested by Richter [8], with a model in
1:20 scale, the trifurcation having a spherical getsy. The loss coefficients in the central brariohthe
configuration of the three open outputs were O1e pressure loss coefficients of the lateral dnaacwere
identical, recording a value of 0.61. The energgsts were higher in the side branches, due tootimeafion of
vortices in the flow ball and the reverse flow i If the ball size is greater, instabilities b&tvortices will be
greater. Other experimental analyses and numesicaililations with various changes in geometry antheso
simplifications on the permanent and non-permaagmaingements have been made.

Tate and Mcgee [9] made a model in 1:25 scale gatbmetry cone trunks for the experimental analgbis
the Hydroelectric trifurcation of Fort Peck Dam 188N in the United States. The central branch of libes
coefficients operating inXxx” configuration with various flow rates have negativalues of -0.10. For lateral
branches the load loss coefficient is in the raofg& 24 to 0.63 depending on the changing flow.rate

Mayr [2] conducted the analysis of a hydroelegbtamt in Musi where the conditions in the inpufurcation
were the flow rate of approximately 0.3 m?/s, atplasic pressure, the flow at the entrance can I dxial or
induced spin, configurationxx” test (the three branches open). The pressurectzfficient of lateral branches
changed between 0.32 and 0.4 and for the centaathrbetween -0.177 and -0.178.

Some analyses have also studied the function dfdlerate output variation of pressure loss caiéfit or
non-permanent regimen versus time as Ruprecht,di@] in the trifurcation of the Marsyangdi Hyaectric and
Tate and Mcgee [9] in the Power of Fort Peck Dam.

2. Trifurcation

For this analysis the flow field and geometry ofr@a-Nigeria trifurcation were used in accordandé the
operating conditions of pressure, flow mass andantbdynamic properties such as bulk density and myna
viscosity of the flow. A mesh study is made usingee meshes with different amounts and types ofiehés. Based
on convergence criteria, computational cost anditguelements, these variables defined the mesé bgsed on the
solution criteria that depend on the number of elets1 After this analysis, the loss factors ardyaed for different
flows and trifurcation geometries. Finally, througbst-processing the local and global results &taioed as a
pressure variation in transient model.
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Figure 1 e@netry of Trifurcation (Gurara Nigeria).

2.1 Geometry and boundary conditions

Trifurcation geometry used in this study was preddy ALSTOM®. This company was part of the first
construction phase of the hydroelectric plant irraBa, Nigeria (30 MW). The geometry is initiallyroposed of a
loading chamber, a high pressure tube and thedsfion. Only trifurcation is analyzed due to thege number of
elements that would be required to discretize tizeling chamber and pipe volumes. The volume istber only
defined for the trifurcation by its two elbows dmetlateral branches and an elbow on the inlet (Hgure 1),
commonly used in trifurcation projects.

The diameter of the pipe at the entrance is 4.&hile in the ramifications, it is 3 m. The Gurardurcation
is comprised by the trunks of the cone, and itsipdar geometrical features are shown in FigureTBe
geometrical dimensions of the trifurcation can btedmined by the opening angle of 60°. This vatueppropriate
especially in the middle of the range of alloweduesa of 45° up to 75°. The taper angles are vaaigmbrding to
their location (cone length), and most of them @utside the range of recommended values, that isy 8°. The
taper angles are related to the lengths of thesctmeugh the ratio of diameters, which for trifation Gurara is
1.5, this relation being the highest when compaoedther designs where the area ratio is aroundaken of the
principal tube and area of the ramifications). Ttkeer geometric aspect that affects the yield & rtiechanical
supports of the trifurcation, which penetratesittternal control volume of 0.5 m with a thickne$€dl2 m, as can
be seen in Figure 2.
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Figure 2. Dimension of trifurcation Gurara — Nigeri

The fluid inside the trifurcation is water at 25 &8d with a specific mass of 997 kg/m3. In the glegoint,
the volumetric flow is 90 m3/s, and the pressurghef reservoir water column is not taken into aotpsince the
total pressure difference and the pressure drdmwailbe affected. Therefore, the boundary condgistate that: in
the entrance is the mass flow rate and the avestagie pressure in the ramifications outlet, anctibrn losses are
considered, assuming a hydraulically smooth wall.

3 Mesh analysis

The numerical analysis of trifurcation depends e generation and development of a mesh that allbavs
discretization of the control volume and also agaan accurate description of the turbulence phenamlt is
essential that the mesh has a high quality, corisgi¢he flow transitory. The three initial meshemhatives are
hexahedral (structured), tetrahedral (unstructurea) hybrid with hexahedral core. The two main dhoms
imposed on the mesh are the quality and y+ tchee¢lement size near the wall.

The recommended values for the y + require theutartte model to be used in the numerical analysis a
the model applied in the wall functions for thewilan the boundary layer. For Joeppen [11] and Gebsiaret al.
[12], trifurcations and penstocks, respectivelg ko SST model is the most suitable option for flowshwieverse
flow in continuous and complex geometries.

The size of the first element has to be withinltgelaw region. For the ks SST model the range is between
60 < y+ < 300 depending on the Reynolds number wm®lof wall functions. This model allows for autdima
variation; between scalable wall functions and ofbactions for regions of low and high Reynoldsners [12].
Therefore, the chosen y+ is around 300, considetiegflow characteristics, in order to obtain thesimes with
moderate numbers of elements, while taking advantg#gthe wall functions for an appropriate solutioihthe
boundary layer.

Using the ICEM-CFD® it is possible to generate tiivee types of meshes, for which the number of etem
is shown in Table 1.

Table 1 - Mesh types and number of elements

Mesl Type Numbe of element Geometricaquality*

Hexaedrice 6.911.16! 9998C(% > 0.3

Tetraedrical 7.067.766 99.311 % > 0.3
Hybrid 5.749.921 98.821 % > 0.3

* Optimum quality =1.0 according [12].
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Figure 3a.- Block configuration for hexahedral mgsheration

&

Figure 3b.- High and low density element regions

The hexahedral mesh was constructed with 844 blankis28 layers with linear growth in the outer wll
the trifurcation "O-grid", taking into account talue of y+, seen in Figure 3a-b. The overall dqualf the mesh
elements is higher than 0.3, which is the minimesommended for all meshes in ICEM-CFD®.

The preparation of the hexahedral mesh was a ghedlenge due to the geometry at the junction effdur
pipes. In this region, it was necessary to usegelaumber of small blocks and double "O-grids"Figure 3, the
red lines represent regions that are critical &inement of the mesh, and the yellow lines theoregwhere high
refinements are not necessary, and therefore aotledt transition from the size of elements betwterse regions
was performed in order to minimize numerical errors

The second mesh (unstructured) is composed ohedlrans and pyramids, with fifteen prismatic layeear
the wall of linear increase of 1.3. The third mésjbrid) is composed of hexahedral and pyramidhécore and
18 prism layers near the wall. Figure 4(a) showes dffect of hexahedral mesh refinement at the waflishe
mechanical supports and how the propagation of digsities of elements within the mesh is attembatgng
linear growth of the elements. In unstructured @)l hybrid (4c) meshes, refinement layers werd tseaise the
density of elements near the wall without propagatnside the dome. The three generated meshesvaheated
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considering a steady flow for the range betweenm®@ up to 65 m?¥s, using the solver ANSYS - CFX®eTh
convergence value is the RMS (root mean squarejt $ei0™.
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Figure 4- Refinement a) Hexahedral mesh, b) Tethath@nd prismatic mesh c¢) Hybrid mesh
3.1 Loss Coefficient Analysis

Using the three configurations, a loss coefficianalysis was conducted for the mass flow rate wugryi
between 10 rits to 60 n¥s. Figure 5 shows the differences in the valuless coefficient in the lateral ramification,
comparing the hexahedral mesh with the tetrahedesh. In the central ramification there are no tgdéféerences
in the loss coefficient.

The loss coefficient was defined by the expressio
r=_bR
U?/2g

WhereAPr, is the difference of total pressutd;is the reference velocity that, according to Ahnigd
Dobler [13], Lasminto [14], Wang [15] and otherbgetvalue of velocityJ is applied in the inlet tube of the
trifurcation.

It is important that the convergence by hexahedhesh reached 10xP(RMS. Figure 5 shows the behavior
of the loss coefficient as a function of the voldrieeflow. The computational costs for the threesimes are similar,
because although the hexahedral mesh reaches gengerwith a smaller number of iterations, the titaeation
remains the largest compared to the other typeseshes. The time used for the tetrahedral and dybeishes per
iteration is lower, but requires more iterationséach convergence. The computational time has heefied as
shown in Table 2. Here a cluster of 36 cores wasl,umtelXeon®64, 2.6 GHz and 128 GB Ram in theuar
Hydraulic Laboratory LHV— Mechanical Institute (UREI).

)
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Figure 5.- Loss coefficient for three mesh configurations
Table 2- Computational cost for three mesh conéitians
Flow [m*/s] Hexaedrical mesh Tetraedrical mesh Hybrid mesh
Iterations’ Time [s]** Iterations® Time [s]** Iterations® Time [s]**
20 80 35.155 150 18.280 200 16.618
40 80 34.172 170 17.401 160 17.408
60 100 36.532 190 17.786 180 16.580

*Number of iterations to attain a convergence o0 Time used in one iteration

When the three analyses were made, the mesh tbaidps the best accuracy in the results with a
reasonable computational cost can be chosen. Aiogptd these mesh parameters, the hexametrical presides
the most appropriate conditions to continue with study of trifurcation. However, the results obéai using the
hexahedral mesh depend on the numerical errorg@edeby the mesh. In order to minimize the depece®f the
results on the refinement of the mesh, an indeperatealysis is carried out.

The initial mesh hexahedral "M", the number ofneéaits is changed, mainly near the wall. Accordimg t
Cox-Stouffer [16] in the modified first mesh ' the number of elements must be reduced and fisétond
"Mhnign" @ further refinement of the mesh should be mautk guantified using the loss coefficient. The resibr
selecting the mesh are shown in Table 3.

Table 3 - Analysis for selecting the mesh by lassfficient.

Mesh Volume y+ (%) Loss coefficierd Relative error %
Left Centra Right Left Centra Right
Miow 5.550.987 [402.75 0.3483 0.1033 0.3444 - - -
M 6.911.165 [277.08 0.3471 0.1014 0.3484 0.3457 1.8737 1.1481
M pigh 8.932.761 [219.75 0.3461 0.1008 0.3499 0.2881] 0.5952 0.4305

* mean value of y calculated in different surfaces

Table 3 shows the percentage relative error valieseference to mesh M. The convergence criterion
requires a variation of less than 1% for the lassfficient, which means that the value betweenddim obtained
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from a coarser mesh and a more refined mesh isHass1% of the initial value of loss coefficieifitis criterion is
widely used in academic research, such as Fongeah §17], and Vinchurkar Longest [18], among othe
Considering the data in Table 3, the "M"-mesh giess coefficients load which do not change sigatfitly with a
further refinement, thus indicating that the mesteta the independence criteria. Thus the M-meshused.

The examination of the spatial convergence of aikition for determining the discretization error GRD
simulation is also important. Roache’s [19] remtows the criteria of GCI (Grid Convergence Indér testing
this criterion, the program can be used to ve8fy.f20] for three types of mesh based on the resulTable 3 (for
example the left branch). Results show the valu¢hefasymptotic range equal to 1.034652, a valwe Q.
Likewise the Richardson extrapolation result is40B010, and the grid convergence Index (GCI) Refiant ratio
Miow:M=2.583638% and Refinement ratio M;)=2.080862 values are considered low, and as studani be
concluded that the use of mesh M was more apptepaéiing into account the high computational cost.

The first approach to quantify the pressure losgdfiment is based on the optimal flow conditioagjal inlet
with velocities of a uniform profile. These resuittend to comparisons and evaluations with otle#ings by
trifurcations.

The range of flow rates examined extends from 28 mp to 105 m?/s, while the data obtained at atdi05
m3/s can still be considered as steady. Howevevagt observed in the calculation of convergencthefsolution
what appears to indicate the transitory phenomemiéch is to be analyzed further in this study. Tesults are
presented in Figure 6, with flow increments of &3s for a total of 35 flows employed in the creatturve.

Volumetric flow [m%s] Volumetric flow [m%s]
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221 Figure 7 shows the flow volumetric distribution jrercentages for each ramification. To have an equal
222  distribution, this value must be around 33.33%,clthhowever, is impossible. Therefore, the regoiatystem of
223  the turbine should control the flow consideringetinequal machines.

224 The superior cupule is the region where the higiatians in the flow originate are formed. It cam $een in
225  Figure 7 that for the central and lateral ramifimas for high values of flow (around 60*s) minor variations of
226  37% are observed in the central ramification, armlrad 31%, for the left and right ramifications. $nch a
227  situation, the regulation system should operateetain the volumetric flow equally distributed, snno high
228 instabilities exist in the transitory flow.

229 The development of trifurcation follows particuleharacteristics of each design, resulting in déffer
230 geometries, even when all of them perform the sfametion. When the values of the ratio of diametpressure or
231 flow are changed, the coefficients and the pergents flow can have clear variations in the resuliserefore, a
232  strict validation of the results obtained numeficébr the trifurcation of Gurara Nigeria - ALSTOM®an only be
233  made by verifying the scale model with experimed@ti. However, it is possible to make a qualitatralidation
234  based on other similar trifurcations. In order émeralize the results to the particular conditioheach trifurcation,
235  the loss coefficient is related to the Reynolds benof the permanent system, and for the non-stetadg is made
236  according to the variation in total time and thssleoefficient.

237 In literature, for trifurcations in steady stata)yovalues for pressure loss coefficients are priegk so other
238 comparisons are improbable. Studies or analyséptbaide the data desired to make the comparisempreesented
239 in Table 4, including the results of this studytlie design point of 90 m3/s.

240
241 Table 4 — Experimental results of the loss coedfitiin different trifurcations settings
242
Design Author Year | Geometry| /D, a Re* Coefficient
R left R centra R Right
Round Butte Gladwell 1965| Conical 1.75 459°  XB0 | 0.450 0.380 0.540
N-D Berner 1970 | Conical 1.82 501 3.0«10° | 0.123 -0.120 0.104
Marsyangdi Richter 1988| Spherical 1.78 75°2.5%10° | 0.610 0.110 0.610
. . . X ;[ 0.295 —|-0.120 —| 0.295 —
Musi Klasinc 1998 | Spherical 1.66 60 2.24x10 0.311 0118 0.311
: . 0.232 —| -0.023 —| 0.232 -
=) \/
Marsyangdi Mayr 2002 | Spherical 1.78 75°2.5%10 0274 0.016 0274
. : ; [ 0.342 —|-0.178 —| 0.382 —
Musi Mayr 2002 | Spherical 1.66 607 1.63X10 0.414 0177 0.386
Gurara Aguirre 2015 | Conical 1.50 60°] 2.54<10" | 0.346 0.100 0.349
243  *Number Reynold in the design point ** Numericakult
244
245 Figure 8 shows the graphs of the pressure lossideets for the central branch and Figure 9 far tateral

246  branches (based on Table 4). The loss coefficieihtie central, left and right branches are reprieskby black,
247  red and blue colors respectively. The green caldfigure 9 indicates when those coefficients areakfpr the two
248 lateral branches. The error bars indicate the rangjees.
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All coefficients for the central trifurcation are & range between -0.2 and 0.4. Some of theseideatt are
negative, which is not a realistic situation butiebhis often observed in experimental tests, siinahis case,
when there is an increase in the rate at the ddimaach.

The Musi project study made by Klasinc et al. [Blinore related to the operating conditions anchgoy
of the trifurcation Gurara-Nigeria. Comparing tresults of the coefficients to the central brantiese are very
close, with a variation of only 0.2. The coeffidigmbtained for the side branches have a highepkante; there is
a difference of approximately 0.05 for the Reynaildsnber used by Klasinc et al. [21]. The differebetween the
trifurcation results of the Gurara-study is maipusgtified by the geometry, where there are sintikesi nonetheless,
they are not identical.

In the trifurcations analyzed by Gladwell et al] f#1d Richter [5] the loss coefficients were higlfarthe
three branches having different geometries but Withdiameters ratios being similar. The smallefficients for
the three branches were obtained by Berner [4h widiameter ratio similar to that trifurcationgwihe higher loss
coefficient.

3.2 Unsteady Analysis of the Pressur e L oss Coefficient

The analysis of the pressure loss coefficient lierttifurcation, in non-steady state is definechviiliowing
parameters recommended for SAS SST turbulence mtidetime-step is defined from the criterion ofuCant-
Friedrichs-Lewy (CFL) given by Equation 2, the necnended values for the CFL number being in the @ang
between 0.5 and 1 or even lower according to tmepuitational resources (ANSYS INC., 2012). The parison
of the LES and SAS-SST models, made by Menter ayjaidy [22], highlighted that the SAS-SST model isren
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271  efficient to solve the turbulent flows using CFL1~as a criterion. Even with less refined meshesehesults are
272  similar to URANS approaches, while the LES and DB&dels in this condition provide less than satisfigc
273  results.

CFL = UAt
274 Ax )
275 The velocityU is given in the axial direction of the trifurcati@onsidering the volumetric flow on the design

276  point; Ax is determined by the average value of the lenttne mesh elements in the normal direction initthet
277  andAt is the time step value, for which the initial walwas 0.020 s, but to ensure the recommended Gtelian
278  this was reduced to 0.010 s. With this time-stdputated, CFL = 0.48, which is lower than the ralgeninimum
279  requirements.

280 The maximum number of iterations is restricted liy tomputational cost. Given these restrictions taal
281 time employed was 50 s. The first 20 seconds atecansidered, because these do not yet correspoiidet
282  transitory state. The boundary conditions are simib those used in steady state. The point ardlig®0 m?3/s
283  (design point). The numerical schemes are choserrdiog to the ANSYS-CFX® recommendations, the S$5F
284  model uses Central Difference scheme in the regidmsre it employs the LES model and in the stabfiions
285 where it operates as RANS or URANS, the High Ragmiumodel applies, which can be set by the user.

286 This function that mixes the two schemes of permtm@ad non-permanent arrangements are known as
287  Central Difference Scheme Blending. The scheméhitransitional term is determined by the usehis case, and
288 the High Resolution Transient scheme is appliediclviprovides the ability to quickly switch betwedéhne
289  Backward Euler schemes of first and second degvlen possible. The convergence criterion is 1.0x10 all
290 variables. Calculations of the pressure loss cdefit and the flows are made as shown in the stetatg. Head
291 loss coefficients obtained in non-steady stateshosvn in Figure 10.

292

293 3.3 Analysisof Vortex Flow

294

295 The effects of the vortices in the pressure lossffmdent can be evaluated with an analysis onrthei

296 formation, propagation and dissipation in the floMhe connection between the vortices and the loséficient
297 depends on the development of turbulent flow attitine, since this induces the formation of suchdtrres. The
298 schemes to identify and visualize these structaredifferent, and each author has a different atktb accurately
299  recognize a wider range of vorticity flows.

300 The vortices are considered coherent structureapie particular definition for eddies and causihg t
301 rotary motion of a mass or quantity of particulatatter around a central point. This definition digss the vortices
302 in coils that are represented by current linessordontours of vorticity around regions of pressmigimum and
303 constant pressure, but these representations maysirailar movements, even when they do not efi3},[24].

304 Analyses of vorticity have different approaches kygd for describing the velocity field as: &2 andA, to
305 identify vortices in two and three dimensions (ANSWNC., 2012). Initially the analyses in two dimems and in
306 the steady state can be made using the vectomadity in longitudinal planes, where one can idgrnhe vortices
307 as the flow vectors rotating around a point (ANSXE., 2012 reference manual). The problem with thethod is
308 that it provides little information to identify viices in three dimensions.

309 The criterionQ uses the velocity gradient tendoy which is decomposed into two parts: symmetriced a
310 non-symmetrical, given by deformati@and vorticity tensor? respectively. This decomposition is presented in
311 Equation 3.

312
o 0U, G
DTS TG s S %(ZATJ © é(iia_]
X - X -
313 ! % ! % )
314 The criterionQ represents the local balance of the strain radenaagnitude of vorticity, defining vortices as

315 regions where the magnitude of the vorticity isagee than the magnitude of deformation [24]. Thés doe
316  expressed as in Equation 4.

317
— 2 _ 2 - —
" Qon=Co(2°-S*) whee, S=/2S5 e 2= /2q "
319
320 The values ofQ change according to the software used, which fBISXS, FLUENT® is 0.5 and for

321 ANSYS-CFX® is 0.25. This criterion provides goodsulis, for the identification of the vortex whenedsin
322  incompressible flow. Th® values are very different for high Reynolds nunshreeraching 1x1 In the analyses of
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323  Q, for iso-surfaces it is not necessary to useesloegative or equal to zero, since they only sgreweak
324 structures or unimportant for the analysis of tlehue (ANSYS INC, 2012d).

325 The values of the head loss coefficients vary betw@.003 and 0.131 for central branching and beatwee
326  0.331 and 0.538 for the side branching. The avevagee of the coefficient in the time interval shoia Figure 10
327  is 0.067 in the central branch and 0.459 and Oofbthe left and right respectively.
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328 . o - S . :
329 Figure 10 - Temporal variations in loss coefficisnthe central and lateral ramifications, volurieettow 90 m3/s, the dash line
330 representing the solution in steady state
331
332 Comparing the values and the intervals of the head coefficients in permanent and non-permanent

333 schemes, it is possible that the coefficient of ¢katral branch in steady time 0.100 is within tiom-permanent
334 range (0.003 and 0.131). For the lateral brandhesleft and right branches, the coefficients @46 and 0.349 in
335 steady time, which are very close to the lowertliafithe non-permanent scheme, around 0.45, andftre the
336  average coefficients in transient, show that tles lcoefficient is slightly larger when comparedhwtite result in
337  steady time.

338 The analysis of vortices in three dimensions camthe shown usin® iso-surfaces in the limits of the
339  pressure loss coefficient ranges, with referendédare 10, and this is shown in Figures 11 and 12.

340 i

Figure 11 - Turbulence structures for the time &7B0-surfac€ = 50 s-2 and velocity contour (see the color maps)

341 Figure 11 shows the formation of vortex 1 at the of the trifurcation between the lateral branchdse
342  intensity given by the velocity contours is highviartex 1 compared with the closest one to vorte¥@tex 3 is
343  stretched by the flow and has a velocity variatietween the dome and the trifurcation central braA¢ the point
344  below 4, originating from the trifurcation, foursttures arise: two in the direction of the latdsednches and the
345  remaining two circulating in the interior suppoofsthe trifurcation.

346 Another time instant with similar characteristicsthe time of 6.75, which is 27.65 s, has higtugalof
347 head loss coefficient for the three branches, isteildution of the vortices being shown in Figui Dne difference
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348 s the formation of a second, smaller vortex neatex 1 at the top of the trifurcation. In thisdig one can observe
349 the lateral vortices, particularly in the right beca, and vortex 3 is already greatly reduced.

350
Figure 12 - Turbulence structures for the time 8&6lso-surface Q = 50 s-2 and velocity contoae (e color maps)
351 At the time instant of 20.9 s, the coefficients &veeduced mainly to the central branch, reachinglae
352  close to zero. The smaller vortices that induce Iighavior are shown in Figure 13.
353 This analysis can be better observed when the éwotution is accomplished through a video, whete al

354  vortices related to the loss coefficient can beniified. The turbulence SAS model is appropriatehis situation
355  considering the y+ parameter, and the mesh conigtnucriteria, as seen in item 3.2.

356 The outlet volumetric flow in each ramification pemts fluctuations tightly rationed as obstructipn
357 large vortices, as shown in Figure 14. The tempeaaiation of the flow of the three branches doet describe
358  similar behavior. Moreover, it can be certifiedtthize volumetric flow variations are much more pgtible than
359 the pressure losses, i.e., when comparing the texrhpariations of the loss coefficient (Figure 4@h the flow
360 variability, as shown in Figure 14.

361

elocity

% Vs % ’ :
362

Figure 13 - Turbulence structures for theet20,90 slso-surface = 50 s-2 and velocity contour (see the color maps)
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Information related to the loss coefficients iffuiications in transient flow is very limited. Iine
specialized literature two studies can be found téported experimental and numerical results @squre loss
behavior: seen in [9] and [10]. Figure 15 shows thsult obtained by Ruprecht considering a sphlerica
trifurcation.

8.0
L
(]
2 6.0
Q
8
2 4.0
8
_“(__J‘
S 2.0
O
] ] ] ] h J
UI v I T U I I '-U"l I
0 30 60 90 120 150 180 210
Tempo [s]
~ branching right — central branching — left branching

Figure 15 - Experimental pressure drop coefficiefitslarshyangdi trifurcation of a non-permanenti®aSource:
Ruprecht [10]

The results obtained for the Marsyangdi spherigalrtation presented higher loss coefficientshi t
right and left branches. The results for the lossfficient in the Marsyangdi trifurcation are higheompared
with the numerical results in this work for all rdications due to the geometry of the Marsyangdinge
composed of a spherical core without a conical gedoal transition.

Finally, Figure 16a shows the flow variation in ti@merical results of Ruprecht’s et al [7] reseatoh
this graph one can observe a better flow distridruPo), in a time of around 80 seconds. In Figugk the results
of the Gurara trifurcation are displayed, whereighér difference between the central and the |sdtaws is
observed. In the trifurcation analyzed by Rupreithg possible to see great variations betweerritig and left
ramifications. The numerical approach in Guraraented minor differences resulting in more stableditions,
as can be seen in Figure 16.
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Figure 16- a) Volumetric flow, Ruprecht [10] bpMmetric flow % Trifurcation Gurara (the dash lirepresenting of
solution in steady state)

4. Conclusions

The trifurcation employment has particular chanasties for each project, resulting in different
geometries, even when all of them perform the shmetion. When the values of the diameter rati@spure or
flow are different, the loss coefficients and thenf variations can have major differences in traulis. Therefore, a
strict validation of the numerical results of thidurcation of Gurara - ALSTOM® can only be perfeethwith a
reduced model of experimental data. However, th@ageh based on CFD, carefully carried out, basedand
mesh analysis, can be an appropriate choice ofilembe models, boundary conditions and other paesevhere
the numerical and theoretical analyses should tmgly based on the literature and on own expeeeoicthe
research group.

The results from the numerical analysis of the @ihdigeria project is calculated at the operatingnp
and beyond in order to have a wide range of refuitene later comparison with other numerical argerimental
results of pressure losses. However, many resefgetimental and numerical) are only calculatethatdesign
point.

On the other hand, in order to generalize the tedal the particular conditions of each trifurcatj the
loss coefficient correlates with the Reynolds numb@ the steady state, and for the non-stationstate,
comparisons were made according to the variatidhértotal loss coefficient at the time, by theaflo

There is very little information related to the dosoefficients in trifurcations in transient flovn
specialized literature two studies are found tlegort the experimental and numerical results atifmibehavior of
pressure loss: Ruprechs et al [10] and Tate [8].alFor the results obtained by Ruprechs considesne spherical
trifurcation, the experimental data were obtainaddal on a smaller scale model with an acquisitroe bf 210 s,
as seen in Figure 15.
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HIGHLIGHTS

* Analysis of mesh non structured and structured mesh.

* Analysis of the pressure coefficient in a transient state, using SAS SST turbulence
models.

* Analysis of the vortex flow, obtained from of the transients simulations CFD. This
analysis was only reported by RUPRECHT, A.; HELMRICH, T.; BUNTIC, I. Very
Large Eddy Simulation for the Prediction of Unsteady Vortex Motion. Conference
on Modeling Fluid Flow. Proceedings, Budapest: 2003.

e Vdidation of the results obtained with other numerical and experimental data
results previous researches, beside athorough review of the literature



