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Abstract. The study of the draft tube flow has great importance to ptatie behaviour in hydroturbines, whereas the
effectiveness and the power are significantly affected Hpimeance of its draft tube. The aim of this work is modelling
simulation and characterization of tridimensional flow hetdraft tube of hydroturbines. The flow investigation is enad
through simulations of several turbulence models using mroercial software CFX 5.6, based on the finite volume
method with a hexahedral mesh generated in the mesh gen&Z&M CFD 4.2.2. Qualitatives and quantitatives results
validation are proved by workshops benchmark experimémtsyder these results can obtain a turbulence model that
represents the flow complexity in draft tubes.
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1. Introduction

The aim of this study is based on modelling, simulation anaratterization of the complex, unstable and three-
dimensional flow of the draft tube, from of the analysis of fluid behavior from the runner outlet until the draft tube
outlet and an evaluation of the capacity of the numeric satims on CFD programs, CFX 5.6 (AEA Technology).

A set of experimental information was found in the worksfapbine 991 and Il, accomplished in Sweden in 1999
and 2001 for the draft tube of a turbine Kaplan. The databesergted by the two workshops was organized to determine
the state-of-the-art of the simulation in CFD of the drafiduflow (Bergstrom (1999)). A base of information of the
experimental study on the draft tube can be found in Andargs&arlsson (1999). Models of high order were tested
for the draft tube in Grotjans (1999). Avellat al. (2002), tried to test the influence of the boundary condgiomthe
draft tube, evaluating the capacity of the numeric simatato predict the flow, showing a detailed comparison of the
measurements with experimental data, in order to verifyvafidate the approach the turbulence models.

The results found in comparison with quantitative data {donensional parameters that define the draft tube effi-
ciency) and qualitative (flow topology) showed that the danmodels  F1FE, k —e andk — w) showed more agreement
in the draft tube flow of the workshofurbine 99

1.1 Boundary Conditions

The motivation for the choice of the draft tube was, maingcduse most of the hydroelectric power stations in Sweden
were modeled for low head, so most of the energy losses atedelo the draft tube (Bergstrom (2000)). The chosen
plant was the hydroelectric of Holleforsen, located in tlerrindals built in 1941. The real turbine has a headx$ m,
rotating with125 rpm, a volume flow ofil49 m?/s. The turbine model, in : 11 scale, has a head ¢f5 m, runner speed
of 595 rpm, volume flow 0f0.533 m?/s.

As the velocity as the axissimetrical Reynolds stress corapts were considered in the inlet, what implies that those
values become dependent of the position along the ghigig¢he inlet of the draft tube. Besides, the flow is rotating in
the draft tube inlet, due to the imposition of the runner fleaving with a constant pressure and close to the atmaspher
pressure value. The velocity components had to be convierfiedction of the anglé instead the cartesian coordinates
in the inlet of the draft tube:

u = Result(cos )
v = —Result(sin 0) 1)

W = Wagzial

whereResult, the resultant between the radial vectors and tangentialandw the velocity components in the y and
z direction, respectively.

The radial velocity at the inlet is unknown. It was calcutkitefunction of the axial velocity measurement, considgrin
that the velocity vector is related to be parallel to the watiner cone and the draft tube wall. Consequently the fatigw
radial velocity will be used at the inlet:

Uradial = Uazia tan 8, (2)
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Figure 1. Experimental Measurements (LDV) in Operation ®IddBest efficiency): Velocity Components;

where

ewall - econe
0o =0cone + ————————(r — Reone .
N Rwall - Rcone (T ) ( )

andr = /22 + 92, Reone < 7 < Ruyaily Ocone = —12.8° andf,o;; = 2.8°. 0, is the angle of the flow in the vertical
plane and is equal to zero for the planéNherel,, ., is the axial velocity of the measurements.

The wall condition at the tube was adopted as being with ipgisig condition and roughness @fl ym. For the wall
at the runner cone it was also used no slipping condition, &uthe cone rotates with the runner, the velocity applied as
tangential was used on the cone wall. At the draft tube qutletas made an approach considering the static pressure at
the outlet as constant and equal to zero.

1.2 Mathematical Formulation

The flow of an incompressible and turbulent fluid is describgdnass conservation and momentum equations and
can be expressed by the Reynolds average equations, agifiglio

V-Uu=0 @
%—g +(VUU = ‘%VP+ V- (wVU) =V (Uau) ©)

whereU and P are the average velocity and the pressure fielahdy are the density and the kinematic viscosity of the
fluid respectively; and’ ® u’ is the Reynolds stress modeled by the hypothesis of Bousseuady viscosity:

—URUu =21,Su)— %(kl) (6)

wherev; is the eddy viscosity$(u) is the symmetrical part of the velocity gradient strdsis, it identity tensor and: is
the turbulent kinetic energy.

Along the last decades a great diversity of turbulence nsobak been proposed, it is due to the progress of the
computacional field providing the creation and simulatibmore complex models.

1.3 One Equation Model

A formalism is presented in the work of Menter (1994) thavab a transformation of the models of turbulent viscos-
ity from two equations of turbulence models into one equmtim order to achieve the models of one equation, Menter
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followed the work of Baldwin & Barth (1990) and expressedtinge derivative of the eddy viscosity by the time deriva-
tives of k ande of the modelk — ¢ standard. Substituting the total derivativekoinde , we can achieve into one simple
transport equation for the eddy viscosity, that, howevepethds ork ande as well as the eddy viscosity.

The final form of the equation is:

Diy . 9 Y\ 0 .

L — e Dy — B + — 2= 7
Dt it 28 +8mj {<V+ U)@xj(yt)] (7)
é1 = (Ce2 — co1) \/Cp = 0,24 6=0.=0,7 bo=%+1=2286 (8)

They are based on; = 1,2, ¢ =2,0,¢, =0,09 = a? eo. = 0,7 for the modelk — ¢ standard.
1.4 Two Equation Models

Thek — ¢ model assumes that the eddy viscosity related with the kembkinetic energy and the dissipation through
the relationship:
k’2
Mt = Cup? 9

wherec,, is a constant and equal @09. The values of; andes come directly from the transport equations of the turbulent
kinetic energy and from turbulence dissipation rate:

%Jrv.(pUk)_v. (@v@ = P, — pe (10)
ot Tk
0 e
e 470 -V (529e) = Deahi— cap) )

wherec.; = 1,44, c.o = 1,92, 0, = 1 andoy, = 1, 3 are constants of the problem.

The initial point of the present formulation of tlhe- w model was developed by Wilcox (1986). Solving two transport
equations, one for the turbulent kinetic energyand one for the turbulent frequency, The shear stress is calculated by
the specific viscosity concept, p, and the velocitylU, are treated as known quantities from the Navier-Stokebhoaet

The format of the equations is a lot similar to the moklel ¢ and the turbulent viscosity hypothesisiof- w model
it consists of:

1. Turbulent Viscosity Specification:

k

Ve = (12)
2. Turbulent Kinetic Energy Transport Equatidn,

Ok

E+U-Vk=V~[(V—&-l/ta*)Vk:]—i—T:VU—ﬁ*k‘w (13)
3. Specific Dissipation Rate for Transport Equation,

%:+U~szv-[(V+VtJ)Vw]+a%T:VUfﬁw2 (14)

where the coefficients closure are:

a:g, ﬂ:%, ﬁ*:%, cr:% e a*:% (15)

An improvement in terms of predict of separation of the flow haen gotten by the model- w based on SST (Shear
Stress Transport). The own transport behavior can be autdiy a limitator for the eddy viscosity formulation:

alk

max(ajw, SF») (16)

Vy =

Again F3 is a blending function similar té7, which restricts the limiter to the wall boundary layer, las tinderlying
assumptions are not correct for free shear flosvss an invariant measure of the strain rate.
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The blending functions are critical to the success of thehotkt Their formulation is based on the distance to the
nearest surface and on the flow variables:

Fy = tanh(arg]) arg, = min [max ( VE 500”) , %] (17)

Blw’ y?w

where:

(18)

1 2V'k
CDy,, = max(2po,2—VkVw, 1, 0.10_10) Fy = tanh(arg3) args = max \/_7 500V
w Bwy’ yw

1.5 Results and Discussions

Numeric simulations are intended to be done to approachxperinental data as close as possible. One of the
points that defines the accuracy of the results is the mesa ehdssen. Three types of mesh discretization of mesh were
elaborated, using the multi-block process, which can baioet by local refinement. With base in the comparison of
pressure data and velocity, the chosen mesh was the Gi363if2 elements (Fig. (2)) with level of convergencelof 5.

Figure 3. Secondary flow based on Information of the Experisiand Visualization of the Vortexes Generated by the
Runner and for the Geometry of the Draft Tube.

Tab. (1) shows the CPU time for each model to reach the coexeeglevel adopted.

As it seen as previously, the draft tube has the objectivato part of the pressure energy, lost during the operation
of the machine, avoiding as possible losses that may hapjke tube inlet and at the outlet. The efficiency operation of
the tube can be translated through several non-dimendactals. The first of them is the pressure coefficient vigeali
through the center lines located at the bottom and top ofuthe.tThe comparison with the pressure coefficient measure-
ments at the top and bottom center lines (Fig. (4) and Fig.stiwed good agreement except for one pressure jump in
a part of the bottom line as well as the top one. The pressumnp ja the top center line happens in the end of the first
conical section of the draft tube. The reason of the disergpn this area is probably because the mesh isn’t enough
refined to solve this jump. The area of high pressure in thiobotine consists of two peaks, the first to the left and a
more dispersed second. Visualizations done by Anderssoradson (1999) showed that there is a big vortex in this
edge. The models with better results were the simplest mpdated on the eddy viscosity showed in Fig. (4a) and Fig.
(5a), except for the model the zero equation that over préuicvalue ofC), to the long of the tube. A special highlight
to the modek — ¢, which obtained the best results at the top center line asas¢he bottom center line of the tube.

Other parameters regarding the tube are also compareddbrmadel, as shown in Tab. (2). In the study of the
draft tube the calculation of several parameters is nepgtsabtain a quantitative result of its efficiency, in whigfers



Procedings of COBEM 2005 18th International Congress of Mechanical Engineering
Copyright © 2005 by ABCM November 6-11, 2005, Ouro Preto, MG

1.4

1,2 1

1 I
1 I
1 I
1 I
1 4
1 I
1 I
1

1

I

0.8 4

Cp

0,6 -

0.4 1-th ! T

. —#— Experimental
i —a—kele

E —a— ke

L kw

—— 88T

i =—Linha Sup Central

I 1
I : 1
I ' 1
i ! 1
I 1

-----------------------------------------------------------------------

COTOVELO :
A : !

0,1 0,2 0,2 0.4 0,5 O,GI 0,7 0,8 0,9 1
L/D

Figure 4. Pressure Coefficient Comparison at the top camerl

1.6 T
il —»— Experimental
; : ; ; | ; ; P kele
1,4 -mmemodeeeoeees L : : j : : - —e—ke
: : : : : : : —— kW
H ! ! : :  —— 88T
L e W : : ; : : ——Linha Inf Central
L R, W, - e
&u - . . g g Sy g
TN - 350, VSRR S H—
PR ST SN WS LN N SN
02 e N e
: i T T
COTOVELO
0 i i i i j i i j i
0 0.1 0,2 0,3 0.4 0.5 0.6 0,7 0.8 0,9 1

L;D
Figure 5. Pressure Coefficient Comparison at the bottonederd.

to recover the kinetic energy and the degree of non-unifyrofi the flow. The pressure recovery factor indicates the
conversion degree of the kinetic energy in static presstiavhigh value means a high efficiency for the draft tube. The
coefficient( is directly connected to the losses in the system, where lgahae means high efficiency for the draft tube.
For the coefficient of pressure recovery,() the models that presented better results weiel £, thek — ¢ and the
modelk — w . The correction of energy swirl kinetics factor just the ralstk — w and the modeb ST presented good
agreement. In relation to the correction factor of momentagain the models — ¢ and the modeb' ST were closer to
the experimental results.

Firstly we will compare the tangential velocities, accogito experimental information, as showed at the Andersson
& Karlsson (1999) work, there is just the presence of a gredéx rotating in the counterclockwise direction. The niede
that presented better agreement with the experimentahiaftion are the F1E andk —  models, with the difference
that in the modek — ¢ the vortex is located more in the center of the section whige’f £'1 £ model the vortex is more
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Table 1. Time of CPU and Level of Convergence of the Testede\&od

Model | N¢ of Iterations | Time of CPU | Convergence
kE1E 130 6 h 25 min
k—e 104 5h 14 min
k—w 88 4'h 25 min
SST 102 5 h 35 min 1075

Table 2. Comparison of the Parameters of the Draft Tube foiftirbulence Models.

Formula k—e k—w SST KFE1E | Exper.
Cpy = —ReredesSoida ™ Parcde Buirade 1,07 10 | 0802 | 1115 | 1,12
5PV vial— Entrada
P+p2 Yunda+ P+p2 Yunda
¢ = ffAE"”“’”’“( ’ ) ff;s“’f"'"’( ’ ) 0,33753| 0,39193| 0,49849| 0,40602 -
’ffA p%u-ﬁdA’
Entrada
Qazial—Ta = Fm8— Auzm-al dA 1,05319| 1,05297| 1,05291| 1,05353| 1,03
agial
Qazial—T1T = Z75 Auzzml dA 1,11599| 1,21828| 1,01507| 0,90747| 1,09
azxial
Qswirl—la = Zm3 Aufanguamag dA 0,03883| 0,03882| 0,03880| 0,03888| 0,06
agial
Ogwirl—III = WfAufanguamal dA 0,02474| 0,04138| 0,04111| 0,02907| 0,04
azxial
ﬁla:WfAUQdA 1,11155| 1,11134| 1,11133]| 1,11183| 1,02
agial
Brrr = ATfAUQdA 1,07590| 1,14068| 1,01001| 0,93728| 1,02
axial
1 fA [UtangT(pPUazial)] dA
Sra = = Pf i 0,29950| 0,29950| 0,29950| 0,29950| 0,31
1 f [uta:gT(/)uazial)]dA
SHIZE A 0,51442| 0,48776| 0,34875| 0,42223 -
pfA Ugzial dA

to the left of the plane (Fig. 6). The — w and.SST models show a second vortex in the bottom of the left edge. The
velocity component (Fig. 8) has better agreement with almost all models. Alyefad the component: (Fig. 7), just

the KE1FE, k — ¢ andk — w models presented good agreement. ThE1FE, k — ¢ andk — w models were the models
that showed better agreement as well as the flow topology; #seimagnitude of the velocity along the section. The
SST model presented good agreement as the flow topology for #hisity component, but in relation to the maximum
velocity in the bottom of the tube, it was relatively loweathexperimental information.

2. Conclusions

The present work tried to validate turbulence models avklan the CFD codes that were applied to the draft tube
of the Kaplan turbine in showed at the workshrbine 99 and verify that are the which models predicts a better flow
quality. Non-dimensional parametelS,(, ¢, aqaial, aswirt, S, €tC.), draft tube characteristic and velocity components
were compared with the workshop results. The simplest spab1F, k—¢, k—w andS.ST presented good agreement
relating to several correction factors to measure the effij of the draft tube. Itis missing of information on the Relgls
stress components for the boundary conditions of the drbé tlid with the Reynolds stress models didn’t obtain good
results.
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