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ABSTRACT

Turbulent flow in an elbow draft tube of an
axial turbine is calculated with an in-house CFD-
code on the base of the RANS approach. The focus
is to study sensitivity of the predicted pressure
recovery and outlet energy non-uniformity to wide
variations in the inlet boundary conditions for
transported turbulence quantities used in popular
turbulence models, such as the standard k-& model,
the Wilcox k-@ model and the Menter SST model.
This information is important for appropriate CFD-
based optimization. The steady-state computations
at the inlet Reynolds number of about 6:10° were
performed for a draft tube with two outlet channels
tested several decades ago at an air test rig in
combination with a runner. At the computations,
inlet distributions of three velocity components
were fixed and defined by experimental profiles. It
has been established that in case of the k- and the
k- model the engineering quantities characterizing
the draft tube performance change dramatically
when the inlet turbulent-to-molecular viscosity ratio
are gradually increased from 100 to 10,000, with
the inlet turbulence intensity varied from 5% to
10%. The SST model shows a considerably weaker
sensitivity despite it produces a more complicated
flow field. A comparison with the measurement
data is given.
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NOMENCLATURE

A [m’] Ccross section area

D [m] diameter

K [-] non-uniformity factor of the outlet
dynamic pressure

(@) [m’/s] flow rate

R [m] radial distance from the runner

axis

Re [-] Reynolds number

S [1/s] strain tensor magnitude

Tu [-] inlet turbulence intensity

U [m/s]  bulk velocity

14 [m/s]  velocity vector

V, [m/s]  normal velocity at a cross section

V., V.,V,[m/s] axial, radial and circumferential
velocity components
[-] normalized distance to the wall of
the first calculation point
[m] Cartesian coordinates

[m’/s’] turbulent kinetic energy

[Pa] pressure

[Pa] mass-averaged dynamic pressure
[m’/s’] dissipation rate of turbulent
kinetic energy

[-] pressure recovery factor

[m’/s] molecular kinematic viscosity
[m’/s] turbilent viscosity

[kg/m’] density

[1/s]  turbulence eddy frequency
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Subscripts and Superscripts

in at the inlet of the draft tube
out at the outlet of the draft tube
t turbulent

1. INTRODUCTION

The task of a hydraulic draft tube is to convert
the kinetic energy of the fluid leaving the turbine
runner to a static pressure rise. Consequently,
minimizing the energy losses is a challenge in the
design of draft tubes. The relative importance of the
losses depends on the water head. Particularly in
case of the low head power plants, the losses in the
draft tubes become relatively large and the design
or redesign of existing draft tubes prove to be a
critical issue.

In essence, the draft tube is a diffuser that
typically has a complicated form, especially in the



elbow draft tube case. The diffuser nature of the
draft tube flow predefines a strong influence of the
inlet conditions, depending in turn on the regime of
runner operation. Generally, the flow entering the
draft tube <can be characterized as three
dimensional, turbulent and swirling.

Many Computational Fluid Dynamics (CFD)
studies are dealing with the complex flow in the
elbow draft tubes. A great deal of effort has been
made in 1999-2005 by numerous participants of the
ERCOFTAC Turbine-99 Workshops [1,2] at test
computations of the flow in the sharp-heel draft
tube of a Kaplan hydraulic turbine model studied at
the Alvkarleby laboratory in Sweden. The
computations were performed on the base of steady-
state or unsteady problem formulation with various
commercial and in-house CFD-codes using a
number of turbulence models for closing the
Reynolds-averaged Navies-Stokes (RANS)
equations. Attempts of Large Eddy Simulation
(LES) were presented at the 3" Workshop as well.
As an important result of these test calculations, it
was stated that apart from discretization errors and
specifics of a particular turbulence model the flow
structure and the pressure field, as well as the
engineering quantities predicted, are rather sensitive
both to the inlet distributions of mean velocity
components and to values prescribed at the draft
tube inlet for transported turbulence quantities (see,
for instance, [3]).

A straight way to overcome this issue is to
simulate the flow through a whole rotor/stator
configuration including stay vanes, guide vanes, a
runner and a draft tube. Such kind of time and
resource consuming computations are performed for
models of the Francis turbines, with the aim to
predict unsteady flow phenomena responsible for
arising high pressure pulsations, first of all due to
formation of the known vortex rope during partial
load operation of the turbine [4-6]. However,
adequate prediction of turbulence at the runner exit
of a Kaplan turbine potentially can be achieved only
at very cost unsteady rotor/stator calculations that
would be able to resolve the vane wakes
(interacting with the runner) and the runner blade
wakes. Consequently, this “straight-way” approach
hardly might be applied for engineering purposes in
the near future, including a desire (see, for instance,
[7-8]) to get tools for automatic shape optimization
of draft tubes for low head hydraulic turbines.

Recently De Henau et al. [9] reported an
investigation of methodologies to improve the
reliability of CFD RANS-based analysis of axial
turbine draft tubes. The study was performed with
the ANSYS CFX 12.0 software using the SST
turbulence model [10]. A steady-state rotor/stator
solution (obtained with the mixing-plane
approximation) and a draft tube only solution are
presented. Particularly it has been established that
in case of the draft tube only simulation prescribing

a circumferential average value of the turbulent
kinetic energy together with an average turbulent
length scale as turbulence inlet conditions for the
SST model equations is a proper technique as long
as these averages are coherent with the rotor/stator
steady solution. Nevertheless, comparisons of
simulation results with the experimental data
highlight some discrepancies between the predicted
draft tube flow and the experimental observations.

All the above mentioned gives a motivation to
study sensitivity of prediction results for the draft
tube performance to wide variations in the inlet
boundary conditions for transported turbulence
quantities used in RANS turbulence models. The
present contribution covers results of such a study
for three two-equation turbulence models. The
computations were performed for the axial turbine
draft tube model examined many years ago at a
large-scale air test rig that was under extensive
operation at the Department of Aerodynamics of the
Leningrad Polytechnic Institute (LPI, currently the
St.-Petersburg State Polytechnic University) in the
fifties of the last century.

2. TEST CASE

2.1. Experimental configuration

Figure 1 shows a scheme of the LPI aero test
rig that was assembled in the middle of the last
century to examine models of axial turbines. This
rig was extensively used for many years to provide
experimental data for performance of turbines
designed for several hydro power plants in Russia.
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Figure 1. Scheme of the LPI aero test rig: (1)
delivery duct, (2) spiral chamber, (3) guide
vanes, (4) runner, (5) draft tube
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The particular case selected for the present
study is one of the variants of the draft tube design
for the Kuibyshev hydroplant. Generally, this test
case is described in [11], additional details were
taken from available internal reports.

The draft tube under consideration consists of a
short conical diffuser followed by a strongly curved



90° elbow of a varying cross section (circular to
rectangular) and then by two outlet channels
separated by a pier (Figures 2,3). The outer
diameter of the draft tube inlet section, D;,, is 434
mm. The outlet-to-inlet expansion ratio of the draft
tube is of 4.88. Other dimensions characterizing the
draft tube geometry are given in Fig.2.
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Figure 2. Dimensions of the test draft tube

Inlet

Runner
cone

Pier
Left chamti

Qutlet

Right channel

Figure 3. 3D model of the test draft tube

At the selected measurements of the draft tube
flow, the runner, 460 mm diameter, with the blade
angle of incidence of 15°, rotated with the angular
speed of 2553 revolution per minute. The flow rate
was kept at 2.64 m’/s, that gave the inlet Reynolds
number, Re=U,,"D;/v, of about 6-10°. The draft tube
outlet was open directly to atmosphere.

2.2. Measurement data

Three components of the velocity and the local
static pressure were measured at the inlet and outlet
sections of the draft tube using a spherical five-hole
probe. The inlet velocity profiles were measured
along one radial direction. The results given in [11]
for the inlet section are reproduced in Figure 4.

For evaluation of the draft tube performance,
two engineering quantities were calculated via
integration of the measured velocity and pressure
distributions over the inlet and outlet sections. The
first one is the pressure recovery factor

n=<A4p>/gq,, (1)

where the mass-averaged pressure rise, <4p>, and
the inlet dynamic pressure, g;,, are defined by
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In Eq.(2) the outlet static pressure, poy, was treated
in as a constant equal to the atmospheric one.
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Figure 4. Experimental velocity component
profiles at the draft tube inlet

The second integral quantity, K, is the non-
uniformity factor of the outlet dynamic pressure. It
is evaluated as
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As reported in [11], for the test case selected,
1n=0.60, and K=4.07.

3. COMPUTATIONAL ASPECTS

3.1. Mathematical formulation

The present computations are performed on the
base of the incompressible fluid Reynolds-averaged
Navier-Stokes equations written for the case of
steady-state mean flow. To close the RANS
equations, two-equation turbulence models based
on the isotropic turbulent viscosity assumption are
used in combination with techniques of enhanced
wall function. Among the wide variety of models of
this family, the following three have been chosen
due to their popularity in the CFD community: the
standard k-& model (written with the Kato-Launder
modification [12]), the Wilcox k-@® model [13] and
the Menter SST model. The latter is applied in the
formulation given in [10].



In case of the k-& model, enhanced wall
functions suggested and validated in [14] are used.
These functions produce good quality results for the
near wall layer even if Y* for the computational grid
used is as low as 3-4. For the Wilcox k-@® model and
the SST model, an approach similar to that
suggested in [15] for the ‘automatic wall treatment’
is applied.

3.2. Boundary conditions

Boundary conditions are specified at the inlet,
outlet and solid wall boundaries of the draft tube
model. Inflow boundary conditions are prescribed at
the start of the conical diffuser using interpolation
of the measured mean axial, circumferential and
radial velocity profiles (shown in Fig. 4). Due to
lack of more detailed data, the calculations were
carried out assuming that the inlet flow is
axisymmetric.

The inlet turbulence is specified by prescribing
turbulence intensity, Tu, and the turbulent-to-
molecular viscosity ratio, (v; /v);, . To define inlet
values of the transported turbulence quantities the
following relations are used

ki = %(Tu U, ) )
Ep = (C# Kk /v)/(vt / v)in 6)
,, = (km / v)/(vt / v)l.n @)

where C,=0.09 is an empirical constant of the k-&
model. At the calculations, the inlet turbulence
intensity was set to 5%, 7.5%, or 10%, while the
inlet viscosity ratio was varied from 100 to 10,000.

For pressure, the homogeneous Neumann
boundary condition was used everywhere except at
the outlet, where the area-averaged pressure is set to
zero. Recirculating flow allowed at the outlet, with
the homogeneous Neumann boundary condition
where the flow was directed outward, and constant
values of the turbulence transported quantities
(coherent with the inlet values) where recirculation
occurred.

3.3. Computational grid

A block-structured grid of about 150 K nodes
was generated for the calculations. The grid is
symmetrical with respect to the middle plane. Half
of the grid is illustrated in Figure 5. The solutions
presented below yielded first-computational-point
wall distances of 5< Y <80 with an appropriate
average of Y =30.

Sure, today such a grid may be treated as a
relatively coarse one. However, this choice was
motivated by the following considerations. First, it
is no much sense to perform refined CFD modeling

under conditions of existing experimental
uncertainties related to the mean velocity
distributions over the inlet, when there is no
information about variations of the inlet velocity
along the circumferential direction, and resolution
of the near wall layers is pure. Second, it is well
known that using a refined grid might result in
problems of getting a steady-state solution for such
a complicated three-dimensional flows, and the
need to perform time-consuming unsteady
computations is extremely undesirable for extensive
parametric computations.

Figure 5. Half of the computational grid

3.4. CFD code

The calculations were performed with the in-
house code SINF being wunder long-time
development at the Department of Aerodynamics of
the St.-Petersburg State Polytechnic University.
This 3D incompressible/compressible Navier-
Stokes code is based on the second-order finite-
volume spatial discretization using the cell-centered
variable arrangement and body-fitted block-
structured grids. A general description of the code
capabilities is given by Smirnov and Zajtsev [16].
One of the examples of refined simulations of 3D
turbulent flows performed with this code and
comparisons with the ANSYS CFX software results
are given in [17].

4. RESULTS

4.1. Flow visualization

Figure 6 illustrates typical flow patterns
computed for the draft tube under consideration
with three different turbulence models. One can see
that the k- model and the Wilcox model yield very
similar results for global flow structure, with a
relatively low intensity of the vortex forming in the
elbow region and entering then into the left outlet
channel. Contrary to that, the SST model produces a
rather intensive vortex in the left outlet channel, and
a pronounced swirl in the right channel as well.
From a detailed flow analysis one can conclude that
a more complicated structure of the flow predicted
with the SST model is due to a several times lower



level of the flow core turbulent viscosity, as
compared with the fields predicted by the other two
turbulence models. Obviously, this reduction of the
flow core turbulent viscosity is a result of the
limitation introduced by Menter into the expression
defining this quantity,

0.31%

T ax(0310,SF,) ®)

where S is the mean flow strain rate, and F, is one
of the empirical functions of the SST model [10].

Figure 6. Streamline patterns computed with
(a) k-¢, (b) k-w, and (c) SST turbulence model

Figure 7 presents an example of streamwise
velocity distributions over the outlet section,
Tu=5%, (vl/v)in=103. One can see a pronounced
unbalance of flows leaving the draft tube through
the right and the left channels. From the other side,
for all the tubulence models used, the right channel
flow (more intensive) is highly non-uniform, with a
maximum shifted to the side-bottom corner. Most
distictions between the patterns obtained for
different turbulence models are observed at the
outlet of the left channel. For instance, a local

minimum in the flow core is seen in the SST model
case whereas for two other models the velocity
varies steadily from the bottom to the top.
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Figure 7. Outlet streamwise velocity distribu-
tions computed at Tu=5% and (v/v)i,=10° with
(a) k-¢, (b) k-w, and (c) SST turbulence model
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4.2. Engineering quantities

Effect of wide variations in the inlet turbulence
parameters on the predicted pressure recovery and
outlet energy non-uniformity is illustrated in
Figures 8,9. It is clearly seen that in case of the k-&
and the Wilcox k-w model the engineering
quantities characterizing the draft tube performance
change strongly over the whole range of the inlet
viscosity ratio variations. The effect of an inlet
turbulence intensity increase is more pronounced in
the k- case. When comparing the prediction results
with the experimental data one can conclude that
the Wilcox k-@ model data match the experiments
at (v /v)in of about 10°. However this result should
be treated as a casual one.

The SST turbulence model shows a weaker
sensitivity to variations in the viscosity ratio
especially for the outlet energy non-uniformity
factor, the predicted value of which is in a
surprisingly well agreement with the experimental
data. The pressure recovery factor yielded by the
SST model turns to be more sensitive to the inlet
turbulence intensity variations, and it is typically
under-predicted as  compared  with  the
measurements. However, for the highest value of Tu
and (vt/v)m>103 the calculation and the experimental
data are in a satisfactory agreement.
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Figure 8. Effect of turbulence inlet boundary
conditions on the pressure recovery factor
computed with (top) k-¢ , (middle) k-w, and
(bottom) SST turbulence model
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5. SUMMARY

Systematic RANS-based computations have
been performed for an axial turbine elbow draft
tube using fixed prescribed profiles of the inlet
velocity components and widely varied inlet values
of turbulence quantities. The inlet turbulence
intensity was in the 5% to 10% range while the inlet
turbulent-to-molecular viscosity ratio was varied
from 100 to 10,000. The standard k-& turbulence
model and the Wilcox k-@ model predict the
engineering quantities, which change dramatically
with inlet turbulence variations. Generally, the SST
model shows a weaker sensitivity despite it
produces a more complicated flow field as
compared with the two other models. It should be
treated as an attractive feature of the SST model
having in mind developments of tools for automatic
CFD-based shape optimization of the draft tubes, at
least for low head hydraulic turbines.
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