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Abstract: The presented article brings general overview of CFD analysis of tworess- ow turbine
types (a classical impulse turbine and a reaction turbine). The auttor focuses his attention mainly
on the discussion of dierences in ow patterns in the out ow section of these turbines, because
this element exerts signi cant impact on performance properties of theturbine. The article presents
a comparison of computations and experimental results of the cross- ow turbie manufactured by
IMP PAN. The analysis was performed by means of a computer progranfluent 5.0 ™ for a two-
dimensional example.
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1. Introduction
The rst cross- ow turbine was constructed by an Australian engi neer A. Michell

in 1903. However, a Hungarian professor D. Banki, who receigkta patent on a cross-
ow turbine of his own design from the German Patent Department, created a theor-
etical basis for this type of machines. Application of these hydralic turbomachines
Figure 1. One of the oldest constructions of a cross- ow turbine,
German Museum of Natural Sciences and Technology, Munich
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became very popular already in 1917{1919, as it was mentioned ifl]. The new
design lled the gap which existed between the application range of Francis and
Pelton turbines. Nowadays, Banki-Michell turbines are often usel in small hydro
power plants, especially because of the economical aspect \{lananufacture and op-
erating costs).

During the whole last century the original design was systematicdly developed.
However, the crucial changes in the original layout were introdiced by a Czech
engineer M. Cink who replaced ventilation of the runner casing,equipped his cross-
ow turbine with a draft tube and replaced the guide vane with a cyli ndrical segment.
All these design provisions eliminated the most negative aspectfdahe original design {
loss of head in the out ow section and signi cantly increased the eciency and degree
of reactivity (compared of previous layouts equipped with the dré&t tube where the
e ect of suction was absent due to the ventilation process and an impoper shape of
the runner case). Further development of the cross- ow turbine wasdetermined in two
main directions .The direction was reconstruction of the suction setion (especially
by redesigning the runner casing and adding the draft tube), and tke second direction
was connected with optimisation of nozzle and guide vane shapes.

This contribution presents results of ow pattern computations throug h two
cross- ow turbines.

The rst machine is an example of classical solution (impulse turbne without
a suction section), the second one is a new design (reaction turbineith a draft tube).
The comparison is based on a two-dimensional analysis perforrdeby means of the
codeFluent 5.0 ™,

2. Principle of operation

A classical cross- ow turbine consists of two main parts, a noza and a runner.

The main characteristic feature of a cross- ow turbine is the water jet of
rectangular cross-section, which passes twice through the blad cascade. Water
ows through the runner blades rst from the periphery towards the centre, and
then, after crossing the internal space, from the inside outwards This machine is
therefore a double stage turbine and the water lls only a part of the runner at
a time [2]. In the cross- ow turbines with the low degree of reactivity, which are with
acceptable accuracy called impulse turbines, the pressure ithe water jet doesn't
change substantially during the ow through the runner ducts [1]. Therefore, the
water stream discharged from the runner is under the same pressuras at the inlet.
As it was mentioned before, in Cink's constructions and derivative ones, a higher
degree of reactivity is obtained by means of applying the draft tbe and resigning
of the ventilation. As a consequence of these modernisation, the derence in the
pressure between the inlet and outlet parts of the runner occursand the water jet is
accelerated in this area. In the reactive mode of operation, the suatin e ect of the
draft tube has a signi cant in uence on the utilisation of the ener gy.

A graphical view of the ow through a cross- ow turbine is shown in Figure 2.
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Figure 2. Schematic of the ow pattern through a cross- ow turbine

3. Technical data of the analysed turbines

Both model cross- ow turbines under investigation were designedat the Insti-
tute of Fluid Flow Machinery of the Polish Academy of Sciences. @ometrical and
operating parameters of both cross- ow turbines are presented in &bles 1 and 2.

Table 1. Impulse turbine (the rst design) SSH-300/150

Geometrical parameters of the turbine Parameters of the rated operating point

{ outer diameter of the runner d; =300mm

{ inner diameter of the runner d, =200mm

{ width of the runner |1=150mm

{ number of blades z=30

{ blade thickness =3:6mm

{ inlet and outlet angles ;=150and =90

{head H =15m

{ owrate Q=0:195n?/s

{ output N =23kwW

{ nominal speed n=550rpm

{ guide vane openingag = 85%

Table 2. Reaction turbine TPP-300/300

Geometrical parameters of the turbine

Parameters of working point

{ outer diameter of the runner d; =300mm
{ inner diameters of the runner d, =200mm
{ width of the runner | =300mm

{ number of blades z=30

{head H =10m

{ owrate Q=0:3m%/s

{ nominal speedn=410rpm

{ guide vane openingag = 85%

{ blade thickness =3:6mm
{ inlet and outlet angles ;=150and ;=90

4. Numerical computation of the ow

General purposes of numerical computation of the ow through the SSH300/150
and TPP-300/300 turbines included determination of the elds of pressure and
velocity, and nally speci cation of their e ciency in dieren t points of operation.
The analysis was conducted on two dimensional models in the wholarea of ow {
from the inlet stub pipe to the out ow part of both turbines. Computation s in the
third (axial) dimension were omitted because of the invariability of the ow channel
geometry in this direction. This step decreased somehow the accurgof the results,
but on the other hand reduced substantially the time of calculations. The analysis
was performed using theFluent 5.0 ™ solver [3], which is based on the nite volume
method.

4.1. Grid generation

In the process of grid generation two software tools were used.ie AutoCAD ™
design program was applied to build the initial geometry of the ow systems of both
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the turbines. Grids were generated by theGambit ™ program. In the whole area of
ow, the author applied the unstructured triangular grid. This de cision resulted from
substantial deformations of the structural grid in many crucial areas of the ow eld.
In the areas of higher gradients of analysed parameters, higheratsity of the grid was
used to obtain the acceptable level of solution. A graphical view bthe computational
grid is shown in Figure 3.

Figure 3. Computational grid with enlarged areas of higher concentrations of elements

4.2. Boundary conditions

In both cases of computations, uniform pressure inlet boundary enditions were
used to de ne the uid pressure at the ow inlet. In the incompressible ow, the inlet
total pressure and the static pressure, are related to the inlet veloity by Bernoulli's
equation. Hence, the velocity magnitude and the mass ow rate could le assigned at
the inlet boundary.

Also outlet conditions for both cases were similar. The absolutetstic pressures

were de ned at the out ow of the turbines. Precise data for boundary conditions are
presented in Table 3.

Table 3. Boundary conditions

Impulse turbine SSH-300/150 | Reaction turbine TPP-300/300
Inlet conditions
P; { absolute total pressure P, { absolute total pressure
Pi= gH + Py =248342Pa Py = gH + Py =199336Pa
Py { gauge pressure (in this case Py { gauge pressure (in this case
atmospheric pressure), 101 325Pa atmospheric pressure), 101325Pa
{ density of water, 999.1kg/m?3 { density of water, 999.1kg/m?
g { acceleration of gravity, 9.81m/s? g { acceleration of gravity, 9.81m/s?
H { head, 15m H { head, 10m
Outlet conditions
P. { absolute static pressure P. { absolute static pressure
Pc= Pg=101325Pa P.= Pg+ gH 1 =103285Pa
H, { di erence of levels between
the draft tube outlet and the tail water, 0.2m
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4.3. Flow eld in the rotating elements of the turbine

To analyse the ow in the rotating elements of the turbine, the Fluent 5.0 ™
Moving Reference Frame option was used. The calculations were egformed in
the domain moving with the runner. In this case, the ow was referred to the
rotating frame of reference, which simpli ed the analysis. As the ®nsequence of such
simpli cations, unsteady problems such as wicket gate/runner irteractions couldn't
be modelled. As no averaging process of the in ow parameters at thaterface between
the rotating and stationary zone was applied, computations were pefiormed in the
entire ow eld. The noticeable trace of rotation was an additional term of acceleration
in the momentum equations. The left hand side of the momentum equations wtten
in terms of relative velocity took the form:

@@{ Vi)+r (Vv )+2 v + r= F+rT; Q)

where  {rotation vector, v, { relative velocity and r { radius.

4.4. Turbulence model

In the computation process the Renormalization Group (RNG) k-" Turbulence
Model was used. Unlike the standardk-" model, the RNG-basedk-" turbulence model
is derived from the instantaneous Navier-Stokes equations. Thediea of this model
is to eliminate the direct in uence of small-scale eddies through eme mathematical
procedures. This treatment reduces computational requirements fosolving the system
of Navier-Stokes equations. In the presented examples the turbukee intensity and
hydraulic diameters were used to describe the parameters of the med

4.5. De nition of the e ciency

The hydraulic e ciency of the cross- ow turbines was determined using the
basic water turbine equation:

0, 1
P=! T= | @ ¢ ¢, r dAA; )
A

where P; { turbine power at the shaft, ! { angular velocity, T { torque at the shaft,
{ density of water, c. { radial component of the absolute velocity at the runner
periphery, ¢, { peripheral component of the absolute velocity at the runner peiiphery,

A { peripheral surface of the runner andr { outer radius of the runner.
The hydraulic e ciency is the ratio between the power at the shaft and the

power lost by water passing through the turbine:

T!

gH Q°
where g { acceleration of gravity, H { head and Q { discharge.
Equation (3) can be rewritten in the discrete form for the 2D ow throu gh

a cross- ow turbine as:

®3)

P

'rb Gi Cui A
i=1

= ; 4
gH O 4)

where k; { number of the elements at the runner periphery, b { width of the runner
and A; { length of a single element.
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5. Results of computation

The performed analysis of the ow through the SSH-300/150 model tubine
shows that the runner operates in pumping regime on a part of its pemeter. This
e ect can block the ow and in uence the out ow conditions (turbuli zation of the
jet in the part of the runner chamber). A visualisation, which was carried out at
a laboratory test rig [4] (Institute of Fluid Flow Machinery of the Po lish Academy
of Sciences in Gdansk) con rms the results of numerical computatios. In the area B
(Figure 4) the intensive vortex structure appears, as a result of bak ow in the runner
chamber.

Figure 4. Distributions of the streamlines in the SSH-300/150 model turbine and a photogaph
from the experiment

Additionally, the computation results show the dead ow eld in the in ternal
part of the runner. This phenomenon is characteristic for this type of water turbines [5]
and is easily discernible in the photograph (area A). In order to ircrease the
signi cance of the numerical results, the author conducted computatons of the
e ciency curve (Figure 5) for the geometrical and operating parameters, presented
in Table 1 and Table 2.
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Figure 5. E ciency curve of the SSH-300/150 model turbine
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Some di erences in the e ciency measured [4] and calculated can beaused by
ventilation that was not taken into account in the CFD analysis.

The newly designed cross- ow turbine is equipped with a suctionpart (draft
tube) and a runner casing redesigned in order to reduce the in uace of pumping
e ects in the runner. The computations carried out for this turbine s how the proper
distributions of streamlines in the draft tube for the optimum point o f operation.
No separation or other ow disturbance can be noticed inside the daft tube. The
e ciency of the newly designed turbine is comparable with that of the old one
although it should be borne in mind that di erently de ned net hea ds are used. The
e ciency of the turbine TPP-300/300 is presented as a function of rotation speedn,

under the head ofH =15m, which is derived from the equation:
r

H
o M (5)
where head of operating for TPP-300/300 turbineH °=10m and n { speed.

The e ciency curves and distributions of streamlines and velocities are shown
in Figures 6, 7 and 8.

n =

Figure 6. Distribution of streamlines in the TPP-300/300 model turbine

6. Conclusion

The use of CFD analysis to aid the design of cross- ow hydraulicurbines has
been shown. The main purpose of the numerical computations of the $$300/150
impulse cross- ow turbine was validation of the numerical procedure by means
of comparison with the results of a laboratory experiment. The nevy designed
TPP-300/300 cross- ow turbine has been equipped with a draft tube, which ful Is an
important function of utilising the di erence in speci c energy b etween the runner
bottom edge and the tail water surface. The loss of head due to this derence,
especially in the case of low head machines, may reach the propartis, which cannot
be tolerated. The numerical computations performed on a new designh®w that the
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Figure 7. Distribution of velocities in the TPP-300/300 model turbine
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Figure 8. Comparison of computed e ciency curves
of the TPP-300/300 and SSH-300/150 model turbines

properly designed draft tube reduces some undesirable phenome like back ows and
separations.
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