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Abstract In a hydraulic turbine, approximately three quar-
ters of the energy recovery by the draft tube are obtained
at the runner outlet, in its conical part. The performance
of this component is a strong function of many flow vari-
ables as well as geometric aspects. Until now, different
cone geometries have been created by changing lengths,
diffuser angles, or shapes. However, the best cone angle for
a specific inlet flow, shape, and length has not been well
established. Moreover, there is a lack of information in
terms of the exact position of the opening angle of a coni-
cal-duct shape diffuser to give the highest performance. To
find this angle, an automatic optimization process manipu-
lated by the Multi-Island Genetic Algorithm was created
to generate different diffuser geometries to be evaluated
through CFD simulations. Its computational cost has been
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overcome using a distributed computing evaluation estab-
lished in a computational cluster. The methodology has
allowed the location of the exact opening angle, improving
approximately 1.2% the diffuser performance. A quantita-
tive and qualitative analysis of the flow has been under-
taken to understand how the optimum opening angle of a
diffuser modifies the flow pattern to achieve the highest
performance.

Keywords Hydraulic turbine - Conical-duct diffuser -
Automatic numerical optimization - CFD - Multi-Island
Genetic Algorithm

1 Introduction

In hydropower plants, the potential energy of the water
contained in dams is harnessed by means of hydraulic tur-
bines in which the draft tube is one of the most important
devices. Its function is to reduce the pressure in the out-
let of the runner through a suction head, and also reduce
the losses of the overall process by converting the kinetic
energy of the runner outlet flow into pressure. Draft tube
features typically comprise an inlet cone, a bend, and an
outlet leg; in fact, approximately three quarters of the
energy recovery are obtained at the runner outlet, in the
conical part.

Its performance is highly dependent on the conditions of
the inlet flow and its design parameters; diffuser angle or
area ratio, length, and shape of the cross section. Through
these parameters, a better performance may be obtained
either by increasing the amount of diffusion, decreasing
any non-uniformity in the velocity profile, or making the
diffusion more efficient, thereby reducing overall losses
across the diffuser [25].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-017-0753-5&domain=pdf

4368

J Braz. Soc. Mech. Sci. Eng. (2017) 39:4367-4378

Alternatively, when the space is marginal, different dif-
fuser shapes are worthy of consideration. For example,
using shorter diffusers could be particularly effective to
delay the flow velocity followed by a parallel pipe to make
the flow uniform. For this reason, its diffusion effectiveness
should depend on the maximum opening angle of the coni-
cal section or the conical-duct relation. However, the com-
bination of several design parameters and research dimen-
sion space would make impossible to find out the exact
angle and position where the conical duct will develop its
maximum performance.

To resolve this kind of problem, optimization algorithms
have been coupled to CFD analysis showing good results.
Recently, only the flow conditions have been controlled by
manipulating eight parameters of the inlet velocity profiles
to yield better draft tube cone performance [10, 13]. Mar-
javaara [19] presented three examples of draft tube shape
optimizations based on CFD and surrogate models. Eis-
inger and Ruprecht [4] developed a mathematical algorithm
to automatically optimize hydro turbines components and
showed another three examples of geometry optimization
of draft tubes using three different optimization algorithms:
search directions (EXTREM method), discrete SIMPLEX
type methods, and genetic algorithms. Soni et al. [26] pre-
sent a study in which by proposing several geometry modi-
fications of a draft tube and by means of CFD analysis,
they found the optimized design. Marjavaara and Lund-
strom [20] used response surface methods (RSM) to opti-
mize the geometry of a Francis draft tube, showing that the
RSM can offer satisfactory results in design processes of
hydraulic components.

There are several optimization algorithms, but the
genetic algorithms (GA) are proven to work well in hydro
machinery [7] and their effectiveness has been validated [3,
16]. However, the choice of an optimization method, as the
GA, will require a large number of Navier—Stokes compu-
tations to evaluate many different draft tube shapes before
reaching a good solution satisfying field flow requirements.
Although this procedure allows the possibility of finding an
efficient design, it is expensive in terms of computational
time due to the evaluation of the individual’s fitness, which
is the most time-consuming component of the optimization.
Then, it is necessary to keep the cost and duration of the
design process within reasonable limits. One solution could
be the distribution of the genetic algorithm to several pro-
cessing elements. A distributed model describes how dif-
ferent parts of the task can be calculated independently of
the other parts. Thus, the distributed efficiency is extremely
important, if objective function evaluation consumes most
of the computational time, as is the case for draft tube
numerical simulation.

Despite the fact that the previous works have used dif-
ferent methodologies and design variables, the optimal
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shape for a diffuser that is limited by the space between
the outlet of the turbine and the bend of the draft tube is
not evident. Indeed, [6, 15, 18] developed similar meth-
ods on the same diffuser to diverge the flow passage,
maintaining the length after the diffuser to assure the
proper development of the flow. Mirzaei and Babaei [23]
developed a multi-objective optimization to maximize the
pressure recovery and minimize the loss coefficient. The
cone angle and the height above tailrace were selected as
design variables. The results were influenced by the effect
of the inlet flow swirl and there is no punctual value of
the variable designs showing that the performance of the
diffuser was augmented. All those practices merely per-
mitted observation of the diffuser performance to deter-
mine provocation by diffusive or dissipative effect. Then,
if the diffuser performance could be improved through
the pressure recovery coefficient Cp, it would be con-
venient to manipulate both the flow uniformity and the
total pressure losses. However, when one has to accept
the non-uniformity in the diffuser inlet velocity profile,
it is necessary to know if this profile could be improved
by varying the pipe length after or before the modified
divergence.

In consequence, the aim of this research is to increase
diffuser performance by maximizing the pressure recov-
ery factor, by improving the uniformity of the out-
let velocity profile and by reducing the energy losses
through the diffuser. To achieve this, a genetic algorithm
should find the exact relation divergence duct necessary
to correct the flow pattern along the diffuser using a dis-
tributed processing system. This system has been able to
execute tasks on remote machines at the same time, other
than the host on which the optimization manager session
runs, executing each design in parallel, i.e., using several
processors.

This exploratory technique has been implemented
within the iSight software through the Multi-Island Genetic
Algorithm (MIGA), which corresponds to an advanced ver-
sion of traditional genetic algorithm approaches. With this
automatic process, the best performance of a diffuser by
coupling commercial computational programs should be
achieved. The optimization algorithm must be capable of
conveniently managing the diffuser parameters to generate
a wide range of diffuser shapes through a CAD software
which will be evaluated through a CFD software.

It is worth remarking that this optimization process
has represented a challenge. First, the flow field inside a
draft tube cone is highly three-dimensional, complex, and
computationally very expensive to be modeled numeri-
cally. Second, the draft tube performance is very sensi-
tive to the solid flow interaction, which requires that the
cone shape must be correctly parameterized. Finally, cone
shape optimization cycle must be subject to some required
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Fig. 1 Iterative solution proce-
dure for the overall optimization
process
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supervision during the process and also subject to an exten-
sive objective function evaluation.

2 Methodology

The main optimization strategy developed in this research
consists of the coupling of codes of different disciplines
that are executed via a shell script. This process has been
configured through a graphical interface within which the
user can set up, monitor, and analyze a design problem.
The automatic optimization loop created for this work is
shown in Fig. 1.

iSIGHT [5] generates data for the design variables,
and Gambit [8] reads these values and generates a new
geometry ready to be imported by Fluent [9] to execute a
CFD simulation. Finally, MATLAB [27] handles the data
exported by Fluent to calculate the performance of the
geometry. The value obtained returns to iSight to start the
process again. The optimization ends when the number of
cycles programmed has been completed.

2.1 Optimization algorithm

Optimization can be defined as the process of finding
the conditions that give the maximum value or mini-
mum value of a function. The choice of a global optimi-
zation method, such as the GA, requires a large number
of 3D Navier—Stokes computations to evaluate different
diffuser shapes before reaching a good solution satisfy-
ing field flow requirements. Multi-Island Genetic Algo-
rithm (MIGA), one of the distributed genetic algorithms
(DGA), has been chosen to execute the search of the best
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diffuser shape, due to its robustness and capability to find
the global optimal value and the possibility to run in a
distributed manner. The main feature of MIGA that dis-
tinguishes it from the traditional GA’s is the fact that each
population is divided into subpopulations called islands,
as it is shown in Fig. 2.

This characteristic allows the genetic operations to
be performed separately on each island. Some individu-
als are selected from each island and migrated to differ-
ent islands periodically. Multi-Island Genetic Algorithm
allows preserving the best individual from the previous
generation without alteration. This operation is called
elitism, and it guarantees that the best genetic material is
carried over the generations.

island n

island 0 island1

Generation

Fig. 2 Conceptual model of MIGA [10]
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Table 1 Values for the basic optimization tuning parameters used in
this study

Parameters Value
Size of subpopulation 10
Number of islands 4
Number of generations 60

In Table 1, the basic optimization tuning parameters
used in this study are shown. For the advanced tuning
parameters, the default values remained.

The size of subpopulation is the population in each
island; therefore, the total cycles are the number of individ-
uals in each island multiplied by the number of islands, and
then multiplied by the number of generations. This gives
2400 individuals that have to be analyzed to complete the
process. This value represents the number of times that the
cycle shown in Fig. 1 should be repeated. If the analysis for
each design point (individual) is made by a CFD study, a
large amount of computational time is required.

To deal with this problem, the data exchange between
the CAD-CFD process (design) and the iSIGHT host was
executed through a calculating network (Fig. 3). This net-
work has the master nodes that permit access to ten cal-
culating nodes. Each node has eight processors with 4.0
GHz and 16 GB of RAM memory, where each individ-
ual was evaluated and parallelized to reduce the compu-
tational time of each CFD calculation and of the overall
process.

The average CPU time for each iteration, including the
CFD analysis, was nearly 3 min. This means that in a single
computer, 2400 iterations would have taken approximately
5 days. With the calculation cluster, this time was reduced
dramatically to several hours.

2.2 Diffuser parameterization

In a hydraulic turbine, the principal part of energy recovery
is obtained at the runner outlet in the conical part of the
draft tube. There, the cone angle or area ratio increases the
flow section, which determines the energy conversion from
kinetic to pressure. The cone angle has been established to
avoid the wall flow separation reducing the flow velocity.
To achieve this condition, the location of the optimal cone
opening angle must be determined.

To locate this point, the diffuser geometry has been
parameterized, as shown in Fig. 4. Unlike [21] who uti-
lized Bezier curves to define the diffuser shape, in this
work, only a control point P(y;,z;) was defined to dis-
place the design region. This displacement with one
degree of freedom will generate the opening angle 6 and
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Fig. 4 Geometrical parameterization of the diffuser

with two degrees of freedom, the relation conical duct.
Using these two conditions, the flow behavior developed
along the diffuser is expected to improve, thus enhancing
its performance.

From Fig. 4, we can get the area ratio in Eq. 1 which
gives us the opening angle of the divergence:

Aoutlet

AR = El 1
Ainlet ( )

and Eq. 2, the length ratio, which will give us the relation
conical duct:

LR = 7 2)
The diffuser geometry and computational domain has
been developed using a Gambit [8] journal file by setting
five points on the plane y — z. For each CFD evaluation,
a 2D axisymmetric face must be created, which is then
revolved to create the 3D geometry. In this way, if the
point P(y;,z;) in Fig. 4 is manipulated, it is possible to
build different draft tube cone geometries with different
AR and LR ratios. The same topology and mesh param-
eters were used to build each diffuser geometry to avoid
the variation of the grid quality [20].
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2.3 The objective function

To describe the diffuser performance, a number of param-
eters such as efficiency, loss coefficient, and pressure
recovery have been defined [22]. For this task, the objec-
tive function to be maximized is the mean pressure recov-
ery, since it applies where uniform axial flow pertains at the
cone inlet. Then, the structure of the inlet velocity profiles
is modified, Galvan et al. [12] demonstrated through a flow
sensitivity study that the loss coefficient is the most appro-
priate objective function for an optimization process.

Thus, the objective function to be maximized is pre-
sented in Eq. 3. This factor indicates the amount of kinetic
energy that is converted into static pressure, where higher
values represent a higher efficiency.

ﬁfouthA_A%nfinPdA 3)
10 (#)

where A is the area; P is the static pressure; Q is the flow
rate; p is the density; and the subscripts in and out corre-
spond to the inlet and outlet. The expression in the numera-
tor represents the difference between the inlet and outlet
static pressure, and the term in the denominator is the inlet
dynamic pressure. Thus, the Cp,, should be monitored in
response to the opening angle changes.

Cpm =

2.4 Numerical model

The diffuser shape and its computational domain are shown
in Fig. 5. They are based on an industrial hydraulic tur-
bine used for experiments involving swirling flow through
the conical part [10, 11]. According to Fig. 4, the original
conical-duct diffuser has an AR = 4.0 with a half angle of
0 =12°and LR = 2.27.

In this work, the Reynolds Average Navier—Stokes
and the « — ¢ turbulence model equations were used
to describe an incompressible, viscous, turbulent, and
steady flow, [12]. The standard model has been shown
to be economical, robust, and reasonably precise, but it
gives poor results for complex fluxes with severe pressure

MIDDLE OUTLET

SECTION

Fig. 5 Computational domain of the conical-duct diffuser [10]

gradients, strong streamline curvature, swirl, and rota-
tion, like the one in a draft tube. However, during an opti-
mization process where fine details of flow characteris-
tics are not required the standard turbulence model, k — ¢
was confirmed as reliable and robust and able to study the
effects of mildly swirling flow through the turbine draft
tube [14].

These equations were solved using the commercial
program FLUENT which is based on the Finite Volume
Method and the pressure velocity coupling. The geom-
etry and the computational grid were edited using GAM-
BIT for boundary specifications. A grid with 42,840 cells
designed for near-wall treatment was used. At the inlet
section, the velocity field was imposed using three veloc-
ity components and constant turbulent quantities were
imposed. The radial distribution of the circumferential
component was established using a free vortex approach
and the axial component had a uniform radial distribu-
tion, which resulted in a flow rate of Q = 0.7727 m3/s.
In addition, constant turbulent quantities, an average
turbulent intensity I = u'/uyve = 4.98%, and an average
relative viscosity u'/uy = 99.40 were established as inlet
turbulence boundary conditions. At the outlet, a constant
pressure boundary condition is used. The standard loga-
rithmic rough wall function has been imposed at the walls
with y© = 67.4416. The surface roughness is set to 10 wm
at the cone wall. The fluid density was set to 998.2 kg/m?
and the dynamic viscosity 1.00476 m?/s.

Using the same CFD setup for the original diffuser
geometry, [10] applied a numerical optimization process to
minimize the flow energy losses. In that study, the analyti-
cal velocity distribution at the inflow section of a draft tube
presented by [24] was used to accurately capture the veloc-
ity profile of the original diffuser with three different ana-
lytical vortex systems. The radial distribution of the inlet
vortex system was optimized, which gave rise to different
flow configurations along this device. The study includes
a discussion on the development of the flow structure with
the aim of understanding its impact on the diffuser perfor-
mance. In the same way, it is expected that the analysis
of the flow behavior in the geometries obtained from the
shape optimization process will help us to understand the
dominant effect that the geometric parameters have on the
flow development along the diffuser.

2.4.1 Grid convergence error

According to [1], it is possible to estimate a global per-
formance quantity, by means of the equation:

P
062 ¢/’l - ¢(12/1

L )
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where ¢ is the performance quantity, (Cp,, in our case), A is
the grid cell size, p is the order of the method, and « is the
grid refinement factor, which is defined by the following:

_ (M}
a—<N2) . 5)

In this formula, N is the grid size number for the finest
grid, and N, for the coarser grid. The order of the method
p should be between 1 for a first-order discretization
scheme and 2 for a second one. Thus, the global variable
performance obtained by the Richardson’s extrapolation
for both schemes is shown in Table 2.

The grid error was estimated using

_ ¢ext - (bh
T ©

The errors e; and e, for different grid sizes are shown in
Table 3 if p is assumed to be 1 and 2.

The final ey = 9.05% for the grid N5 can be considered
as an acceptable error, because [2] estimated an until 30%
for this kind of error.

A plot of the global performance quantity for the five
grid sizes is shown in Fig. 6. The curves are obtained by
solving for 7 in the following:

P () = Pext + 7101” (7
where:
= ¢exth; ¢h ) (8)

For Cp,,, the five grids are inside this range, as shown in
Fig. 6. Thus, an attempt to reduce the CFD time is to sub-
stitute the fine diffuser grid size, N5 by a coarse one Nj with
a much lower computational cost.

Table 2 Extrapolated value ¢ex; of the engineering quantity using
both discretization schemes order; first p = 1 and second p = 2

Pext (Cpm)

3 Results and discussion

A shell script controls the automatic optimization process
to generate the diffuser geometries. Each geometry is eval-
uated through a CFD simulation obtaining the pressure and
velocity fields. These results are processed to get the objec-
tive function (Cp,,,) value. The objective function behavior
with respect to each evaluation is presented in Fig. 7. The
objective function is plotted for each individual of each
generation versus the index of iteration. Figure 7a indicates
that the convergence has been reached with Cp,, = 0.9050
after 2400 runs. This study was performed just modifying
P(y;) along the y coordinate. This variation allowed finding
the best opening angle by modifying the area ratio (AR)
without any change of the length ratio LR. Figure 7b shows
the history of the objective function when the control point
is manipulated on the y—z plane, i.e., changing the length
ratio LR. Only 360 evaluations were necessary to achieve
the Cp,,, = 0.9070.

Table 4 presents the final diffuser parameters reached
due to the manipulation of the control point through the
MIGA. Even though the original design is an optimal dif-
fuser, the final value of the objective function for each opti-
mized diffuser shape has been higher than that obtained
using the original geometry. Thus, the optimization process
was able to accomplish an additional increment of around
1.14 and 1.37% in the effectiveness of the diffuser (Cp,,x)
in recovering the kinetic energy entering to it.

0.894

0.8935

0.893 ’*“‘\A

0.8925 s T ——t (D)

(2)
0892 ] 1““\ !

A b

Cp m

0.8915 4

0.891

Cell size

p=1 p=2) Fig. 6 Plot of the mean pressure recovery coefficient quantities using
0.893161 0.892908 the Richardson extrapolation method, with a first-order scheme ¢ (1)
and a second order scheme ¢ (2)
Table 3 Grid error es'tim'ated in Grid 1 5 3 4 5
percent for the five grid size and
the cheme order; first e; and N 390,279 216,678 125,388 72,732 42,840
second ex. o 1.0000 12167 1.4600 1.7506 2.0884
¢ 0.8927 0.8926 0.8925 0.8923 0.8921
Cpp, el 0.0516 0.0628 0.0740 0.0964 0.1188
e 0.0233 0.0345 0.0457 0.0681 0.0905
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Fig. 7 Optimization history of the objective function during the process

Table 4 Comparison of the Cp,,, values and design variables reached
for each diffuser

Design 0 AR LR Cpm Gain %
Original 12.0 4.0 2.27 0.8948 -
y-coordinate 13.17 4.41 2.27 0.9050 1.14
y—z plane 13.10 4.53 2.20 0.9070 1.37
Inlet velocity 12.00 4.0 227 0.9125 1.98

The new diffuser parameters obtained by this optimiza-
tion process are shown from the second to fourth column
of the Table 4, which resulted from manipulating only one
control point. The manipulation of only a design parameter
notably reduced the computational cost of the optimization
process. These results present enough evidence to prove
that the angle of the cone has a high impact on the draft
tube performance and knowing its exact value and posi-
tion could be of great interest for designers searching for a
higher performance of the draft tube.

Figure 8 compares the flow behavior of the axial veloc-
ity provoked by the optimized geometries, which, in turn,
had been provoked by an optimized inlet velocity profile.
The optimized diffuser geometries show an increment of
the near-wall region where the axial velocity is very low.
This effect could be harmful, because the positive axial
pressure gradient created would provoke flow separation
or near separation. Instead, the principal gain of this new
shape configuration is the reduction of the amplitude of
the very low flow along the core region. The new flow
structure obtained enables visualization of the flow, as it
tends to increase the axial velocity along the core region.
This flow structure could be extrapolated to a real draft
tube, and we can assume that this reduction would pre-
vent stagnation, or even reversal of the velocity beneath
the runner. In the optimized inlet velocity, the radial

(b) z—y plane

distribution of the axial component at the inlet reaches a
peak in the core, and the circumferential component is a
profile with one or two Batchelor vortices [10].

Figure 9 revels the flow deceleration along the three sur-
vey sections. For the optimized geometries, in the middle
section, Fig. 9b, the tangential velocity has a high value
in a larger section of the radius. This phenomenon helps
to keep the ow attached to the wall. In addition, the incre-
ment of the tangential velocity intensity in the core section
provoked by the optimized velocity prole is evident. At the
outlet section, Fig. 9c, the velocity profiles generated by the
optimized geometries are very similar, except for the opti-
mized velocity profile with higher values along the radius.

In Fig. 10, the distribution of the total pressure is indi-
cated on each cross section of the diffuser. For a change
of AR, and AR and LR, there is a pressure zone at the
center that is conserved downstream. Both diffuser con-
figurations achieve a favorable total pressure gradient
near the wall that maintains a more uniform pressure at
the outlet section than that reached by the original dif-
fuser design, Fig. 10c. This effect would imply a better
diffuser performance. Consequently, in the outlet section,
the pressure near the center is not much different from
that at the wall. Comparing the radial pressure distribu-
tion in the inlet section with those in the downstream sec-
tions, it is clear that the first presents a significant radial
gradient where the pressure is higher near the wall. Thus,
the fluid in the core does not have enough energy to flow
downstream, except for that generated by the optimized
inlet velocity profile (Fig. 8), and it is pulled forward by
the fluid surrounding it. The effective cross-sectional area
is reduced and a higher total pressure loss should result.

Figure 11 shows the evolution of the turbulent kinetic
energy in the three survey sections of the diffuser. It can
be seen that all geometries obtain the energy dissipation
of the flow in the centre of the diffuser. However, the new
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Fig. 8 Plots of the normalized axial velocity component on three planes

diffuser geometries provokes important differences in the
near-wall region in the middle Fig. 11b and the outlet
Fig. 11c sections. The modifications of both geometri-
cal parameters seem to incite a more significant produc-
tion of turbulent kinetic energy near the wall than that
obtained for the original diffuser and by an optimized
inlet velocity profile. Thus, the turbulent kinetic energy
in both cases of the optimized geometries still exists at
the end of the diffuser.

To better understand the mechanisms of the diffusion
and the dissipation and its effects on the diffuser perfor-
mance, Sharan [25] researchers measured the static pres-
sure recovery in conical diffusers using the following
equation:

Cout
Qin
Cp = din I—AR2 - )]
where:
1 3
in/out = F A vydA (10)

where « is the kinetic-energy flux parameter and repre-
sents the non-uniformity of the velocity profile, V is the

@ Springer

average velocity, A the survey area, v, represents the axial
component, and ¢ are the total pressure lost as the flow
travels downstream, and it is defined as:

_ A%nfinptdA_ fﬁfoutptdA

2
1,(2
(%)

where P; is the total pressure, and Aj, and Ay the dif-
fuser area at the inlet and outlet, respectively. The total
pressure is given by:

¢ (11)

Pi =P+ 0.5+ +w?) (12)

with u, v, and w as the Cartesian components of the
velocity.

The Eq. 9 shows that the static pressure recovery
depends upon two factors: the diffusion and the dissipation.
The diffusion is defined by the first term, and it is due to
the inlet and exit velocity profiles shapes (cout/ctin). The
second term represents the overall losses occurring within
the diffuser as a result of the viscous effects. The above
equation shows that diffuser performance may be improved
by having uniform flow or by reducing overall losses.

Table 5 compares the dissipative and the diffusive
terms obtained from the optimized shapes against the
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Fig. 9 Plots of the normalized tangential velocity component on three planes

original and those obtained by the optimization of the
inlet velocity profile using Eq. 9. The effect of the non-
uniformity in the velocity profiles converts (ctout/in)
greater than unity, as is presented by the original diffuser.
The optimized diffuser shapes improve this value, but the
one reached by the optimized inlet velocity profile is the
best. In addition, it is shown that the levels of diffusion
were upgraded for the optimized shapes through the uni-
formity of the velocity profile, but its dissipative part was
seriously deteriorated. Then, the geometrical effect deliv-
ered by the AR parameter shows to be highly important
to compensate the velocity profile distortion and the total
pressure loss across the diffuser. Thus, the gains obtained
with the design-shape optimization of the diffusers, cal-
culated with Eq. 9, are about 2%.

To understand the draft tube performance, the behav-
ior of some engineering quantities was evaluated. The
amount of kinetic energy of the tangential velocity com-
ponent was quantified with the coefficient o, and also the
swirl intensity of the flow along the diffuser was obtained
using the swirl number S.

Physically, o1, represents the ratio of the actual kinetic-
energy flux, at a given cross section of an internal flow
stream, to the minimum kinetic-energy flux which could
exist at a particular flow rate. It is given by:

1
g = o3 /A vi*vadA (13)

where v,, vy and vy are the polar components of the velocity.
The swirl number S is defined as the axial flux of swirl
momentum divided by the axial flux of axial momentum:

v v rdr

§ =0 .
R [y (p va)(r va) dr

(14)

Figure 12a shows the development of «, through the
cone. The geometries and the velocity profile profiles
caused an augmentation of this energy before the middle
section and a little reduction after it. The possibility of
modifying both geometrical parameters LR and AR pro-
voked an important reduction of this energy at the end
of the diffuser. The swirl intensity along the diffuser is
presented in Fig. 12b. The optimized geometries and inlet
velocity profile increased the swirl level downstream,
inversely the original profile reduced its swirl intensity at
the end of the diffuser. The increase of swirl in this part
of the device would avoid fluid separation from the wall
which induces a lower energy loss.

These results have demonstrated that the optimiza-
tion shape design methodology seems to be reliable for
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Fig. 10 Plots of the normalized total pressure on three planes

maximizing the energy recovery of the of a conical-duct
diffuser. The first optimization found the exact opening
angle moving the control point along the y coordinate. The
second optimization found the best relation AR — LR to
maximize the objective function.

Equations 3 and 9 have estimated a range of parameters
to achieve the best cone performance that was improved
1.2% in relation to the original design. The latter finding
is particularly important, because [17] estimated that only
0.006% of improvement in the draft tube dramatically
changes the overall performance of a hydraulic turbine
until 0.5%.

The qualitative results have also been useful for evaluat-
ing the efficient diffusion of the optimized diffuser shapes.
Using the same axial velocity profile at the inlet, the opti-
mized diffuser produced a reduction in the velocity level of
the fluid stream and an increase in its static pressure.

The effect of increasing the area ratio provoked a high
degree of dissipation in the draft tube; however, the diffu-
sion reached was enough to improve the Cp. In the veloc-
ity profile optimization, the dissipation was minimized only
improving the uniformity of the velocity profile obtaining
the better gains. Then, it has been demonstrated that the AR
parameter has an important impact on the performance of

@ Springer

the diffuser. However, when the diffuser is part of the draft
tube and its length and area ratio are impossible to change,
the only option is to find the shape and LR ratio which
improve the dissipation and reduce the losses through this
component.

Finally, since much of the basic research on diffuser per-
formance apply directly to draft tubes, the knowing of the
exact value of the angle and its position could be of great
interest for the designers searching for a higher perfor-
mance of this turbine device.

4 Conclusions

This study presented an automated design-shape optimiza-
tion methodology that reached the maximum performance
of a conical-duct diffuser through the exact localization of
the AR and LR parameters. On the basis of the numerical
work reported herein, the following conclusions may be
drawn concerning the flow development in conical-duct dif-
fusers. The gains obtained with a little change of its design
parameters were about 1.14 and 1.37%. However, they were
lower than those obtained when only the inlet velocity pro-
file was optimized.
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Table 5 Detailed performance Design out /Uin AR Diffusive Dissipative Cp Gain %
values reached for each diffuser
Original 1.29 4 0.9146 0.0323 0.8823 -
y-coordinate 1.15 4.41 0.9353 0.0360 0.8993 1.93
y—z plane 1.19 4.53 0.9365 0.0364 0.9001 2.02
Inlet velocity 0.92 4 0.9368 0.0316 0.9052 2.60
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0.25 0.4
0.2
—— Original 0.3 —— Original
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0 —e—VelPro 0 —e—VelPro
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(a) Tangential kinetic energy correction fac- (b) Swirl intensity.
tor.

Fig. 12 Engineering quantities behavior along the length diffuser L (m)

With this study, it has also been possible to identify the  diffusion effect has been improved particularity by the AR
flow structure by means of which the diffuser performance = parameter, although the dissipation effects were increased
was affected both quantitatively and qualitatively. The  importantly. Further research might try to improve the
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diffusion effect maintaining the AR constant but searching
for the exact position of the LR parameter to increase flow
uniformity.

Although the results obtained by this diffuser shape
optimization methodology are promising, some caution
must be taken into account. First, the scope of this study is
limited by the selection of the advanced tuning parameters
of the MIGA that could improve the optimization process.
Second, the resulting inlet velocity profiles provided by a
real blade runner geometry could be so different from that
used in this study that this methodology could be limited
only to the optimization of the diffuser with certain inlet
flow characteristic. And, third, although it is known that
the standard k—e turbulence mode fails to capture the fea-
tures of the flow along the diffuser, during an optimization
process, where fine details of flow characteristics are not
required, this model has been confirmed as reliable and
robust and able to study the effects of mildly swirling flow
through the turbine draft tube.

Finally, the authors think that the methodology and the
findings developed in this study have important implica-
tions for future optimization practices. The first implica-
tion is the methodology, which is based on the coupling of
commercial software that could be applied to analyze other
turbo-machinery components managed by the numerical
tools presented here. The second implication is that when
the space is marginal, the location of the exact opening
angle of the diffuser could dramatically change the overall
performance of a hydraulic turbine. Then, it could be par-
ticularly effective to use shorter diffusers with large angles
to delay or prevent flow separation.
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