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Abstract. This paper presents a methodology for performaopé@mization of a steam turbine cascade using
Controlled Random Search Algorithm and CFD techegjfor ORC (Organic Rankine Cycle) applicatione Bleam
turbine cascade is parameterized to achieve theirmar efficiency while using differents organicsd®u The main
objective of this work is to attain the maximizatiG /C4 ratio from a preliminary design. The approach todfthe
maximum ¢Cy ratio is based in optimization algorithms. Thentolled random search algorithm (CRSA) was
chosen for the optimization process. The otimipatidgorithm (CRSA) is integrated with CFD technisjuesing
schemes automatic building of parameterized gedesetind meshes via “script files” with editing coaimas written

in Tlc/Tk language, wich will be interpreted by t@mmmercial software ICEM-CF® in batch mode. Finally, for the
numerical calculation, the commercial software FLNE® is used with fluids properties, real gases motighulence
model and boundary conditions set through “jourfids”. In this paper, R245fa and Toluene are usedworking
fluids. Results of drag, lift and pressure disttibn are reported. This metodology allows makingr@ctions in the
initial project of the cascade shape without usinigt of computational effort.
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1. INTRODUCTION

The accelerated consumption of fossil fuels hassedumany serious environmental problems such as the
destruction of the ozone layer, global warming aid pollution. Emissions of carbon dioxide related energy
consumption have increased worldwide from 30.2dpilmetric tons to 35.2 billion metric tons in ratgears and will
be around 43.2 billion metric tons in 2035. Du¢hese projections, new energy conversion technedogie required to
use energy resources suitable for power generafitiout causing environmental pollution. Low-grasteirces of heat
are considered as candidates for new sources afyer@rganic fluids are typical sources of low grdwbat available as
an alternative for the production of electricityngspower turbine cycles.

In this sense, researchers have committed a leffofts to develop methods for optimal design basedjenetic
algorithms to find the best design point. Recerfiy,dealt with a method of maximizing the efficnof the steam
turbine based in genetic algorithms. This methosl daaumber of functions that are taken as consérairhus the
optimal geometry and aerodynamic parameters avedaising the genetic algorithm.

Researchers are more and more using CFD technimpgasise through certain defined geometry and Wwihuse
of correct boundary conditions it is possible tcakate the local and global variables of the flixeld.

The fundamental basis of almost every CFD problerthe Navier—Stokes equations, which define anglst
phase fluid flow. Howeverijt is not possible to only use CFD techniques widealing with a great number of
geometrical and flow parameters. Then, in ordeattain the correct solution it is best to use atingpation algorithm
(AO).

Recently, [5] classified surrogate models into foain categories: (i) data-fitting models, whereagproximation
of the expensive function is constructed using aailable data bank; (ii) variable convergence msdethere the
expensive function depends of the numerical salutiba partial differential equation with a relax&dpping criterion;
(iii) variable resolution models, where a hieraratfygrids is used and the surrogate model is hestcbstly evaluation
tool but run on a coarse grid; (iv) variable fitlelmodels, where an hierarchy of physical modelassd. The first
category is focused in this paper.

2. TURBINE CASCADE DESIGN
The preliminary design of a turbine begins using-dimensional modeling techniques. The thermoaeraujc

design of a turbine involves handling a large amairparameters associated with mechanical caloulsitto obtain
the final geometry for the context in which thebine is intended.
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In general, the design consists in the search miedoasic geometrical parameters for the rotor Isladke design
variables - in order to maximize the turbine einity. Figure 1 illustrates the basic steam turbtascade
configuration.

Figure 1. Cascade Configuration.

For the turbine blade design, the camber line vetisnated using the inlet and exit relative angleisTwas done
graphically by ascript written in Tcl/Tk language that can be interpretgdthe software ICEM-CFD®. Given the
chord length (c), the tangents to the leading aaiting edge of the chord were constructed by tteti(3;) and outlet
(Bo) relative angle as shown in Figure 2. The tangemie brought to an intersection with each other subdivided
into equal distances. The envelope to the inndéonegf the connecting lines is the camber line. ©tiee camber line
was constructed, a NACA 6519 profile was superiregaand the new profile was generated.

Figure 2. Camber Line Generation Methodology.

3. Optimization M ethod

For the optimization process was chosen a glologhsistic optimization algorithm known as ControlRdndom
Search Algorithm (Controlled Random Search Alganith CRSA). The CRSA is an algorithm based on a set
population, so Genetic Algorithms and Different@alolution. The CRSA from an initial population ofdividuals over
a consistent region of the problem promotes iteeasubstitutions of the worst individuals by thestbevilling that the
population shrink up around the global optimum.
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Defined as {sp: XOR™:xE<x <XV, j =L, ,n}, where X <x <x represent the lower and upper bounds
respectively for n coordinates of x. The pojntis a global minimum ofs if f(x*)g f(x), OxOSp - Besides the side
constraints used in the definitiongy, other restrictions may be imposed.

The CRSA is an algorithm based on the generatioa pbpulation of starting pointe of N points randomly

generated on the space explored, following antitergprocess converges to a global minimum by pitapes purely
heuristic [1] [2].
The basic CRSA minimization is described as follgadgapted [1] and [2]):
1. Generation of the initial populatior of N random points igp: P = {x...xN}. Determination of the
worst pointh and the best point, this is, pointsp with the best and worst values of the functigner, ,
respectively. If the stopping criterion is alwaygisfied, then stop (for example, stopsif- f <&, where

¢ is an obtained tolerance).
Generation of the test poins to replace the worst poimt.

If p is infeasible O sp), follow back to step 2 (or change p, making ésigle).

Evaluatefp: f(p)-Ifpis unsatisfactory}(p >f,), proceed to step 2.

Update the set of points replacing the current worst point by point test:<- P n{ p}/{ h}). Find h
and f, in new P. Iffp <f,, then setp, f, asnew, f.

. If the stopping criterion is satisfied, terminat¢herwise proceed to step 2.

7. The two main differences between the CRSA's avigiledfer to: (i) mode generation point attemptgste

2), (ii) access to an optional local search phasera/the best point is the latest in the populafwimere
f, <f, in step 5). It should be noted that all versiossume thain >> n; as a general rule, it is suggested

typically N =10 (h+ 1) [12] [13].

a ~Mwn

Population

4. CASCADE OPTIMIZATION

Cascade analysis still represents a fundamenthintdarbomachinery design context. Relying on Zkdw models,
cascade flow computations are much faster tham®sBels of similar physical complexity.

Prior to optimization process certain steps sholdd prepared, for example, the definition of a
computational domain and mesh generation. The 2eBhes are generated bgaipt written in Tcl/Tk language that
can be modified by the optimizer and interpretedHgysoftware ICEM-CFD® (Fig. 3). Care is takenhe refinement
of the mesh near the wall in order to properly difiathe friction stresses.

The organic fluid type is defined based on therttogtynamic properties, density and dynamic viscodihe initial
hypotheses, the discretized forms of transport tiapsmare solved iteratively, and the solution nugstverge.

Real gases, as opposed to a perfect or ideal gaibiteproperties that cannot be explained entirgding the ideal
gas law. The NIST (National Institute of Standaadsl Technology ) real gas model that use the Theynamic and
Transport Properties of Refrigerants and RefrigeMixtures as an ANSYS FLUENT® shared library (REEDP
v7.0) was used to evaluate the thermodynamic amspiort properties of the working fluids.
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Figure 3. Cascade 2-D Hexahedrical Mesh.
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The mass flow is set at the cascade inlet andriggspre at the cascade outlet. Periodic boundajitoians (Fig. 4)
are considered for reducing the computational dorbaia unique periodic region around an airfoileTtarbulence
model Spalart-Allmaras (SA) with wall functions ¢hosen since these enable realistic responsesefodynamics
problems [3, 8].

PERIODIC 1

PERIODIC 2

OUTLET

Figure 4. Boundary Conditions and Relative Domain

The drag and lift coefficients are calculated whtisis on the magnitude of the mean velocity ve@fég ). Drag

coefficient is computed: first, the difference otal pressure between cascade inlet and outletaki@ed and the
following loss coefficient;, is computed [9].

7 = PP

=1 2 1
(122 W

The outlet mass average quantities are evaluatezbiyol line (line/rake) located at a distanceaathord length
from the trailing edge. Hence, the drag coefficisrdomputed by the following relationship:

__{,cos'B,

° " (slc)codB, @)

This methodology for calculating the drag coeffitiavoids numerical errors associated with thegitiion of the
blade surface forces.
Lift coefficient is then computed:

C = 2(s/c)tang, +tanpB,|cosB, -C, tans, @3)
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4.1 Process I ntegration M ethodology

According to [4], to optimize complex systems,sitriecessary to use methods of process integrahisns, CFD
flow calculation and optimization algorithms. Thesethodologies contribute significantly to the depenent of

engineering optimal designs.
For the cascade optimization the integration opedicesses (CRSA» script.dat—~ ICEM-CFD ® — Journal. File
— Fluent ®) in which the CRSA is the administratbttee process written in FORTRAN® is made.

The flowchart of Figure 5 illustrates the integratprocess, where the input and output files aexluas a bridge

for dates transfer.

,| CRSA > ICEM
‘inz- *NPop=10{n+1)

+Space Explored

[T oy
w2

NO /

l + Boundary Conditions
* Turbulence Model
STOP * Residuel Criterion
FLUENT| <€ |JOURNAL

|

OBIECTIVE

@ |/+ Pressure (Inlet/Outlet)
FUNCTION *Velocity Outlet
+Velocity Angle {outlet)
* Density

Figure 5. Process Integration Structure.

5.OPTIMIZATION PROCESSRESULTS

The results of the optimization process were obkthiby integrating the CRSA with the CFD, as presipu
described (See Figure 5). From the command lifi@@s in Fortran, a "script" generated in ICEM runsl @ mesh is
generated, after meshing, a file "journal.jou”" tedain Fluent runs and then the calculation offtbe starts, after an
average of 700 iterations, the convergence in tietien is attain. Each new call of the objectivendtion that
maximizes the rati€, / C4, a new geometry and mesh is generated and redultag coefficient and lift coefficient are
obtained; this process continues until findingdpémal solution. The results obtained are showhahle 1.

Table 1. Results obtained from the optimizatiorcpss with CRSA.

. . § s(m)
Fluid/organic Cascade Stagger . G Cy C/Cq
angle pitch
R245fa Bfa\se 43,263 0,01025 1,0128 0,0353 28,6931
Optimum 42,378 0,01370 0,6889 0,0031 220,784
Toluene Bfa\se 43,263 0,01025 1,4025 0,0667 21,0283
Optimum 42,121 0,01070 0,346 0,0009 402,196




Proceedings of ENCIT 2012 14" Brazilian Congress of Thermal Sciences and Engineering

Copyright © 2012 by ABCM November 18-22, 2012, Rio de Janeiro, RJ,
Brazil

In the results presented in table 1 it is posdiblebserve that the pitch of the R245fa cascadeyresger influence
on the increase in the aerodynamic performance.adery the stagger angle, in both fluids, had littltuence on the
cascade efficiency. It should be noted also; thatdascade initial design, is based on the casmldelation of a gas
turbine flow [7], therefore, a consequence of thkigs of CC; ratio has improved considerably from the initiakityn

to the optimized for ORC. Figure 6 shows the congpar between the initial cascade geometry and tiien@zed
cascade, it can be seen that in both situationsffbets of the stagger angle are similar.

Base Base

Optimum

Optimum

Optimum Cascade - R245fa Optimum Cascade - Toluene
Figure 6. Base and Optimum Cascade Comparison.

Figures 7 and 8 show a well established staticsprescontours in the flow field, which means a prbpmesh
discretization.
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Figure 6. Static Pressure Contours.
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Figure 7. Static Pressure Contours.
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Figure 9. Static Pressure Distribution.

Figure 8 shows the static pressure distributionsthaf optimized organic cascade profiles, there sarall
fluctuations in the pressure distributions, whicAynbe a consequence of the numerical processgaretbd to improve
refining the mesh near the wall. Situations thatlz@ing analyzed for organic fluids through thegktion of Y +.

6. CONCLUSIONS

Based on the design methodology of a gas turbiseacke, it is possible, through optimization techagand CFD
flow calculations, to find an optimum cascade takwwith different organics fluids. As a first apaah, we analyzed
two fluids, with two design variables (pitch andgger angle). For the optimization process, we wsdtburistic
algorithm CRSA (Controlled Random Search Algorithbging effective in finding the optimal solutidResults of a C
Cq ratio showing the effects of the design variableischi and stagger angle) towards different orgdhiicls were
reported. Future work will be carried out in orderintroduce the tri-dimensional effects on the OfRfbine stator -
rotor, aiming to optimize the isentropic efficieasiof this kind of machines.
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