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Abstract. A single-stage axial-flow turbine was designechgghe meanline approach with the addition of logxlels
and its 3D geometry was generated to become pessild study and its performance evaluation usingdCF
techniques. A specialized turbomachine commeroifilvare was used for preliminary design and flovicakations.
The three-dimensional turbulent flow calculationgswperformed based on a 3D CFD software with RANS
formulations and the turbine operation map was deieed. The results from CFD softwarere compared with the
meanline turbine data including its performance mape mesh generation processes and numerical Ssate
discussed and the CFD results are presented basedeofluid properties distribuiton along the blasigan (NGV and
rotor). The turbine shaft work and its efficienoy $everal operation points also are calculated andhpared.
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1. INTRODUCTION

The development of high performance computers éenmedecades has allowed growth of an alternativehie
study of fluid flow, the use of Computational Fluidlynamics (CFD). This tool solves numerically thguations
describing the flow: mass conservation, Navier-8to#tnd energy conservation.

The CFD simulation is especially interesting beeatitas much lower costs when compared to expetahtests,
such as the use of test benches and wind tunnétk.tklé CFD is possible to reduce the amount ofeexpents and
explore various phenomena not so well understodlaraboratory tests.

The flow calculation in turbomachines still is ajorachallenge in the area of CFD. The developmédn€ieD
techniques and the obtaining of more accurate eli@bie mathematical models are extremely imporf@ntaking the
results obtained increasingly closer to reality. ¥8a include in this context, the use of turbulemoelels.

The equations that mathematically describe the \dehaf fluids are known as equations of: mass eovetion,
Navier-Stokes and energy conservation. In the CBBirounity it is common to call these equations agegung
equations.

Analytical solutions to the Navier-Stokes equatians determined only for a few simple cases. Hea@mod and
robust numerical method should be used to solveenigally this non-linear system of equations. Tlesidgner is
interested in values of pressure, temperature atatity distributions along the turbine blade-tad passage from
inlet to outlet of the machine in the streamwigection.

The use of numerical solutions applied in the Na@itokes equations potentially reduces time ant afos turbine
project. Therefore, it is necessary a specialiaddi to properly interpret the flow physics andailetl understanding
of the numerical techniques used as well as theitdtions.

2. OBJECTIVE

The objective of this work is to determine the fl@&havior within a single-stage axial turbine usa@CFD
commercial software developed by CONCEPTS NREC calidd AxCent. The AxCent software has a CFD module
called PbCFD. This module was used to generatgytiteand to calculate the fluid mechanics equationg 3D
environment for a flow in the steady-state regime.

The results from CFD tool were compared with thiine preliminary design based on a meanline 1Drtegie
with appropriate internal loss model. The valuesMiaich numbers, total pressure and temperatureitdisons are
presented for both design tools. The turbine opmrahap was determined using CFD tool and it is garad with the
preliminary design results too.

3. LITERATURE REVIEW

Currently, many studies on application of CFD tiwoaxial turbines have been developed. Some catiwibs are
discussed in this section.

Silva, D.T. and Tomita, J.T. (2011) discuss théurice of two different turbulence models in fuillybulent flow
within an axial turbine: the one equation turbukenaodel of Spalart-Allmaras and the two equatianisulence model
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k-e. The results are discussed for each turbulenceehfiaded on the solution from CFD tool analyzing distribution
of fluid properties along the turbine blade span.

The main results showed that the Sparlart-Allmanasgel shows better results than the ikodel for high pressure
ratios. At high pressure ratios can occur bountiyrgr separation on the turbine blade suction ditte. k€ turbulence
model, which uses wall functions, cannot obtairsdme cases, accurate results under these comsdititmhengineering
problems. With the Sparlart-Allmaras turbulence elde equation is integrated until the wall, retjpg the values of
y+ following the model recommendations.

An detailed discussion and comparison between ¢kalts of a high pressure turbine flowfield usinffedent
turbulence models including a seven equations maddlthe well known two-equation SST turbulence ehadas
described in the work developed by Tomita, J. TvaSL. M. and Silva, D. T. (2011). In this worthe models were
compared for different mesh types as structureduaistructured and its application for differentowience equations.

Silva, L.M., Tomita, J.T. and Barbosa, J.R. (20#liscuss the influence of the tip clearance of rdilades in
internal losses, which affect the operation of @aldurbomachine when the pressure ratio andiefiwy are analyzed.

Comparing different configurations of the tip cleace, significant differences in the turbine effitiy were found.
Thus, it reinforces that the tip clearance haseatginfluence on the losses and can cause a s@mifdrop in engine
efficiency. This parameter should be evaluatedesithe preliminary design when a small improvemenemgine
performance means large reduction in operatingscost

Tomita, J.T. and Barbosa, J.R. (2011) discussrtfheeince of the flow turbulence intensity in anaxurbine inlet
in its design-point operation. The flow calculasowere performed by an in house 3D CFD code baseRANS
(Reynolds Average Navier-Stokes). The turbulendeceéfwas performed using the one-equation turbelemodel
developed by Sparlat and Allmaras. The flow wass@ared completely turbulent.

The main results show that the influence in Macimber, varying the turbulence intensity, is smasihgl the NGV,
but, to the rotor, the Mach number is slightly eiffint for each turbulent intensity value. The tptassure distribution
realizes great differences to the region closeh&éoNGV trailing edge. Similar effect occurs for ttator blades, but
much less intense. The velocity distribution aldhg trailing edge of the rotor blade is also gseatffected by the
existence of strong secondary flow. And, therelamge differences in the eddy viscosity ratio (tuemt and molecular
viscosity ratio, determined by the turbulence mpéi@l each value of turbulence intensity in the hiae inlet. Also,
note that the flow characteristics near the turlireehighly influenced by the characteristics @& flow at the outlet of
the combustion chamber.

4. THE FLUID MECHANICS EQUATIONS (CONSERVATION LAW) IN THE 3D FORM
It is possible to represent the fluid mechanicsa¢igus of partial differential equations in matfaxm:

a0 O0E oF aG .
Q@ JE oF oG _ 1
sttty TS @)

The termQ is the vector of conserved variables. The veStisrthe sources terms in the momentum equatiorss. Th
flux vectorsE, F andG can be divided into different components: inviseidcous and turbulent terms, as indicated:
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The Euler terms (convective components) are reptedeby the subscript “e”. The viscous terms apasented
by the subscript “v”. The matricial representatiofishese equations are presented below:
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Wherep is the densityr;; are the viscous stresses,is the total energyp is the total pressurg is the molecular
coefficient of viscosity,u; is the turbulent coefficient of viscosit@r; is the laminar Prandtl numbePy; is the
turbulent Prandtl number andis the ratio of specific heats.

The first term of each vector corresponds to thesregjuation, the last term to the energy equationttze other
three terms to the Navier-Stokes equations.

5. THE AXIAL TURBINE DESIGN PARAMETERS

The turbine to be analyzed is a single-stage duidline. The preliminary design of the turbine veadculated

using the commercial softwares AXIAY. and AxCent" both developed by NREC Concepts ETI.

For more details of the process adopted duringptiediminary design and the turbine design requireineee
Martins (2011). Basically, this turbine was studlsed on a small gas turbine engine with thrustirad 5kN in its
turbojet version. The main turbine design requinetsare shown in Table 1:

Table 1 — Turbine design requirements

Single-Stage Axial Turbine Design Parameters

Inlet Total Pressure dF(Pa) 101,325
Inlet Total Temperature J (K) 288.15
Rotor Blade Tip Speed ) (M/s) 439.5

Outlet Static Pressure s Pa) 164,215

Mass-Flow

m (kg/s)

7.95
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Total-to-Total Pressure Ral PR: 2.16
Isentropic Efficienc n (%) 88.50%
Specific Worl W (MW/kg) 1.72

The NGV and rotor blade rows are shown inures 1 and 2. Figureshow the 3D axial turbine geome.

Figure 1. NGV blade row Figure 2. Rotor blade row Figure . 3D turbine view

6. GRID GENERATION

A good grid quality is strongly desired in the computationah@in discretization 1 ensure a good numerical
stability as well as to obtaiaccurate results the calculations fronpartial differential equations discretized us
appropriate numeral schemes for convective and diffusion terof the fluid mechanicsequations. Moreover,
discontinuous regionsas shock wavi, are very aggressive numerically speakanyl these regions needs spe
attention in the domain discretizatiamd numerical schers treatments applied in the convective te to avoid the
propagation of numerical errors.

The grids type a$l and O are widely us: on turbomachinery geometries. ThegHd is simpler and easier to
generate. But, generally the O-gridbistter due tdts improved accuracy in represenatiof leading and trailing edges
- complex and high curved regiorithe C-grid is best suited to the contours of the bladetion and pressure surfac
including its edges, but imore costly tcgenerate due to thedhi numbers of polynomial functions and control p®ia
guarantee the quality of elements, for exampldr thrthogonality and anglesThe problem of usinH-grid is that the
curvature of the leading and trailiegge ispartly lost and to reduce this effect woble necessary very refined mesh.

In general, the O-grithest fits the vicinity of the blade, providing asificant improvemer in the computational
domain representatiorit is also interesting to mention that tO-grid is currently ecommended for axial machir.
Both of them are shown in Figures AdzE.
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Figure 4. Hgrid generated in a turbine blade Flgure 5. Ogrld generated in a turbine bl

In this work, an Ogrid was generated, and its dependence tudied based on the different mesh s. This mesh
type was chosen because this is the mesh confignithiat is best suite to the contoursf the turbine blade surfac as
afore mentionedThe final mesh size h 802,028 nodes and it is showed in Figure 6.
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Figure 6. O-grid generated for a single-stage axial hebi

7. NUMERICAL ISSUES

The spatial discretation scheme used in this w for the convective terms is based on the Advectigmvind
Split Method (AUSM) developed by Liou (Chima and Lic 2003) using a thirdrder numerical scher including the
Monotone Upstream Schemes for Conservation LeMUSCL) and limiter functions as minmod to increase
original discretization orddfirst order of upwind schemes. For the time integration, tha-tep second-order Runge-
Kutta explicit scheme was performebo accelerate the numerical convergence aydle multigrid, local tim-step
and the implicit residual smoothing were perforr

The turbulent eddy viscosity was calculated usheydn-equation Spalart-Allmara@Spalart and Allmaras, 19¢
turbulence modethat determines the flow eddy viscosity based am mhodified eddy viscosity termrv). This
turbulence model determindte modified eddy viscosity transpfollowing the equations bello

= C(#) + D(¥) = Prod(#) + Dest(¥) + T (12)

22

where the convection term is
CH) = -V - FW)? (13)

the diffusion term is

1 —
D(¥) = - [V ((v + D)VD) + o (V9)?] — (FW)? (14)
the production term is

Prod(¥) = cpy[1 — f,1S¥ (15)

the destruction term is

Dest(9) = PRI (16)
est() = [aunfy — 5 fo] |5

and the transition term is

T = f,AU? (17)

More detailsand the model calibratiocan be found in the referenceBofnita, J.T., 20C) and (Spalart and
Allmaras, 1992).

8. RESULTS
The values oMach number, total pressurind temperature distributiorsalculated using CFD technique wt

compared with the results from the meanlturbine preliminary desigriThese values are evaluated along the k
span - NGV and rotor rows.
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The results were compared to values obtained imptékminary design done by Martins (2011). Itrispiortant to
mention that a more reliable comparison shoulddreedvith experimental results, but unfortunatelg tlesource is not
yet available.

The Figures 7 to 12 shows the distribution of Macimbers and total fluid properties for both bladers. Note
that, in the NGV row the results are in the absolitame of reference and in the rotor row in regmatframe of
reference.

Absolute Mach Number - NGV Relative Mach Number - Rotor
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Figure 7. Mach Distribution — NGV Figure 8. Mach Distribution — Rotor
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Figure 9. Pressure Distribution — NGV Figure 10. Pressure Distribution — Rotor
Absolute Total Temperature - NGV Relative Total Temperature - Rotor
100% & 100% o
&  Design-Inlet & Design-Inlet
80% 80%
< 60% ¢ Design - Outlet < 60% @ Design - Outlet
$
¥ a0% i O Grid - Inlet ¥ a0% i O Grid - Inlet
20% 20%
e==@== 0 Grid - Outlet e==@== 0 Grid - Outlet
0% 0%
3,9000 3,9050 3,9100 3,9150 3,9200 3,9250 3,9300 3 3,2 3,4 3,6 3,8 4 42
Tt/Tref Tt/Tref
Figure 11. Temperature Distribution — NGV Figure 12. Temperature Distribution — Rotor

Some differences can be observed in Figure 10 enrtior blade passage. This is due to the fact ithalhe
preliminary design procedure the losses are queditibased on semi-empirical correlations and, imesaases,
adjustments are necessary in these loss coeffici@hie same behavior can be observed in the wgithne (endwall
and casing). The preliminary design tool cannotsine with high accuracy the flow behavior closethie walls
where the boundary-layer is acting in the main flow

Regions with high flow accelerations in the NGV antbr blades passage are found within turbine fi@th. The
absolute and relative Mach numbers contours arershio Figures 13 and 14 for a 50% of blade spape&onic flow
is common to found in this turbine class and carobserved mainly in the rotor outlet (blade suctsie). High
performance turbines frequently operate in the etamnditions as presented bellow.
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Figure 13. Absolute Mach number

To determine the axial turbine operation map isessary to calculate the operating characterisfiteeomachine
for off-design condition. In this work, nine diffamt operation points were selected according tdutiene outlet static
pressure variation.

The turbine map obtained from the results of betihhiques (meanline and CFD) is showed in Figure 15
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Figure 15. Pressure Ratio Comparison

The turbine shaft work, for several operating paii also showed and compared in Figure 16.
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Figure 16. Shaft Work Comparison
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The tip clearance of the rotor blades was not nemtéh this work. Its influence affects directly therbine
operation as well as pressure ratio. The tip clesgacauses an increase in internal losses, whishigh interest in
turbomachinery community, because the flow thaakK$8 in the region of clearance between rotor amsing not
participate in the process of energy transfer whasequently will affect the performance of the hiae.

9. CONCLUSION

The results of both design tools were close andable values were obtained. Obviously, the 1Brtegie does
not consider some important flow effects as turbctdeand boundary layer behavior. These effectsnadeled using
semi-empirical correlations that sometimes needesmycalibration of its coefficients. But, the pnghary design can
provide good results to guide the more detailediesy in other words, the preliminary results agoad starting point
for 3D analysis. Moreover, without the turbine gedm is impossible to perform its 3D flow calcutati and this
geometry is generated based on reduced order tools.

CFD can be used as an important tool to check feigni design parameters, its values, requiremaentsalso to
improve the turbine geometrical characteristicshfetter performance.

In this work, we studied the flow within an axiarlbine, but in a turbomachinery project is alscegiemphasis to
several other important assessments such as:wstlotibration, noise, labyrinth seals, among ath&/hich ones can
be explored in further work.
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