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ABSTRACT hy total enthalpy
In this study, an effective yet numerically simple approach p static pressure
for a coupled design of the last stage running blade and diffuser p; total pressure
is presented. The method applied uses a 2-dimensional stream-j dissipation
line curvature code combined with a boundary layer solver for u* dimensionless velocity
the prediction of flow separation within the diffuser. An accurate y* dimensionless wall distance
representation of the diffuser flow is vital for the assessment of Ma Mach number
the overall performance. Thus the major influences from the tur- Re Reynolds number
bine stage on the diffuser flow, i.e. the tip leakage jet and the ¢ absolute swirl angle
swirl of the flow, are taken into account. Secondary effects like p stage efficiency
blade wakes are neglected. P density
The basic capability of the method to correctly represent g, wall shear stress
the flow is demonstrated by a comparison with 3-dimensional isentropic exponent
CFD simulations of a sample configuration. Solid correlation  subscripts
can be found between both cases. For the optimization pro- gx  axial
cess, a genetic algorithm is used. Optimization parameters in- m meridional
clude the blade exit angle and the diffuser contour. The results (ef reference value
of the optimization are again scrutinized with the assistance of freestream value
3-dimensional CFD simulations. 0 stator vane inlet
1 stator vane outlet / rotor blade inlet
2 rotor blade outlet / diffuser inlet
NOMENCLATURE 3 diffuser outlet
A cross sectional area 3s isentropic change of state fraog to ps
a specific technical work
c absolute velocity
Cp pressure recovery coefficient INTRODUCTION
Cy friction coefficient One goal in the design process of modern steam turbines for
h static enthalpy power plant applications is aiming for high efficiency. A large
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gain in efficiency is expected from the optimization of the last the design point), it is thus sufficient to prevent flow separation at
stage and dftiser of the low-pressure (LP) turbine, especially the diffuser casing wall to get a healthy diffuser flow. The design
as LP turbines are usually multiflow arrangements. The goal philosophy presented focuses on the optimization of the stage
of such an optimization will always include the minimisation of exit flow and diffuser shape in order to avoid flow separation on
leaving loss, as the kinetic energy contained in the exit velocity of the outer diffuser wall and minimization of diffuser leaving loss.
the diffusor cannot be converted into shaft work and thus lowers It will be shown that this approach leads to an overall efficiency
the efficieny of the turbine. In order to fully evaluate the effi- gain for the turbine.

ciency of a last stage and diffusor design the leaving loss must be

included. To account for all the effects of the large radial extent

of the last stage, a 3-dimensional (3D) investigation of the flow NUMERICAL MODEL

is considered state of the art within the design process. Never- The 2D code which is used for the optimization in this study
theless, a numerical optimization using 3D computational fluid js the well-known through-flow code SLEQ by Denton [8]. A
dynamics (CFD) is, even with the increase of computational re- test case, which will be discussed in section OPTIMIZATION,
sources over the last years, still very time-consuming and often has been chosen for the optimization. The tip jet is modelled
not feasible within the design process. Separating the design of by a simple boundary layer (BL) solver, as descripted by Schetz
the stage and the diffuser is, therefore, not unusual and optimiza- [9], which is adapted for the presented investigations to calcu-
tion potential remains unexploited. late the propagation of the wall jet along the diffuser wall. The
In order to improve the diffuser design, numerous experi- freestream velocity at the outer diffuser wall calculated by SLEQ
mental studies have been carried out in the past. These studiess used as an input for the BL solver. The method app“ed is a
mostly focused on individual effects on the diffuser flow, like finjte-difference method on a stretched grid. Turbulence closure
swirl or wall jets at the casing. For example it has been shown by js modelled using a three layer approach, using the formulation
McDonald et al. [1], that moderate swirl has a positive effect on py Reichardt [10] for the inner region of the boundary layer. For
pressure recovery. Likewise Nicoll et al. [2] showed the positive the outer region of the boundary layer the model by Clauser [11]
effect of wall jets on conical diffuser performance. Those stud- s deployed. The turbulence in the shear layer of the jet is mod-
ies were done with isolated diffuser configurations. As has been elled by Prandtl’s third mixing-length eddy viscosity model for
shown by Uvarov [3] the transfer of those results on diffusers the turbulent plane jet. Effects due to compressibility within the
behind a turbine stage is somehow limited due to the inhomoge- poundary layer are assumed to be negligible. For all calculations
neous flow field at the turbine outlet. Comprehensive studies on of the jet flow a mesh of 500 points normal to the wall is chosen.

the aerodynamic interaction of the last stage and a conical dif- The accuracy of the computed results will be demonstrated in the
fuser have been carried out by Kruse et al. [4]. The positive in- next section.

fluence of the wall Jet and the swirl can be confirmed. In addition These two codes are Coup|ed to a genetic Optimization al-

it could be shown that for a medium sized tip gap the efficiency gorithm. The algorithm is called Covariance Matrix Adaptation
of Stage and diffuser was maximal. Zimmermann et al. [5] varied Evolution Strategy (CMA_ES) (See Hansen [12]) One main ad-
the tip clearance gap in a LP model turbine with an axial radial vantage of the CMA-ES algorithm is, that it is quasi parameter
diffuser and also found an increase in pl’essure reCOVery with an free and hence very easy to handle. Furthermore, it has been
increased clearance, but the overall efficiency was decreased.  empirically successful in many applications and is particularly
Numerical investigations on the impact of rotor tip clearance  powerful for rugged or noisy objective functions, which makes it

on the diffuser have been carried out by Willinger et al. [6]. The especially suitable for the purposes described in this paper.
results confirmed the findings by Zimmermann et al. Kreitmeier

et al. [7] showed very vivid the importance of taking the entire

SyStem of turbine Stage and diffuser into account. VALIDATION OF BOUNDARY LAYER SOLVER
From all those studies it can be deduced that the main effects To validate the BL solver with regard to its capability to cal-

(first order effects) on the diffuser flow field are the tip jet and  .;ate 4 wall jet flow, two test cases have been chosen. Firstly

swirl of the last stage. For the assessment of the performa.nce. ofa 2D plane wall jet, for which comprehensive measurements are
the last stag_e, an _accu_rate representation (_)f thos_e eff_ects IS \{'tal'available, is considered. A second case represents a wall jet with
These conS|derat|0ns_|mp!y that for an axial ra_tdlal diffuser (|r_1 an adverse pressure gradient.

contrast to a purely axial diffuser) special attention must be paid

to one particular region which is most likely to have boundary

layer separation. This region is at the diffuser casing wall, where 2D Plane Wall Jet

the effects of flow deceleration due to flow area expansion and The first test case considered is taken from the ERCOFTAC
streamline curvature are superimposed. In most cases, and thiclassic database (for details see Karlsson [13]). In this study
is especially true for load points with only little or no swirl (like  Laser-Doppler measurements in a 2D plane wall jet were con-

2 Copyright © 2011 by Siemens Energy, Inc.



ducted. The Reynolds number based on the inlet velocity was from a plot of the boundary layer. In figure 2 the Velocity
approximately R=9600. Measurements were conducted at dif- against the wall distancg" for distances of 400mm, 700mm,
ferent positions downstream of the initial slot. Representative 1000mm and 1500mm downstream of the slot is shown. The
comparisons for distances of roughly 200mm and 2000mm are self-similar behaviour of the boundary layer which can clearly
shown in figures 1a and 1b respectively. As a second reference,be seen from the measurements is also predicted by the bound-
ary layer solver, showing again a solid correlation to the mea-

surements.
0.06
—_ o
Eom| % ol 2D Wall Jet With Adverse Pressure Gradient
g 0wk B Sowver The second test case for the validation of the boundary layer
2 solver is an annular axial radial diffuser including a wall jet. This
5 0@¢ test case serves to validate the accuracy to calculate a wall jet
g o.00 F with adverse pressure gradient. The diffuser geometry consists
o of two arcs. The exact values are given in Table 1.
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FIGURE 3: TEST DIFFUSER ARRANGEMENT
FIGURE 2: BOUNDARY LAYER PROFILE OF WALL JET

The diffuser area ratio is chosen to ensure a separated flow even
two Navier-Stokes flow simulations with CFX, using the stan- inthe presence of a moderate wall jet. This also allows validation
dardk — € model and the SST turbulence model, are also pre- of the accuracy to predict the point of separation by the bound-
sented. Good correlation between the computed and measuredary layer code. CFX was used to calculate the reference flow
velocity distributions can be found. The good prediction of the field. Again thek— & and the SST turbulence model are consid-
flow in the near wall region by the BL solver is demonstrated ered. Both models are widely used in industrial applications. As
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the SST model predicts an early onset of flow separation and the characteristic of the wall jet and the predicted point of separa-
k— & model a late onset, these models are suitable to demonstratetion lies within the range of the 3D CFD. This shows that the BL
the range of accuracy for a typical 3D CFD simulation. The inlet solver provides satisfactory results with regard to flow separation
velocity of the main flow is set to be 200 m/s which corresponds in an axial radial diffuser.

to a Mach number of roughly Ma=0.5 for wet steam conditions.

This corresponds to a typical load case of a last stage in a steam

turbine. The jet velocity is 350 m/s, and the initial height of the QOPTIMIZATION

wall jet is set to 15mm. This does not correspond to the actual As the reference case an old existing design is used, where
tip clearance of a last stage running blade. Still the value yields a the blade and diffuser were designed separately. Firstly, from
good representation of an actual wall jet in a last stage. Reasonsy steady state simulation, a references flowfield is created using
are discussed in the next section. In order to calculate the wall the 3D Navier-Stokes solver CEX from ANSYS. The effects of
jet with the boundary layer solver, the free-stream velocity out- turbulence are captured using the Shear-Stress-Transport (SST)
side of the boundary layer has to be provided. The free-stream model with wall functions. The SST model is a hybrid model,
velocity along the diffuser Casing wall is evaluated from an invis- blending between thike— w model in the near wall region to the
cid simulation without wall jet. Figure 4a shows a comparison of k — ¢ model in the core flow. The solver is based on a finite
volume approach. A hybrid scheme for the spatial discretiza-
tion is employed resulting in second-order accuracy. Figure 5
400 shows the topology of a typical investigated geometry. The flow

- domain is divided into four regions (stator vane, rotor blade, dif-
£ fuser and extension at outlet) which are represented by different
> 3001 colours. The extension behind the axial radial diffuser is em-
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FIGURE 4: WALL JET WITH PRESSURE GRADIENT FIGURE 5: FLOW DOMAIN OF LAST STAGE AND DIF-

FUSER

the wall jet velocity between the 3D CFD simulation and the re-

sult of the boundary layer solver. The acceleration due to the ployed for reasons of numerical stability and to avoid negative
streamline curvature at the diffuser inlet is in very good agree- influences from the outlet boundary onto the diffuser flow. The
ment with the 3D CFD. The gradient of the deceleration due to overall amount of grid nodes is roughly about 1 Million. Be-
the flow area expansion and reduction of streamline curvature is tween stator vane and rotor blade a mixing plane is introduced.
predicted slightly lower by the BL solver than inthe 3D CFD. As  The diffuser domain is modelled in the same frame of reference
shown in figure 4b this also results in a slightly different gradient as the rotor to avoid nonphysical behaviour of the blade wakes
of the wall shear along the diffuser wall. However, the general in the simulation (see Musch et al. [14] for details). The in-
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let boundary condition is taken from a through-flow calculation. through-flowcalculations were adjusted to the 3D CFD. Compar-
The total pessure, total temperature and the flow direction are isons for the test case of the meridional velocity, the swirl angle
prescribed as radial profiles. At the outlet the static pressure is and the total pressure profile are shown in figure 6. As next step
prescribed, using an opening type boundary condition, which al- the BL solver has to be matched to the 3D simulations as well.
lows for fluid to exit and enter the domain. The flow direction at This must be done for mainly one reason. As was already men-
the outlet is in radial direction. The wet steam was modelled as tioned before, the tip jet forming above the running blade is not
an ideal gas. Sound correlation with measurements from a modelaxissymmetric. Due to the three dimensional nature of the flow
turbine can be found for similar numerical setups using CFX in in the interaction zone of the supersonic and subsonic regions of
the literature, e.g. Polklas [15]. Additionally the code has been the tip jet (vortex breakup etc.), it is not straight forward to derive
successfully used by Becker [16] to calculate the flow through an a correlation for the initial jet height based on the tip clearance.
axial radial diffuser test rig. Nevertheless, if the initial jet height and velocity are approxi-
mated from the a circumferential averaging of the 3D CFD, it
. can be shown, that it is possible to get reasonable results from
Initial Setup the BL solver when compared to the data of the 3D simulations.
Through-flow calculations are done including the last three The initial jet height is thus chosen to 13mm and the initial jet
standard size stages in order to get reliable flow conditions for the velocity to 350 m/s. The following two figures show the results

IaSt Stage. To get Viable I’esu|tS from the Optimization |t iS fur‘thel’- of th|s adjustment. In figure 7a the Wa” Shear as Ca'culated by the
more crucial to match the results of the through-flow calculations

as good as possible to the 3D Navier-Stokes simulations. In or-
der to achieve this the exit flow angles of each blade row in the
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results. Figure 7b shows the jet velocity calculated by the BL
solver along the diffuser casing wall, compared to values from

FIGURE 6: COMPARISON OF SLEQ WITH 3D-CFD circumferential averaged 3D results at some distinct locations in
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the diffuser. It can clearly be seen that the BL solver gives a detected a modified objective function is returned depending on
rather good pdiction of the flow behaviour as derived from the the point of separation and the flow area expansion at the point
3D Navier-Stokes simulations. Once the values for the initial jet of separation. A configuration which separated shortly after the
height and velocity are adjusted, they are kept constant through- blade exit hence gets a smaller value as one where the flow stays
out the whole optimization process. The parameters which are attached further downstream. In addition it has to be assured that
allowed to change during the optimization procedure are the exit the returned value is always smaller than in case of no separa-
flow angles of the last running blade and the diffuser shape at tion. This approach helps to accelerate the convergence of the
the casing. A simplified diffuser shape is used, which consists of optimizer.

straight lines and one arc. In addition to the length of the lines the

angle is also allowed to vary. The same applies to the arc. Not

only the radius, but also the start and end angle are varied during R€SUlts

the optimization. All diffuser parameters are shown in figure 8. Results of the optimization include a new set of flow angles
for the last stage running blade and new geometrical parameters

for the diffuser contour. The new shape compared to the refer-
ence diffuser is shown in figure 9. The area ratio of the optimized

FIGURE 8: 2D-FLOWPATH AND DIFFUSER PARAMETERS

The efficiency of the last stage is chosen as the objective F'GURE 9: 2D-FLOWPATH: OPTIMIZED VS REFERENCE

function. No attention is paid to the efficiency of the first two

stages, as last stages of the size studied in this paper are typically

fully or nearly chocked in the stationary last stage blade. Thus diffuser isroughly 20% larger as the reference. To check the op-

changing the last rotor blade does not affect the upstream stagestimization results with 3D CFD a new 3D design of the blade

The kinetic energy at the diffuser outlet is included as an addi- has to be created. The 3D design of the blade is created with a

tional loss. This yields the following definition of the efficiency.  simple procedure. It is assumed that the flow angles behave ap-
proximately in the same way as the metal angles. The blade is

a Ahy hat — hot thus twisted according to the difference in flow angle before and

n= a_j T3~ hehy (1) after the optimization, based on the SLEQ results. The shape
Ahe + (hes —hs) — 53 * of each section of the blade was not modified. This procedure

j =~ seems quite feasible in order to show the general success of the

Leavng Loss .. .
optlmlzatlon strategy.

Results of the 3D simulations are compared to the 2D op-
timization results. From the comparison of the calculated wall
shear at the diffuser casing in figure 10, it can be seen that the
flow behaviour in the diffuser is sufficiently captured. Same ap-
has ps\ 7 plies for the flow Within the last §tage, as the r_adi_al distribution
To = <p0> (2 of total pressure, swirl and velocity, presented in figure 11 show.

The following remarks can be deduced from the 3D CFD results
i ] . ~concerning the blade and diffuser design of the presented config-

To be able to rate two configurations with the same effi- ration. Taking a look at the meridional velocity, it is apparent,
ciency, the minimal skin friction coefficient = ,T)W wasadded  {hat the leaving loss at diffuser exit is considerably lower in the
to the objective function, to favor a design that is far away from optimized design. This is a direct result of the changed total pres-
separation over a design close to separation. In case separation isure distribution behind the blade. Whereas the reference case

For anideal gas as assumed in this study the isentropic change
from condition 0 to 3can be derived from the isentropic relation.

—1
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has a quite inhomogeneous total pressure profile, the optimized
design shows a more or less constant distribution except for a
small region near the hub. The distinct enhancement of the total
pressure profile not only leads to a more homogeneous velocity
distribution at the diffuser outlet but also to a higher pressure re-
covery within the diffuser. This is directly evident when looking
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FIGURE 11: COMPARSON OF SLEQ WITH 3D-CFD

at the part load behaviour. In figure 12 the difference in pressure
recovery to a reference valde, = ¢, — Cpref and the stage ef-
ficiency are plotted against the axial Mach number at blade exit.
The pressure recovery for the reference design drops markedly
with decreasing load, whereas for the optimized design the pres-
sure recovery stays almost constant. To confirm this an additional
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FIGURE 12: PRESSURE RECOVERY AND EFFICIENCY

optimization has been conducted, where only the blade has been
optimized. It can be seen that for the optimized bladedhe
value is significantly higher, although the diffuser is the same as
in the reference case. For the diffuser design a coupled approach
is thus essential as the diffuser flow field is obviously depending
on the flow conditions provided by the last stage blade. A com-
parison of the reference design to the optimized diffuser shape
(see figures 10 and 7a) shows that the skin friction in the opti-
mized design is kept more or less constant at a very low level
in the whole diffuser. This seems to point in the same direction
that Stratford [17] already proposed as a criterion for an ideal
diffuser. It seems desirable to keep the skin friction as constant
as possible to avoid distortions or rapid changes of the velocity
profile in the boundary layer.

Furthermore it can be seen that the meridional velocity dis-
tribution at blade exit has changed and is even more distorted in
the optimized design. With regard to the leaving loss at blade
exit this shows only a minor influence as illustrated in figure 13,
where the difference between the calculated leaving loss and a
reference valuARyss = H“%T:W, at either the blade or diffuser
exit is plotted against the axial Mach number at the blade exit.
While the leaving loss calculated at diffuser outlet is reduced in
the optimized design, the leaving loss calculated at blade exit
stays basically the same compared to the reference case. From a
further optimization where only the diffuser has been optimized
one can see an appreciable increase of the leaving loss behind
the blade, although the blade design has not been changed. This
indicates the strong influence of the diffuser design on the pres-
sure distribution behind the rotor blade (see also Kreitmeier [7]).
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