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Overview of Turbine Flow Losses
and Efficiency

1. Steam, gas, ORC turbines efficiency (opportunities to improve
efficiency)

2. Turbine flow loss mechanisms and design correlations

3. Useful CFD results

- Secondary, tip/shroud leakage flows and
interactions,

- Highly loaded cascades,

-  Stator/rotor interactions,

- Partial admission control stage, adaptive stage.

4. Summary (ways to improve turbine efficiency).



STEAM TURBINES - Thermal, Fossil fuel / Nuclear
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- HP, IP TURBINES - fully 3D blading,
flow efficiency very high,
little room for efficiency

improvements
_ LP CYLIN DERS - hig h Span_wise gl‘adients Scheme and view of 26K480 turbine (supercritical)
of reaction, wet steam flow, Source: Steam and Gas Turbines with examples
some room for efficiency of Alstom technology, ed. K.Kosowski

improvements with the use of
improved CFD modelling in
the wet steam region,

Source: Mitsubishi’Power

For Nuclear Power



Mp STEAM TURBINES - cogeneration
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of Alstom technology, ed. K.Kosowski



GAS TURBINES

- GT - turbine flow efficiency high,
except for UHL turbines

- compressor flow aerodynamics -
still to be mastered

- blade cooling - compromise between
flow and heat transfer efficiency

turbine

gas exhaust
<J

combustion
chamber

GT8C gas turbine (Alstom)

Source: Steam and Gas Turbines with examples
of Alstom technology, ed. K.Kosowski



MD ORC TURBINES
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- low power range, large pressure drops, high Mach numbers,
short height blades, flow efficiencies relatively low -
can be improved

- there is a need for improved loss correlations for design

purposes
ORC 10 kWe ORC 40 kWe ORC 300 kWe
Oil from industrial compressors  IC engine exhaust gases Industrial waste heat
SIrEels 80-120°C 350 - 550 °C 400 -500 °C
SUSUn
DESIGN OF ORC *
SYSTEM
[} o 7 M |
,d |
PROTOTYPE Ly
ASSEMBLY

1st STARTUP OF
TURBOGENERATOR

ORC TURBINES at IMP - P. Klonowicz
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Flow efficiency and flow losses (definitions)
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enthalpy-entropy diagram in a turbine
without considering inlet /velocity
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Turbine flow are characterised by:

- non-uniform fields, large gradients of flow
parameters, vortex structures, wakes,
unsteadiness,

- high Reynolds numbers, turbulence,

- high Mach numbers, wet phase content.

Sources of entropy production:

= dissipation of mechanical energy in viscous fluid in non-uniform
velocity field and in mixing processes,

= dissipation of thermal energy in heat conductive fluid in non-
uniform temperature field and in heat transfer processes,

= shock waves and phase change.

Main loss components considering their location in a turbine flow:
profile losses,

endwall losses,

leakage losses,

leaving energy losses,

disk friction losses,

partial admission losses,

4 4 3 3 40 4 3

wet steam losses...
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casing: 1~
Joint plane®™ .

-,

nozzle carrier

Main elements of steam turbine construction
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Boundary layer loss diagram °
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Optimum p/C and boundary layer loss coefficient in &urbine cascade
for given inlet and exit angles



Profile loss (correlation for cascade design)
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Shock wave losses
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Mixing losses
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Endwall / secondary flows

= The source of endwall losses are specifically evolg
boundary layers at the endwalls.

Endwall loss diagram

ASSUMPTIONS:

-model of profile evenly loaded along its chord

- optimum p/C

- tga varies linearly with chord between tgx ; and tga,
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wir o przeciwnej
rotaciji

Model of secondary flows
In turbine cascade (Langston)

= Loss coefficient
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Endwall boundary layer coefficient
+&.+4, for given inlet and exit angle

- Sample formula for secondary flow losses, Puzyrewsk

) 4
C, sin (0‘1 - 0‘0) COS a, Assuming that the secondary kinetic energy
of passage vortex is lost during mixin
(2cosy, +(h/C)(C/ p))* (cost, +cosry)* cos’a, S g mxing

é:sec =



Endwall loss correlations
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TIP / SHROUD LEAKAGE

@ PASSAGE

STREAM DIVIDING LINE

TIP LEAKAGE

POWIERZCHNIA POWIERZCHNIA VORTEX

CISNACA SSACA

==L

HUB ENDWALL

Tip leakage vortex and passage vortex at the tip
endwall (Sjolander).

Scheme of the tip leakage over unshrouded or
shrouded rotor blades (Denton).

< Tip / shroud leakage - loss of work in a turbine stage rotor. Its energy is still available for work in
the subsequent stage.

® Typically, tip / shroud leakage at re-entry to the blade-to-blade passage has different parameters
as compared to the main stream. It gives rise to mixing losses in the blade-to-blade passage.

2 The mechanisms of formation of leakage loss over unshrouded blades is different than that over
shrouded blades.

2 Tip leakage rolls up into tip leakage vortex and interacts with the main flow and endwall flows.

o Tip / shroud leakage means an off-design inflow onto the downstream stator blade.



Tip leakage loss diagram and correlations
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-model of profile evenly loaded along its chord
- optimum p/C

Model of mixing in the region of tip leakage
over an unshrouded rotor blade (Denton)
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Leakage loss diagram for shrouded blades

| )

GDANSK

TIP LEAKAGE LOSS COEFFICIENT - SHROUDED BLADES
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For drum-type turbine



Disc friction losses

@ Friction of the leakage stream against the disc walls

nozzle (disc windage);

rotor disc
Ny KgpD?u®
N MAH ¢

_ Ny KgpDBU?
fr — - .

N MAH ¢

For drum-type turbine



Partial admission losses
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fwi nd,endarc ~ -

@ \Windage loss, energy needed to conquer
circulation induced in non-aqdmitted channels,

@® End-arc effect — shear between admitted
and non-admitted channels, recirculating flows
and stream mixing

@ filing previously non-admitted channels,
removing stagnant fluid,
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Wet steam loss mechanisms

lost work of water drops,

lost work due to vapour subcooling,
condensation shock,

thermal energy dissipation

in heat transfer during condensation,
droplet wall collisions

Baumann formula
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expansion in wet steam region

Velocity traingle in wet steam region

expansion in wet steam region



IMD

Prospests of development of CFD up to 2030
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TRL B ow & Technology Milestone * Technology Demonstration
MEDIUM : ====3
" HIGH 2015 2020

Demonstrate implementation of CFD
algorithms for extreme paralelismin

HPC

CFD on Massively Parallel Systems *

Demonstrate efficiently scaled
CFD simulation capability on an

2030

30 exaFLOPS, unsteady,
maneuvering flight, full engine

Technical road map of NASA, 2014

CFD on Revolutionary Systems
(Quantum, Bio, etc.)

Physical Modeling

Algorithms

Geometry and Grid
Generation

Knowledge Extraction

MDAO

PETASCALE

Improved RST models
RANS in CFD codes
[

NASA CFD codes (e.g., FUN3D) exascale system simulation (withcombustion)
BT 7
Demonstrate soluionofa = NO - NO EXASCALE ¢ 2
i wr ww wr
vES | ves |
Highly accurate RST modeis for flow separation
N 4 ) m— IR 2 R T 5 BRG , FOET R e
flow at

Hybrid RANS/LES

Integrated transition
LES prediction

Chemicalkinetics
Combustion calculation speedup

Convergence/Robustness

Uncertainty Quantification

Characterization of UQ in aero space

Fixed Gric TighterCAD coupling
= sy .
EE—
Adaptive Grid
Simplified data
Integ {Databases representation

Define standard for coupling
fo other disciplines

High fidelity coupling
techniques/frameworks

Automated robust solvers

No el g h lift)
ight Reynolds number (e.g., hig! .
3 B4

WMLES/WRLES for complex 3D flows at appropriate Re

L , 3D geometry, flow
Chemical kinelics y P
Ln |.EsI e (e.g., rotating turbomachinery with reactions)
Multi-regime
Grid convergence fora lurbulengcu-—c,hem siry Production scalable

complete configuration interaction model entropy-stable solvers

O T 0 T

Scalable optimal solvers
Large scale stochastic capabilities in CFD

Reliable errorestimates in CFD codes

Large scale parallel
mesh generation

Uncertainty propagation

capabilitiesin CFD
P Automated in-situ mesh

with adaptive control

Production AMR in CFD codes

Creation of real-time multi-fidelity database: 1000 unsteady CFD
simulations plus test data with complete UQ of all data sources

SRR

On demand analysis/visualization of a Ondemand analysis/visualization of a
10B point unsteady CFD simulation 100B point unsteady CFD simulation

Incorporation of UQ forMDAD * l *
MDAQ simulation of an entire UQ-Enabled MDAO
aircraft (e.g., aero-acoustics)

Robust CFD for
complex MDAs

- Recommended CFD method - RANS with REYNOLDS STRESS MODELS
(RSM) - available LRR, SSG

- Giving good results — RANS with TURBULENT VISCOSITY MODELS

- TWO-EQUATION MODEL k-wSST,

Additional features:
compressibilty, intermittence, SAS



ERCOFTAC TEST CASE —
DURHAM LOW SPEED TURBINE CASCADE

]‘ 200

CFD codes
= FLOWER
= ANSYS FLUENT

(trailing shed vortex)

{{ (passage vortex)
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H type grid in FlowER
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Experimental and numerical total pressure contours (turtulence models
of Baldwin-Lomax, k—-wSST Menter, Reynolds stress model LLR)

= Turbulent viscosity models are capable of predicting basi features of 3D flow.
However, they overpredict losses in wake and secondaryofiv.
= Reynolds stress model improves the solution, howevertdkes place at increased computational costs

O-H type grid in Gambit
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Measured and computed main components of Reynolds stress tensor



SECODARY FLOW / TIP LEAKAGE
INTERACTIONS - USEFUL CFD RESULTS

Flow turning in the cascade with tip clearance
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Secondary flow vectors and total pressure contours in the HP rotarascade in selected sections located 60% and 15% axial chord
upstream of the trailing edge and at the trailing edge; tip gap size 2%, Ma=0.4,a, = 72, a, = -72.



SECODARY FLOW / TIP LEAKAGE
INTERACTIONS - USEFUL CFD RESULTS

MDD
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Relative motion of the blade tips and endwall

STATIC
PRESSURE [Pa]
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Static pressure field in the blade-to-blade passage located 80%acinel height from the hub (left) and in the mid-gap section of th HP
rotor cascade calculated without relative motion (centre), and ith relative motion (right); tip gap size — 2%.
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Total pressure contours 15% axial chord upstream of the trailing edgand at trailing edge of the HP rotor cascade calculated without
relative motion (left) and with relative motion (right); tip gap — 2%.
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The case of non-nominal inflow onto the suction side of thblade

STATIC
PRESSURE
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Static pressure contours and velocity vectors at the endwall of thetor cascade
for the case of non-nominal inflow onto the suction side of the ddle, o, = C°.
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UHL cascade of Yamamoto I'iﬂiZiIEZ
= Profiles used in gas turbines
for a low weight-to-power ratio

MACH NUMBER
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Enthalpy losses In exit section — experiment, Yamamoto



The effect of span-wise distribution of static pressurand cascade load (3D blading)
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The effect of span-wise distribution of static pressurand cascade load (3D blading)

® LP exit stage - nominal operating conditions:
P.,/Pe,=0.34, G=56.1 kg/s,

OR

Stator and rotor blade
for LP turbine exit stage (Alstom)
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Meridional section of the baseline single-stage axial 4
ORC turbine (left) and 3D model of the rotor (right) il

Power - 45 kW ; 10}
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ORC turbine optimisation: hub-to-tip profiling,

3D blade stacking and,

endwall contoy
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ORC turbine optimisation: hub-to-tip profiling,
3D blade stacking and endwall contouring

Reduced separation zone

Large separation zone

Total Pressure
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HOW TO DECREASE LEAKAGE LOSSES ?

Brush seals — abradable seals

B Front Plate Back Plate

Bristles

B Secton B-B
Diagram of a brush seal (Fellenstein, Dellacorte)

Air curtain seals

air-curtain

mn’
/ seal flow

tip of rotor blade

P it ( C fity = ity + it
| _-._ . Py
| |

Bladelets in shroud / casing

mini-topatki
odchylajace

air-curtain
supply channel

air-curtain
jet nozzle

tip portion of
rotor blade

Schematic diagram of a seal that uses an air curtain (Curtis, Denton, Longley, Rosic)



HOW TO DECREASE LEAKAGE LOSSES ?

Honeycomb seals -
reduce flow rate and ¥
circumferential velocity
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Diagram of labyrinth seal with
honeycomb-shaped filling.
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ANSYS

R19.1

Numerical model of the flow domain in Ansys CFX
(10 kW ORC turbine working on HFE7Z100)
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Unsteady effects
of stator/rotor interaction

Velocity vectors and entropy function
contours at midspan of the rotor

FUNKCJA
ENTROPI
Entropy function contours = i
upstream and downstream & s

33> .1273E+06

of the rotor trailing edge ey

= upstream interaction of the moving blade row,

= downstream transport of 2D and 3D wakes,

= local changes of inlet velocity and angle,

= change in LTT position, redistribution of secondaryflows
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HP turbine stage




STRATY PRZEPLYWU

Unsteady effects

of stator/rotor interaction

Instantaneous enthalpy losses

in stator, rotor and stage
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(MDD Redistribution of secondary / tip leakage flows due to usteady effects
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USEFUL CFD RESULTS
PARTIAL ADMISSION TURBINES
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Flowfield
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MBD ADAPTIVE STAGE AERODYNAMICS

=

GDANSK

< Cogeneration of electric energy and heat in heat apower turbines requires
application of adaptive control to adapt them to vaiable operating conditions.
The main element of adaptive control is the so-cat adaptive stage of flexible
geometry located directly downstream of the extradbn point.

Extraction condensing turbine of power 50MW

Flap nozzles (Puzyrewski)
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ADAPTIVE STAGE AERODYNAMICS
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Summary -
ways to reduce turbine flow losses
and raise turbine efficiency

. Hub-to-tip profiling and 3D blade stacking to reduce span-wise
gradient of reaction (especially in LP turbines). These should
reduce profile losses, including boundary layer losses,
separation losses, supersonic flow losses;

. Improved wet steam designs for LP turbines;

. 3d blade stacking, endwall contouring, non-symmetric endwall
contours. These should reduce endwall / secondary flow
losses in LP/IP turbines;

. Labyrinths with honeycomb seals (possibly abradable) and air
curtains. These should reduce leakage and mixing losses;

. Improved control stage and adaptive stage solutions for
cogeneration turbines.

. Numerical optimisation of increased number of geometric
parameters with improved optimisation methods and
improved CFD models.



