
第 24卷 第 4期
2009年 4月

航空动力学报
Journal of Aerospace Power

Vol. 24 No. 4

Apr. 2009

文章编号: 1000�8055( 2009) 04�0717�12

Designing a power plant with highest efficiency:

results from SFB 561

Diet er Bohn

( Inst itute of Steam and Gas Turbines, RWT H A achen U niversity ,

T emplerg raben 55, D�52056 Aachen, Germany )

Abstract: T he goal of Collabor ative Resear ch Centr e ( SFB) 561 � thermally highly lo aded, po rous

and cooled multi�layer systems for combined cycle pow er plants� is to expand the cur rent techno lo g�

ical and scient ific know ledge on power plants in order to achiev e total eff iciencies of 65% in a com�

bined cycle pow er plant in the year 2025. Ther efo re, the aer o�thermomechanical, structur al�me�

chanical, mater ials scient ific and product ion fundamentals fo r the development of steam and gas

turbine com ponents that ar e able to w ithstand highest thermal lo ads are being wo rked out w ithin

this SFB.

This means fo r the gas turbine that combustion chamber outlet temperatures of 1520 ! at 1. 7MPa

are to be attained. In order to contr ol these high temperatures, it is not only r equired t o develop

new materials so lutions, including t hermal barr ier coat ing s, but a lso to apply improved coo ling

techniques, as fo r example effusion cooling. T his novel co oling concept is to be realised through

open�por ous str uctures. These str uctures can consist of drilled open�porous multi�layer systems or

open�por ous metallic foams. The development of gr aded multi�lay er sy stems is also ex tr emely im�

por tant , as t he g r ading w ill enable the use of co olant in dependence o f the r equirements. T he live

steam parameter s in t he high pressure turbine are expected to be increased up to approximately 700 !

wit h pressure of 30 MPa. T hese elev ated steam paramet ers can be encounter ed w ith Ni�base alloy s,

but this is a costly alternat ive, associated w ith many manufacturing difficulties. Therefo re, the SFB

proposes cooling the highly loaded turbines instead, as this w ould necessitate the application of far

less Ni�base alloy s.

T o pro tect the thermally highly loaded casing, a sandw ich mater ial consist ing o f tw o thin face

sheets with a co re of a w oven w ir e mesh is used to cover the w alls of the st eam t urbine casing.

The cur rent st ate o f the r esear ch shows that by ut ilising innovative cooling techno lo gies a total

eff iciency of 65% can be r eached w ithout ex ceeding the max imum allow able mat erial temperature,

ther eby prolonging the life�span.
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Introduction

∀ ∀ The pr eserv at ion of natural ( fuel) resources

and the reduct ion of gases that ar e harmful to

the environment are present ly the driving forces

behind the impr ovement of the thermal ef f iciency

of pow er plants. M oder n combined cycle pow er

plants r each total eff iciencies of o ver 58% and

steam turbine pow er plants can reach up to 46%

net eff iciency, although the temperatures re�
quired to reach this ef ficiency lead to the lo ad

limits of the current ly used materials being

reached. T herefo re, the econom ic and environ�
mentally�friendly product ion o f elect rical energy
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w il l be one o f the fundamental challenges for the

pow er plant indust ry of the 21st century.

The w orld market is, at present, deter�
mined by an increasing demand fo r combined cy�
cle pow er plants and, in countries with large

coal reserves, by a demand for moder n steam

turbine plants w ith highest ef ficiencies. T here

w il l be a signif icant demand for additional pow er

plants w ith increased pow er output in Europe in

the next decades, as a replacment for the plants

from the 1960 s and 1970 s that are being cur�
r ent ly decommissioned. In the fo reseeable fu�
ture, though, emer ging markets like China and

India will dominate the demand for pow er plants

on a global level. The challenge for the pow er

plant indust ry in the near future w ill be to cope

w ith the demand for higher ef ficiencies and to

fulf il the increasing ly severe environmental law s

w hile simultaneously guar anteeing the availabili�
ty of the plant at reduced operat ing costs.

Therefore, applied fundamental research at uni�
versit ies, as conducted w ithin the f ramew ork of

Co llabo rat ive Resear ch Centre ( SFB) 561, is re�
quired.

1 ∀ Challenges

∀ ∀ Increasing the eff iciency o f both single pow�
er plant components and their interact ion can

make a substant ial contr ibut ion to the preserva�
t ion o f natural r esources and the reduction of e�
missions. Gas turbine inlet temperatures in mod�
ern combined cycle pow er plants attain 1 230 !

( ISO ) and live steam temperatur es in modern

steam turbine pow er plants reach levels over 600 ! ,

w hich means that the lo ad limits for currently

applied materials are being reached. A secure

and long�last ing oper at ion at high availability

rates can only be achieved by using complex

coo ling techniques, sophist icated const ruct ions

and exact revision schedules.

The goal of SFB 561 � thermally highly

loaded, por ous and coo led mul ti�lay er systems

fo r combined cycle pow er plants� at RWT H

Aachen U niv ersity is to expand the currently a�
vailable technical and scient if ic know ledge and to

establish the scient ific basis fo r achieving a total

ef f iciency of 65% in future pow er plants built af�
ter the year 2025. T his means that w ithin the

SFB the aero�thermo�mechanical, the st ructur al�
mechanical, materials scient ific and pr oduct ion

fundamentals fo r highly loaded components of

these combined cycle pow er plants are being

w orked out . The results f rom the SFB show

that the operat ing parameters, like temperatures

and pressures, have to be raised further [ 1] .

In order to achieve a total eff iciency of 65%

it w ill be necessary to realise g as turbines with

combustion chamber out let temperatures of 1 520 !

at 1. 7 MPa and steam turbines w ith liv e steam

temperatures of 691 ! at 30 MPa. On the gas

turbine side these high process temperatures can

only be controlled by the development o f new

materials so lut ions, including thermal barrier

coat ing s ( TBC) , in combinat ion w ith improved

coo ling concepts. The rise in temperatur e cannot

be countered by developments in the f ield of

st ructural materials alone, even when applying

9% - 12% Cr steels o r sing le�cr ystal N ickel�al�
loys, because. physically determined boundaries

ar e being reached. Because o f the rise in the live

steam temperatur e those components w ith the

highest thermal load on the steam turbine side

have to be coo led as w el l, since the prohibit ive

costs and pr oduct ion dif ficult ies mean that ap�
ply ing Nickel�base al loys in these ar eas can be

problemat ic. At the same time, the ef f iciency

and the life�span of the low pressure steam tur�
bines can be increased by improved w ater ex tr ac�
tion mechanisms. These improvements w ill only

reach their full potent ial if the components in the

gas and steam turbine cycles are tuned optimally

onto each other [ 2] .

2 ∀ Solutions

∀ ∀ The challenges ar ising f rom the fo rmulation

of the fundamentals for the innovat ive design of

the thermally and mechanically highly lo aded

components in combinat ion w ith an opt imal

pro cess configur at ion can only be mastered by

the joint efforts of f luid flow exper ts, st ructural
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engineers, materials  scient ists and pr oduct ion

engineers ( cf. F ig. 1) .

From a thermodynamic point�of�view, the

increase in ef f iciency for a complete pow er plant

pro cess can be achiev ed by increasing the differ�
ence betw een the max imum and m inimum tem�
perature w ithin the process. This means that an

increase in the steam and gas turbine inlet tem�
peratures is pursued as a contribut ion to the eff i�
ciency increase, but also that the cold end should

no t be neglected either.

F ig . 1 ∀ Pro ject partners w ithin SFB 561

2. 1 ∀ Gas turbine technology

∀ ∀ With the gas turbine in par ticular, it show s

that the amelio ration of the st ructural mater ials

by itself w ill not suff ice to handle the high tem�
peratures pr evailing in the w orking f luid.

Only by intensively cooling the thermally

highly loaded components, like the vanes and

blades in the first stag e of the gas turbine, tem�
peratures close to or ev en above the melt ing

point of super allo ys become possible. Over the

last decades coo ling has evo lved from convect ion

over impingement to film cooling . T he next step

in this chain is a cooling sy stem that brings the

advantages o f an open cooling system while min�
im ising its main disadvantage, i. e. the � loss� of

compressor air to the coo ling system ( Figure 2) .

With open cooling systems, like cur rent

state�of�the�ar t f ilm cooling, the interaction be�
tw een coolant and ho t g as can lead to an in�
creased level of turbulence and locally o verheated

surfaces, signif icant ly reducing the life�span of

turbine blades. M oreover, the discr ete nature of

the cooling holes leads to an excessive amount of

coo lant being int roduced into the system in or der

to guarantee a closed coo ling film . T herefo re,

ef fusion cooling in the gas turbine, as the f ir st

step in the realisat ion of t ranspirat ion cooling u�
sing open porous st ructures, is one of the main

fo ci of the SFB. Effusion coo ling can pro vide

full�coverage coo ling using much low er amounts

of co olant than film coo ling, due to the much

smaller holes that ar e being used here. T he ef�
fect iveness of this cooling can be raised by dis�
tributing the coo ling holes on the sur face accord�
ing to the local demand. It can be increased even

further by contour ing the holes ( Figure 3 ) .

These holes are manufactured using laser�drill�
ing thr ough the thr ee�lay er system of TBC,

bondcoat and subst rate.

Fig. 2∀ Application o f open por ous st ruct ur es in

gas and steam t urbines

F ig. 3∀ H omogeneous cooling film due to ho le contour ing

The coo lant is fed through the st ructural

material to a cavity underneath a porous inter�
lay er. This layer is pr otected against a direct

contact w ith the hot gas by a permeable TBC,

through which the coo lant leaves the component

as full�coverage cooling. T he outer layer of a fu�
ture gas tur bine blade could be conceived sim i�
lar ly to the combust ion chamber lining.

Tw o dif ferent concepts for realising this
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coo ling concept are pur sued w ithin the SFB:

bo th laser�drilled mul ti�lay er systems and coated

open�porous metallic foams can be applied, de�
pending on the prevailing boundary conditions.

These w ill be discussedin tur n in the sect ion de�
voted to the r esults of the SFB.

A fur ther rise of the gas turbine inlet tem�
perature w ith almost 150 ! would be po ssible by

applying thermal barrier coatings on the basis of

ZrO 2 , but this po tential can curr ent ly not be un�
locked completely because the life�span o f these

coat ing s cannot be predicted w ith certainty.

This means that the coolant has to compensate

fo r a po ssible failing of the T BC. Within the

SFB a novel approach to this pr oblem, w hereby

a g raded lay er of bondcoat and T BC is applied to

the blade surface, is being tested. T his appr oach

promises to reduce the spalling of the TBC and

to improve its life�span consider ably.

2. 2 ∀ Steam turbine technology

∀ ∀ Coo ling thermally highly loaded steam tur�
bine components using grid�sheets st ructur es

w ith a through�f low is another focus of the SFB

( Figure 4) . T hese cooling str uctures consist of

tw o sheets and one w oven�w ire mesh interlayer

and facilitate using live steam at 30MPa and 690 !
w ithout the need to manufacture the casing f rom

Nickel�base alloys. T he w oven�w ire mesh boosts

the turbulence in the coolant and therew ith the

heat t ransfer in the grid�sheets. At the same

time, the w ire�mesh ensures the mechanical in�
tegr ity of the cooling st ructure because it takes

on the forces that result f rom operat ion. T his

sandw ich material is manufactured using capaci�
to r�discharge w elding. Because of the limited

size o f the capacitor s, sing le g rid sheets have to

be combined to larg er structures by laser beam

welding w hen applied to steam turbines. A fter

w elding , the g rid�sheets have to be bend into

curved shapes, w hich remains a topic fo r further

resear ch due to the layered nature o f the g rid�
sheets, w hich includes many w elds. T he g rid�
sheets have to be vigor ously tested, not only

w ith r eg ar d to their low cycle fat igue, but also

w ith regard to their tensile str ength. Crit ical is a

possible spot w eld failure in the g rid�sheets,
w hich is therefore invest igated vig orously w ithin

the SFB.

F ig . 4 ∀ Gr id�sheets with sing le and multiple inter lay er

2. 3 ∀ Project coordination

∀ ∀ The phases in the development of the tech�
nolo gies in a joint r esearch pro ject o f this size

have to be projected in advance ( Figure 5) . In

the f irst phase, the theor et ical possibility of

manufacturing open�porous st ructures for pow er

plant applicat ions could be pro ven. In the second

phase, the manufacturing of these st ructures

w as started, w ith an emphasis on real compo�
nent geometries. The thir d phase fo cused on the

nex t step tow ards applicat ion, i. e. more com�
plex models for a mo re detailed depict ion of the

por ous str uctures in numer ical simulations, ca�
pable of making more precise pr edict ions on the

coo ling ef fect iveness o f the str uctures. T he ex�
perimental inv estig at ion of f irst test specimens

fo r the novel cooling techniques w as started and

demonst rator par ts w ere manufactured. The

fourth phase, w hich is curr ent ly under w ay , w ill

see the manufacturing and test ing of gr aded

st ructures. T his test ing w ill happen under o r

clo se to real engine condit ions. It is planned to

start sev eral t ransfer pro jects in w hich the re�
sults from the SFB w ill be shared w ith indust rial

partners dur ing this phase as well.
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Fig . 5 ∀ The " road map" of SFB 561

3 ∀ Results

3. 1 ∀ Gas turbine technology

∀ ∀ Although a considerable amount of w ork re�
mains to be done befor e the set g oals are

reached, the follow ing results have been at tained

so far:

1) T he React ionSlipFoamSintering ( RSFS)�
process has been developed for the manufactur�
ing of open porous st ructures for combust ion

chamber linings, ( stato r ) blades and the re�
moval o f w ater f rom the low�pressur e tur bine.

T he goal is to influence the po re st r ucture and

dist ribut ion by controlling the process parame�
ters, especially w ith regard to the sintering

pro cess, as w ell as to pro vide a model depict ing

the foam. Several test specimens for experi�
ments on the heat t ransfer propert ies have been

manufactured. Laser w elding the foams onto the

st ructural mater ial remains a challenge for the

current phase of the pro ject. T he diff icult ies

w ith manufacturing a w eld that can w ithstand a

cont inuous thermal load of 1000 ! over a period

of 10, 000 oper at ing hour s are mainly due to the

por ous str ucture of the foam. This leads, depen�
ding on the pore dist ribut ion, to a locally differ�
ent heat f lux into the material ( Figure 6)

[ 3]
.

2) Laser drilling is used fo r manufacturing

the cooling ho les in the coated multi�layer sys�
tem. T he pr ocedure chosen succeeds in driving

the mo lten substance f rom the drilled ho le
[ 4]

.

Depending on the diameter of the hole and the

thickness of the material, either a sing le pulse

laser, percussion drilling or t repanning is used.

3) A manufactur ing process for incorpora�
ting Al2O 3�f ibr es in the N iA l�matrix of the load�
bearing core of a future gas turbine blade has

been developed. The f ibres receive a coat ing of

hexagonal Bor on�Nitrite in o rder to max im ise the

adhesion betw een the f ibres and the matrix.

F ig . 6 ∀ Applicat ion of open porous str uctures in gas and steam turbines
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∀ ∀ 4) Comprehensive approaches in the devel�
opment of new cer am ic casing moulds and ade�
quate core materials could be pursued in the area

of inv estment cast ing. T his resulted in the pro�
duct ion of a manufacturing demonst rator at the

end of the third project phase in 2007.

The components that have been manufac�
tured have to be tested ex tensiv ely befo re they

can be applied to real machines. Although the

complete test ing w ill be beyond the scope of the

SFB, the theoret ical applicability can be proven

by tests w ith boundary condit ions ( e. g. temper�
ature) close to real engine condit ions. These

tests also provide valuable results for the valida�
t ion and r ef inement of the numerical models of

the por ous st ructures. With the help of these

models

1) stationary and transient operating condi�
t ions

2) the interaction of hot g as and coo lant

3) the combined aero thermal calculat ion of

flow and solid body

4) the equiv alent mater ial properties of por�
ous st ructures can be descr ibed in great detail.

The par ameters for the manufacturing o f the no�
vel st ructures are determined on the basis of

these models.

By using t repanning for drilling the inclined

coo ling ho les, pr ecise contours can be achiev ed

in the TBC while keeping a cy lindrical inlet ge�
ometr y in the subst rate. T o avoid under�cut t ing
the TBC while drilling the inclined cooling

ho les, a process fo r apply ing a T BC to alr eady

drilled st ructures has been developed. These

ho les ar e kept open by emit t ing Argon through

them during the application of the TBC. T his

means, unfortunately, that the contour of the

ho les cannot be controlled as precisely as w hen

drilling direct ly through the three�lay er system.

Therefor e a processing step has to be added, in

w hich the ho le contour is improved in acco rdance

w ith the requirements result ing from the aero�
thermal calculat ions o f the f low field using ps�ra�
diat ion ( Figure 7) [ 4�5] .

The applicat ion o f these laser�dr il led ho les

fo r effusion cooling leads to a full�cover age coo l�
ing of the parts. Figure 8 show s the results f rom

Reynolds�averaged Navier�Stokes ( RANS ) cal�
culat ions of the f low over plane, convex and con�
cave plates

[ 6]
. H oles w ith tw o differ ent ly shaped

contours in the TBC have been invest igated. The

ratio of coolant to hot g as, the blow ing rat io,

w as varied in order to determ ine the cooling ef�
fect iveness of the dif ferent conf igurat ions. The

diagram show s the m inimum coo ling effect ive�
ness in metallic subst rate o f the three�layer

Fig . 7 ∀ Laser dr illing of effusion coding holes t hr ough multi�lay er systems

∀ ( a) Schematic cro ss section o f 3 shaped ho les;

∀ ( b) T repanned shaped holes ( light micr oscopy) , pro cess gas oxygen p t = 1. 2 MPa,

∀ ∀ ∀ pulse duration tP= 0. 5 ms, pulse ener gy EP= 0. 64 J, pulse frequency f P= 20H z;

∀ ( c) L ong itudinal sect ion of the hole entr ance w ith schematic illustr at ion of the fan shape geomet ry

∀ ∀ ∀ ( YSZ, MCrA lY , CMSX�4, sample chemically etched, SEM ) , same process parameter s as ( b) ) .
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F ig . 8 ∀ Cooling effectiveness in t he substr ate lay er

system . T his fo llow s f rom process calculat ions

discussed later on ( innovat iv e pr ocess calcula�
t ion ) . The cooling ef fect iveness depends on

whether the plates are plane o r cur ved: fo r both

the convexly and concavely curved plate the ef�
fect iveness dim inishes signif icant ly . The convex�
ly cur ved plate suffer s f rom the lift�o ff o f the

coo ling f ilm fr om the surface. T he effect iveness

of the cooling on the concavely curved plate de�
creases because the hot gas is pressed against the

plate due to the pressure prof ile in the main

flow . In the open literature, the main focus is on

perfect ly shaped holes have been discussed, but

the ef fect on the coo ling effect iveness due to de�
v iat ions from this g eometr y that occur during ei�
ther manufactur ing o r operat ion have to be quan�
t if ied as w el l. P rior to applicat ion o f the cooling

technique in real engines, the po ssible breaking

aw ay of the T BC caused by undercut t ing and the

closure o f a cooling ho le through dust part icles

ar e to be invest ig ated[ 7] .

The RA NS models can perfo rm the calcula�
t ions quickly and are, as y et , the only ones ca�
pable of calculat ing both the f luid and the so lid

in a conjugate calculat ion, but the model of the

flow, especially the turbulence, is no t very re�
f ined. A bove al l, the choice of turbulence model

may inf luence the outcome of the calculations.

Therefore it has to be pr oven that the applied

model depicts the physical phenomena behind the

interact ion of coolant and hot gas w ith suf f icient

accuracy. T he ho t g as ingest ion in the coo ling

ho le is a part icularly impo rtant issue in this re�
spect.

The RANS calculat ions w ere verif ied using

the results fr om advanced larg e eddy simulat ions

( LES) of a sing le cooling hole. These simula�
tions w ere in turn validated by particle image ve�
locimetry ( PIV )�measurements. The limitat ion

to one cooling hole w as determined by the fact

that the LES simulat ions are much mor e accur ate

than the RANS calculat ions, but at the same

t ime take much more computat ional t ime to con�
ver ge. The pr edicted interact ion phenomena fo r

one ho le are virtual ly the same for RANS and

LES ( Figure 9 ) . The f inal v alidation o f the

RANS�calculat ions w ill take place in the cur�
rent , concluding phase, when the interact ion be�
tw een several coo ling holes w ill be invest igated

using LES as w ell
[ 8�9]

.

∀ ∀ T he calculat ion of hundreds o r even thou�
sands of co oling holes w ill not be feasible in the

fo reseeable future. T her efore the SFB tr ies to

develop a methodolog y fo r determ ining the e�
quivalent material propert ies o f po rous mater ials

using the homogenisation technique [ 10�11] . These

equivalent propert ies are implemented in a conju�
gate f low so lver that simulates large arrays of ef�
fusion cooling holes.

The open�por ous metallic foams for com�
bust ion chamber linings are manufactured with

the React ionSlipFoamSintering�pr ocess. By sys�
temat ically investig at ing the variations in disper�
sant , solvents and expanding agent propo rt ions

as well as the sintering temperature, parameter

combinations leading to a certain, w ell�defined
por osity can be found. The RSFS�process leads

to foams w ith large primary pores that are con�
nected by smaller, secondary , pores. Computer�
tomog raphic images show that cell w alls form a

coherent , interconnected st ructure, prov iding

st reng th to the foam ( Figure 10) . T he distr ibu�
tion o f the pores is relat ively homogeneous. Nu�
mer ical models describing the permeability and

por e dist ribut ion have been developed. These

models can pr ovide a detailed informat ion on the

fo am propert ies, including their heat conduct ivi�
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F ig . 9 ∀ Visualisation o f the vor tex str uctures at the cooling ho le ex it

F ig . 10∀ Characterisat ion of the metallic RSFS�fo am

ty and the pressure lo ss over the foam[ 12�13] .

It has been pr oven that the application of a

TBC on the metallic fo ams is po ssible. The

ZrO 2�T BC is deposited on an MCrAlY�bondcoat
w ith atmospher ic plasma spraying ( APS) . The

por ous sublayer w ill provide a homogeneous dis�
t ribution of the coo lant before it is emit ted

through the opened T BC into the hot gas flow.

The permeability of the clo sed thermal barrier

coat ing w ill be ensured by dr illing coo ling ho les

through the covering layers into the porous fo am
[ 4, 14�15] .

When using only open po rous materials,

though, the creep resistance of the gas turbine

blade cannot be guar anteed. Therefo re, a new

concept is pursued, in w hich a load�bear ing core

made o f NiA l w ith inlaid cer am ic f ibr es suppor ts

a thin outer contour. The cor e w ith Al2O 3�f ibr es

is manufactured w ith diffusion�welding. A t low

temperatures, the NiA l is ext remely br it t le, ne�
cessitat ing a w eak connect ion betw een the ce�
ram ic f ibr es and the NiA l, because otherw ise the

NiA l may crack. At high temperatures, the

NiA l is duct ile, but needs to be supported by the

Al2O 3�f ibres. T herefore the f ibres are coated

w ith a MAX�phase ( hBN ) prior to the w elding

and then w ith NiAl�FG75.

MAX phases ar e composit ions of metal, a

intermediate material and carbon. T his lends the

composite str ength and duct ility, but also the

temperature stability normally associated with

ceramics. T he chem ical composit ion of the MAX�
phase inter lay er is of crucial impor tance for the

mechanical connection of the f ibres and the

NiA l�matrix . An opt imisat ion of the composit ion

of the chemical systems is at present st ill neces�
sary, although significant impr ovements have

been made in the f irst thr ee pro ject phases
[ 16�17]

.

At present, the cores are welded at 1 300- 1 350 !

and pressures o f up to 30 - 40 MPa for o ver 2

hours [ 18�21] in order to achieve a pore�free com�
posite.

The outer contour w ill be prov ided w ith la�
ser�drilled f ields of coo ling holes and a TBC.

The cooling ho le dist ribut ion w ill vary over the

blade surface, depending on the temperature and
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pressure level as w ell as the f low f ield over the

blade. With this concept , the temperatures in�
side the blade can be incr eased substant ially , and

the required cool ing f luid decr eased proport ional�
ly, compared to curr ent materials.

All o f the developments mentioned above

serve to realise the vision o f the SFB as depicted

in Fig. 11.

Fig . 11∀ Vision of a future gas turbine blade

3. 2 ∀ Steam turbine technology

∀ ∀ T he grid�sheet structures fo r convect ive

coo ling of the thermally highly lo aded casing of

the high and intermediate pr essure steam tur�
bines are manufactured using capacitor dis�
char ge�welding. F irst , segments consist ing of

sheets and w oven�w ire meshes ar e joined. The

connect ion betw een the w ir e�meshes and the

sheets has to be of ex cellent quality , because

this st ructure has to w ithstand the forces resul�
t ing f rom the pr evailing pressure dif ference be�
tw een coo ling and liv e steam under an operat ing

temperature of ca. 700 ! as w ell as the different

loads result ing fr om start�up, shut�down and

load changes ( low�cycle�fat igue ) . The g rid�
sheets serv e to boost the turbulence in the coo l�
ant f low and thereby the heat tr ansfer f rom the

st ructure into the f low . In or der to influence the

heat t ransfer and the pr essure losses in a con�
t ro lled manner , graded st ructures are being

manufactured during the f inal pro ject phase, see

Fig. 5[ 22�23] .

The size and the geometric complexity of

the grid�sheets str uctures manufactur ed by ca�
pacitor�discharge w elding is limited due to causes

ar ising f rom product ion technolog y ( lim ited size

of the capacito rs) and pract ical considerations.

The segments are joined by laser welding to en�
sure that suf ficiently larg e g rid sheets for the

coo ling o f turbine parts can be prov ided. The

w elded st ructures are then adjusted to the con�
to ur of the st ructure using rolling and deep�
draw ing . The spring�back of the gr id�sheets has

to be taken into account here and remains a topic

fo r fur ther r esearch due to the lay ered nature of

the g rid�sheets, w hich includes many w elds
[ 24]

.

As steam tur bines are operat ion fo r dec�
ades, the mechanical st reng th of the applied

grid�sheet st ructur es has to be pr oven. On the

one hand the quality of the w elds is checked with

thermographic, non�dest ruct iv e methods, on the

other hand the creep�r esistance has to be proven

and w eld failur e due to LCF has to be invest iga�
ted. But also w ith regard to their tensile

st reng th is a topic that is investig ated w ith gr eat

care. T he characterisat ion of the deformat ion

and failure of the g rid�sheets is an impor tant last

step tow ards the proof o f mechanical str ength

( F igure 12) [ 25�26] . Therefore, experiments over a

temperature r ange from room temperature up to

operat ing temperature and w ith loads t ransverse

and along the w ire�mesh ar e conducted using

several material combinat ions.

F ig. 12 ∀ Thermographic investigation of g rid�sheets

T he cooling ef fectiveness of these g rid�
sheets is also invest igated numer ically, first re�
sults can be found in Ref . [ 27] .

The foams for the w ater ext ract ion in steam

turbines are manufactured using the same Reac�
tionSlipFoamSintering ( RSFS)�process as tho se

applied for g as turbine cooling. T he challenges

fo r joining these fo ams to the str uctural material
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ar e therefore the same. Because the thermal lo ad

on these foams is neg ligible, no thermal barrier

coat ing is applied, but at the same t ime this in�
creases the requirements on the surface quality

of the w eld.

In order to opt imise the ex t ract ion, the lo�
cation of the satur at ion line in the last stag es of

low pressure steam turbines has to be deter�
mined as accurately as possible. With this infor�
mation, as w ell as informat ion on the thermody�
namic and kinematic losses, the foams can be

graded to maximise the amount o f w ater ex trac�
ted fo rm the turbine and minim ise the amount of

ex t racted steam . Results f rom both the numeri�
cal and the experimental research of the Inst itute

of Steam and Gas T urbines in this area are there�
fore applied in the SFB.

3. 3 ∀ Innovative process calculation

∀ ∀ The contribut ions of the dif fer ent project

partners tow ards the goal o f achieving a total ef�
f iciency of 65% is monitored using an advanced

process analysis too l
[ 28]

. T he eff iciency increase

due to the novel cooling technolo gies and the in�
novat ive materials solut ions is calculated using

a reference combined cycle pow er plant in T apa�
da do Outeiro , Po rtugal. This plant w as built

only a decade ago and it has the same features as

current ly build combined cycle pow er plants: a

three�pressure heat recovery steam generato r

w ith single reheat and a sing le�shaft conf igura�
t ion o f the gas and steam turbine. T he total eff i�
ciency is just shor t of 58% . T he depict ion of this

plant in the pr ocess analysis tool is detailed e�
nough to allow for an evaluat ion of the advances

on both the gas and the steam turbine side, to

analyse the st rengths and w eaknesses of the pur�
sued solutions and to g iv e feedback to the project

partners w ith reg ard to future goals. These

goals are also discussed w ith several experienced

counsellors f rom indust ry and the emphasis fo r

further w ork can be specif ied on the basis of

these analyses and discussions.

After three project phases, an increase in

to tal eff iciency of a combined cycle pow er plant

to 64. 2% has been achieved. Figure 13 show s

the contribut ions made by ef fusion cooling in the

gas turbine, the rise in the live steam parame�
ters, the w ater ex t ract ion and the material de�
velopment . T he size o f the contribut ions w as

calculat ion using the afo rement ioned pr ocess

simulat ion tool that also contributes to determ i�
ning the thermal and mechanical loads result ing

from the operating concept.

Because of a further improvement in the

technolo gies, especially the intr oduct ion of g ra�
ded str uctures, addit ional potent ial w ithin the

new concepts can be unlo cked. A r educt ion in

coo ling fluid demand and a rise in the permissible

material temperatures w ill lead to to tal ef ficien�
cies o f 65% in pow er plants f rom the year 2025.

Fig. 13 ∀ Cont ributions of the different developments

t owa rds a to tal efficiency of 65%

4 ∀ Summary and conclusion

∀ ∀ By the founding of Co llabor at ive Resear ch

Centre 561 � thermally highly loaded, por ous and

coo led mult i�lay er systems for combined�cycle
pow er plants� at RWT H Aachen U niversity, the

basis w as lead for the development of new tech�
nolo gies w ith w hich a to tal ef ficiency o f 65% in

combined cycle pow er plants can be reached in

pow er plants built f rom the year 2025. Consider�
able advances tow ards the development of ther�
mally highly loaded open porous components

have been made in f luid dynamics, materials  
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science and product ion technolo gy. In the cur�
r ent , concluding pr oject phase, graded str uc�
tures w ill be tested under conditions clo se to

those in the real operat ing point of advanced tur�
bines.

An eff iciency po tential of 12% and a CO 2�
reduct ion po tential of 15% are possible by the

application of the results from the SFB. The po�
tential for future pow er plants does by no means

end w ith that , because the SFB focuses on the

impr ovement of component technolog ies and

flow techno logy to decrease the required cooling

fluid. This means that, for ex ample through in�
novat ive operating concepts, addit ional potent ial

can be unlo cked, w hich w ill enable the total eff i�
ciency of combined cycle pow er plants to reach

70% .
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