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Abstract: With the increasing demand for electricity, an efficiency improvement and thereby reduced CO, emis-
sions of the coat fired plants are expected in order to reach the goals set in the Kyoto protocol. It can be a
chieved by a rise of the process parameters. Currently, live steam pressures and temperatures up to 300 bars and
923 K are planned as the next step. Closed circuit steam cooling of blades and vanes in modern steam turbines is
a promising technology in order to establish elevated live steam temperatures in'future steam turbine’ cycles.

In this paper, a steanr cooled test vane in a cascade with-external-hot steam flow is ‘analyzed numerically
with the ir house code CHT flow. A parametric analysis aiming/to improve the cooling effectiveness is carried
out by varying the cooling mass flow ratio. The results from tw o investigated cases show that'the steam cooling
technique has a good application potential in the-steam turbine. T he internal\ part of the'vaneis cooled homo ge
neously in both cases. With the increased cooling mass flow. rate, there is_a significant improvement of cooling
efficiency at the leading edge. The results show_that the-increased cooling mass flow ratio can enhance the cook
ing effectiveness at the'leading edge. With-respect to trailing edge, there is no observable improvement of cook
ing effectiveness with the increased cooling mass flow. This implies that due to the limited dimension at the
trailing edge, the thermal stress cannot'be decreased by increasing the cooling mass flow rate. Therefore, im-
pingement cooling configuration atthe trailing edge might be a solution to overcome the critical thermal stress
there.

It is also observed that the performance of the cooling effective differs on pressure side and suction side. It
implicates that ‘the-equilibrium of the coling effectiveness on two sides are influenced by a coupled relationship
betw een cooling mass flow ratio and hole geometry. In future work, optimizing the hole geometry and cooling

steam supply conditions might be the solutions for an equivalent cooling effectiveness along whole profile.
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Nomenclature p pressure, Pa
A area, m> Pr  Prandtl number
A B C Jacobian matrices Re  Reynolds number
E.F, G  flux vectors (body fitted coord.) T temperature, K
E,F, G  flux vectors (Cartesian coord. ) U vector of conservative variables
H vane height, mm e specific total energy
J cell volume p pressure

axial chord length, m q heat flux vector
Ma Mach number s a~ component of heat transfer rate per area, W/ m?
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vane surface coordinate, m

©w

u, v, w velocities in Cartesian coordinates, m/s
14 normal velocity at inlet, m/s

% distance from wall

y* nondimensional wall coordinate

Greek letters

a incidence angle, (°)

A thermal conductivity, W/(m=* K)

n, cooling efficiency

p density, kg/ m?

B dynamic conduct ivity

¢ mass flow ratio

T shear stress tensor, N/ mm?

T, components of shear stress tensor, N/ mm?
Indices

¢ cooling

fl fluid

h hot

is isentropic

ref reference

s solid

t total

w wall

X, ¥,z partial differentiation (Cartesian coord..)
£n,¢ partial differentiation(body fitted coord.)
1 at inlet

2 at outlet

Superscripts

n actual time step

Abbreviations

LE leading edge

PS pressure side

SS suction side

TE trailing edge

CCT Conjugate Calcuation Technique
Introduction

Today the market for electricity generation
is dominated by combined cycle power plants
based on natural gas. However, in the near fur
ture the demand for coaltfired power plants will
continue to expand due to the indigenous depos
its of coal in large developing countries like Chr
na and India. In Europe, coal or lignite will also
play an important role in the foreseeable future,
and although the demand for new plant will be
limited, there will be a substantial market for up

grading or replacement of existing plants.

For Germany the current predictions assume
that 20% more electrical power will be generated
in 2020 using about the same amount of fuel as
today and that over 50% of the power will come
from coal and lignite fired steam power plant.
Due to unfavorable C/ H ratio of coal, concerning
CO2 emissions, the only way to keep them low is
to increase the efficiency. The increase of ther-
mal efficiency of the steam cycle can be achieved
by arise of the process parameters. It is related
to raising the temperature, as well as the pres-
sure of the steam generated in the boiler.

Currently, live steam pressures and temper
atures of up to 300 bars and 923 K are planned as
anext step. This means an increase of 50~ 100 K
in comparison to plants” presently’ under con-
struction. Such a{arge increase\will only be pos-
sible if_all thermally high loaded components of
the plant-are made of new\materials and/or new
technolo giesfor-cooling and thermal insulation
are applied.

To withstand these advanced operating con-
ditions;-materials” with improved highrtem pera-
ture-eapability are required. For this reason a se-
ries of R& D projects started in recent years in
Europe, the USA and Japan aiming at the qualifi-
cation and testing of new materials for advanced
steam parameters at the same time' ",

Cooling of the thermally high loaded compo-
nents in steam turbines is considered an applica-
ble technology i order to allow steam cycles
with elevated live steam temperatures. In gas
turbines, the steam cooling technique attracts a
lot of interest from both manufactures and engi-
neers. Based on the knowledge of steam cooling
technology in gas turbines, this technique be
comes now more and more attractive for steam
turbine application as well.

Apart from its favourable fluid properties,
process steam used as cooling fluid provides sev-
eral benefits. In a steam turbine, steam can be
provided ¢ inexpensively’ at favourable supplying
conditions of pressure and temperature levels.
Furthermore, the amount of cooling steam is not

high because only moderate temperature reduc
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tions on the vane or blade will be necessary with
respect to material properties. Due to high coolt
ing potential of steam with respect to its fluid
properties, convective cooling in closed circuits
can be established using simple straight radial
geometric cooling configurations.

The main focus of the former investigations
has been the usage of the steanrcooling teclr
nique in the gas turbine. Nomoto et al.'” have
performed extensive experimental studies on
vane steam cooling in a gas turbine. In their coot
ing efficiency studies, they have pointed out that
under the higlrpressure steam fluid conditions
the inner convectiomrcooling achieves enough
cooling efficiency.

Bohn et al."”! have investigated the steam-
cooling technique in the gas turbine experimerr
tally and numerically. The results show that, in
order to reach a defined cooling efficiency level,
medium steam pressure supply might be advarr
tageous in comparison to a higlr pressure-level in
the supply. Sufficient cooling of the trailing edge
becomes problematic for steanr cooling-applica
tions in the given-configuration.

Further;Bohmet al.'! have investigated the
application of steam' cooling technique in steam
turbine. It is shown that the 'steanr cooling effec
tiveness Is quite acceptable with a minor cooling
mass flow rate. This work presents the further
investigations on“-the application of the steam
cooling technique on the steam turbine.

The thermal load of a steam turbine’ s vane
is reduced by a convective steam cooling techr
nique. The hot steam conditions are set 923 K
and 300 bars, which are the planned parameters
of the steam turbine in the next step. A paramet
ric analysis aiming to improve the performance of
the steamcooling technology in the steam tur
bine is carried out by varying the mass flow rate
of the cooling fluid. The imrhouse CFD solver
CH Tflow with the Conjugate Calculation T eclr
nique ( CCT) is used to carry out the numerical

simulations.

1 Configuration and geometric
modelling

1.1 Test configuration

Figure 1 shows the geometrical configura-
tion for a test rig. It consists of a rectangular
duct containing a three vane cascade. T he central
vane can be cooled convectively by supplying

steam to 22 straight radial cooling passages.
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Fig.1 Test configuration

The arrangement of the cooling passages
within the cooled vane is illustrated in a mid
cross sectional cut on the bottom left side of
Fig. 1, while the corresponding diameters of the
cooling passages are listed in the table on the
bottom right side of Fig. 1. In the area of the
trailing edge, where a minimum wall thickness
must be considered, the cooling passage (TE1)
has a diameter of just 1 mm.

1.2 Numerical grid

Figure 2 shows the 3D numerical grid used
to solve the discretised governing equations. Due
to the requirements of the numerical method
(“ Conjugate Calculation T echnique”) the hot
steam path, the cooling flow passage and the sol-

id body of the central vane are composed of a
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Fig.2 Numerical grid

fully structured numerical multi-block grid. U-
sing the Conjugate Calculation T echnique, there
is no need for any boundary information about
heat transfer characteristics at fluid-solid~inter
faces. Due to the demand for_exaect_calculation of
the temperature gradients at all solid - Tluid i
terfaces, the normrdimensional\w alt distanee y* of
the first cell vow is kept \at an acceptable level

for a conjugate calculation approach (y* < 1~

oy BB (1)

y=7y 4

Such a high resolution of the thermal
boundary layer plus the need for including the
hot gas path, cooling flow passage and the solid
body of the central vane rises the number of grid
points up to 2 8 million. Divided into 172 struc
tured blocks, the whole computation domain is
separated into several tasks, which are calculated
separately on a PG-LINUX-cluster making use of

the parallel structure of the code.
1.3 Boundary and steanr supply conditions

In the presented investigations, the boundary
conditions of the hot steam are set to the planned ir
let parameters of the HP steam turbine. The cooling
steam parameters refer to those of the outlet steam
from the HP steam turbine.

The inlet temperature of the hot steam is

set 923 K, which is the hot steam inlet tempera
ture expected for the HP steam turbines in the
next step. Table 1 shows the parameters condir
tions of the hot steam flow.

Table1 Hot steam boundary conditions and

characteristic numbers

Parameters conditions

Temperature/ K 923.0

Velocity (inlet) /( m/s) 80.0

Static pressure (outlet) /bar 293.5
Re (inlet) 2. 89x 107

Ma (inlet) 0.11

Table 2 Supply conditions of the cooling steam

Parameter Casel Case2
Static pressure( inlet) /bar 70.0 70.0
T emperature (inlet)/ K 723.15 723.15
Re(inlet, Repc.5) 3.55% 10% 3.58x 10°
Pr(inlet) 079904  0.9904
Ma(-inlet) 0..045 0. 458
Mass flow ratio/ % 0. 068 0.34

Table 2 shows /the supply conditions of the
cooling_steam. In‘order to show the influence of
the cooling-steam condition on the cooling effec
tiveness, two cases are defined for the supplied
cooling steam. The supply conditions are listed in
Tab. 2 for case 1 and case 2 respectively.

The mass flow ratio is defined as the ratio
of area, density and velocity of the cooling flow
in the vane and the hot flow in one passage.

ALV
= AP Vi (2)

Due to the changed boundary conditions of the
cooling steam, the mass flow ratio of O 068%
and O 34% result in case 1 and case 2 respective
ly. This means that the total amount of cooling
steam in the case 1 is only a minor part of the
mass flow in the complete cycle. In case 2, the
total amount of the cooling steam is expected to

be a normal one.
2 Conjugate calculation technique
and validation

2.1 Numerical method

The conjugate calculations are preformed
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with the CFD solver CHT flow, which has been
developed in the Institute of Steam and Gas T ur-
bines at RWTH Aachen U niversity. It works on
the basis of an implicit finite volume method
combined with a multi-block-technique. The
physical domain is divided into different blocks
for fluid flow and solid body regions. The full,
compressible, three dimensional Navier- Stokes e
quations are solved in the fluid blocks. The Four
rier equation is solved in the solid body blocks.
The governing equations for the conserva
tive variables in arbitrary, body-fitted coordr
nates &N¢ with the fluxes normal to the &Z=
const. cell faces are described for the fluid flow
as
Ui+ Ee+ Fn+ Ge= 0 (3)
with
U= J (PR, R, Q,Peuw) (4)
E= J*(E*&+ F* &+ G*§) (5
with e. g.
Au
A - T
E = Qv = Ty (6)
Ruw — T
(Pe=T)u-"Tyv = Tew + ¢/

The fluxes F and G are obtained analogeus

ly.q is the heat flux vector, which centains the
Fourier heat flux. M aking use of a New ton metlr
od leads to the Tollowing approximation of the

conservation equations in implicit form.

By (W aUJer (B aU)ne (€' AU)c =

- (Et+ Fn+ GY) (7)

Upwind discretization is used for the invis
cid fluxes. With respect to numerical diffusion, a
Godunov type flux-differencing is employed. In
order to achieve the third order accuracy, van
Leer’ s MUSCIrtechnique is used"”. The viscous
fluxes are approximated using central differ
ences. The resulting system of linear equations is
solved by a Gauss Seidel point iteration scheme.
The closure of the Reynolds averaged equations
is provided by the Baldwirr Lomax algebraic ed
dy-viscosity turbulence model'®. Due to the

smooth internal walls, the model can also be ap

plied for the calculation of the internal turbulent
flow. The model has been chosen because of its
low computation time and the good experiences
in other calculations for a similar convective
cooled vane . These results have shown that
the Baldwirr Lomax mode performs very well in
conjugate flow calculations without large flow
separation.

Principally, both steam flows are treated as
ideal gases. However, a real gas correction has
been implemented based on steam tables for real
steam conditions ( IAPWSIF97, Wagner et
al. '™y,

The coupling of fluid blocks and solid body
blocks is achieved via a common wall tempera-
ture resulting from the-equality of the local heat
fluxes passing the contacting cell faces (Conju-
gate Calculation Technique ( €CT)). Due to the
high resolution of the boundary layer including
the lviscous—sublayer (the\dimensionless wall
distance of the first cell\is ahout y* = 1 or smal
ler) , the local’heat fluxes are determined with
sufficient accuracy and the calculated wall tem-
perature serves as an internal boundary condition

for the coupling procedure (e. g.)

AT‘:‘. + Tﬂ
)il
E— (8)
1+ A
N

where T'w, Ts and Tn are the temperature on the

T\\ =

wall, in the solid cell near the wall and in the flu-

id cell near the wall.
2.2 Code validation

A validation of the code can be found in
Bohn et al."”"”. Further applications and valida-
tion of the code have been presented for a con-
vectiorr cooled turbine guide vane with radial
cooling passages. T o demonstrate the perform-
ance of the coupling procedure, results from
Bohn et al.'""! are shown in Fig. 3. The calculat-
ed and experimentally determined temperatures
and pressures along the blade surface of a tur-
bine nozzle guide with ten straight radial cooling
passages (Mark II test case, Hylton et al ')

supplied with air, are shown.



678

22

3D multi-block

structured grid

Experimental data
3-D calculation

2-D calculation

1.0

¥

e pressure p/p

Relativ

0 —L
0 0.5 1.0
Relalive axial length
0.9
5 7 =811K 1
= 0.7 _
< :g\‘n
7 f 0N
z 7
= Pressure side «————— Suction side
0.5 | L
1.0 0.5 0 -0.5 =40
Relative axial length

Fig.3 Code validatiowr temperature

distribution(M ark II \test case)

Due to the high heat\transfer on-the fluid
side a local temperature maximum can-be olr
served in the vicinity of the stagnation point. The
decrease in fluid temperature together with a
higher heat transfer'in the blade ( due to a smak
ler distance of the channels from the surface)
leads to a rapid decrease in surface temperature
along the suction side and the pressure side. Fur
ther along the pressure side there is a continuous
increase in temperature. In contrast to the pres
sure side, along the suction side the following
temperature distribution occurs. Starting from
the local temperature minimum mentioned a
bove, the strong shock leads to a steep increase
in temperature. The deceleration of the flow re
sults n a thickening of the boundary layer and
transition to turbulent flow.These two phenom-
ena lead to a rapid increase in surface tempera
ture.

In the 2D calculation, the maximum local

differences are smaller than 2% over the whole
surface. 3D calculations of the test case ( Fig. 3,
Bohn et alm) have shown somewhat greater de-
viations between calculation and experiment.
This is partly because the application of adiabatic
endwall conditions neglects the heat flux from
the passage through the endwalls leading to an
increase of the vane surface temperatures. M ean-
while, while the 2D calculations benefits from
the experimentally determined heat transfer co-
efficients inside the cooling holes and the medi-
um temperature of the cooling fluid in the cool
ing passage, the coupled heat transfer of the in-
ternal flow and the vane in the 3D case is calcu-
lated by the code without additional heat transfer
conditions. T hus, the 3D-tesults are reached by
the solution of thefull conjugate problem ( inter-
nal flow & vane & outer flow). Concerning the
minim um-use of boundary'\conditions, the 3D re-
sults’can be stated as'very good.

The results clearly\show ‘that the developed
code-with CCT)is able to'predict the thermal load
of the-blade'with“a sufficient degree of accuracy.
The mutual-influence of the cooled blade surface

and the main stream is simulated correctly.
3 Results and analyses

3.1 Thermal analysis

As a result of the conjugate calculation ap-
proach, the surface temperatures and the temper
ature field in the vane solid body can be deter-
mined. Figure 4 shows the three dimensional
tem perature distribution in the flow passage and
on the vane surface in case 1, in which the cool
ing mass flow ratio is about 0. 068%. It is clear
that the external surface temperature of the
steam- cooled vane is lower than the surrounding
hot steam. With the cooling steam taking up heat
on its way from the inner sidewall to the outer
sidewall, the external surface temperature rises
from the hub to the tip. Therefore, the cooling
effectiveness is stronger at the hub than the tip.

Figure 5 shows the three dimensional tem-
perature distribution in the flow passage and on

the vane surface in case 2, in which the mass
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Hot steam Casel

700 K e

Fig.4 3D temperature distribution in the

passage and on the vane surface in case 1

flow ratio of the cooling steam is increased to
Q0 34%. It is clear that a strong cooling steam
potential leads to significantly lower tempera
tures on the mainpart of the vane surface. It indr
cates that the cooling effectiveness can be err
hanced in the main part of the vane surface with
an increased cooling mass flow ratio. The exter
nal temperature varies more strongly from hub

to the tip than in case 1.

Steam—cooled

Uncooled vane vane Ugegoled vane

Hot/wzn

Case 2
700K mmy 950K

Fig.5 3D temperature distribution in the

passage and on the vane surface in case 2

Figure 6 illustrates the internal vane temr
peratures on the midspan for case 1 and case 2.
In case 1, the temperature of the main part of the
solid body is lower than 870 K and quite homo-
geneous. At the leading edge and the trailing
edge, the temperatures increase to 910 K, which
is only 13 K lower than the external hot steam.
The temperature along the profile reaches &«
round 900 K.

With the increased cooling mass flow ratio
in case 2, the core temperature is decreased to
800 K. T he main part of the vane reaches a lower

temperature of about 820 K. Meanwhile, the
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Fig.6 Internal temperature distribution

on-the midspan of the steanr cooled

Temperature of the leading edge decreases to 8§90
K, which is 32 K lower than the external hot
steam and 20 K lower than case 1.

It means that the cooling effectiveness at
the leading edge could be improved by increasing
the cooling mass flow ratio. However, the tem-
perature at the trailing edge remains 910 K in
both case 1 and case 2. It means that the increase
of the cooling mass flow ratio cannot weaken the
thermal stress at the trailing edge.

Figure 7 shows the external surface temper
ature distributions along the profile in case 1 and
case 2. Although the external surface tempera-
tures will rise along the blade height due to the
temperature increase of the cooling fluid, the
tem perature distributions on the midspan in Fig.
7 are representative of the distributions from the
hub to the tip.

Both curves in Fig. 7 describe the general
features of the steanr cooled vane, which is also
similar to what happens in the steanr cooled vane

of gas turbines. When the hot steam attacks the
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Fig.7 External surface temperature distribution

on the midspan of the steanr cooled vane

leading edge of the steam-cooled vane, it im pirr
ges on the surface and creates a region of high
heat transfer due to a sharp temperature gradr
ent. A local temperature maximum can be olr
served in the vicinity of the stagnation point. The
decrease in fluid temperature together with a
higher heat transfer in the blade ( due to a smak
ler distance of the channels from the surface)
leads to a rapid decrease in surface temperature
along the suction side and the pressure-side. Fur
ther along the two sides there is a-continuous
temperature increase.

In case 1 (shown as the black line in Fig.
9), the temperature distribution on the-pressure
side looks like a valley while it is quite flat on
the suction side.~After the local minimums, the
temperatures increase again towards the trailing
edge. They reach the local maximums at the

leading edge and the trailing edges. The averaged
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Fig. 8 Cooling efficiency distribution on

the st eanr cooled blade for case 1

tem perature on the suction side is higher than on
the pressure side.

In case 2 (shown as the red line in Fig. 9),
the increased mass flow ratio causes a decrease
of the external surface temperature along the
main part of the vane. It is more significantly en-
hanced at the leading edge and the suction side
while quite slightly on the pressure side. T he av-
eraged temperature on the suction side is lower

than on the pressure side.
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Fig. 9 Cooling efficiency distribution on

the steanr cooled blade for case 2

The temperature distribution in case 1 and
case 2 show different heat transfer characteristic
on the suction side and pressure side. T he cool
ing effectiveness on the pressure side is stronger
than the suction side in case 2. It is vice versa in
case 1. It implicates that an equilibrium thermal
stress along both sides may be pursued by cou-
pled relationship between the hole geometry and

cooling mass flow ratio.
3.2 Cooling efficiencies

In order to investigate the cooling efficiency
of the steam-cooling configuration in the test
rig, Equation 9 is used for the calculation of the

local cooling efficiency distributions

Tn— T,
N = e T, (9)
T is the local wall temperature, which is
here a result of the conjugate calculation. Due to
such a definition, the local efficiency distribu-
tions on the cutting planes show an alternating

behavior in comparison to the wall temperature
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distributions.

Figure 8 shows the cooling efficiency distrr
bution on the steam-cooled vane in the investiga
ted steam turbine cascade for case 1 on three ra
dial sections. It can be observed that the cooling
efficiency decreases when the cooling fluid passes
from the hub to the tip. This is mainly because
of an increase in the temperature of cooling flur
id. The minimum of the cooling efficiency at the
near hub sections both the leading edge and the
trailing edge is approximately 8% . But at the
mid-span and the neartip section the cooling ef
ficiencies decrease to 5%.

If we consider that the mass flow ratio in
this case is only about Q 068%, such a cooling
effectiveness is acceptable. Nevertheless, with re
spect to the vane leading edge and trailing edge
improvements are recommended. An increase of
the cooling steam would be no problem for the
given configuration, since the Mach number of
the cooling steam at the inlet is only_about
0 045.

In order to investigaté the influence of the
cooling mass flow-tatio‘on the cooling effective
ness, the mass flow, ratio\is increased to 0. 34%
in case 2. The distributions of\the cooling effr
ciency at three sections from the\hub to the tip
are shown in Figure 9. The cooling efficiency de
creases gradually-from the hub to the tip. T his
means the coolingfluid maintains an even coot
ing potential along the cooling flow passages.

Figure 10 compares the cooling efficiency
distribution on the midspan of the steamr cooled
vane in the investigated cases. It can be observed
that with the increased cooling mass flow rate
there is a significant improvement of cooling effr
ciency at the leading edge. It means that the irr
creased cooling mass flow ratio can enhance the
cooling effectiveness at the leading edge. With
respect to trailing edge, there is no observable
improvement of cooling effectiveness while ir
creasing cooling mass flow. T his implies that due
to the limited dimensions of the trailing edge, the
thermal stress cannot be weakened by increasing

the cooling mass flow rate. Therefore, an imr

pingement- cooling configuration at the trailing
edge might be a solution to overcome the critical

thermal stress there.
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Fig.10 Cooling efficiency distribution on the

steanr cooled blade in a steam turbine( mid span)

It is also observed that the\cooling efficiency
differs -om pressure side‘\and-the guction side.
This implicates that \the equilibrium of the cool
ing éffectivenesson the pressure side and suction
side are influenced by ‘the coupled relationship
between cooling mass flow ratio and the hole ge-
ometries:In future work, optimizing the hole ge-
ometry—and cooling steam supply conditions
might be helpful for finding the solutions of an

equivalent cooling effectiveness along the blade.

4 Conclusion

A steamrcooled test vane in a cascade with
hot steam flow has been analyzed numerically by
applying the Conjugate Heat Transfer method.
The boundary conditions of the hot steam are set
the planned inlet parameter of the H P steam tur-
bine in the next step. A parametric analysis ar
ming to improve the properties of the steam-
cooling technology in steam turbines is carried
out by varying the mass flow rate of the cooling
fluid. The numerical solver CHT flow with the
Conjugate Calculation T echnique ( CCT) is used
to carry out the numerical simulations.

The results from two investigated cases
show that the steam cooling technique has a
good application potential in the steam turbine.
The internal part of the vane is cooled homoge-

neously in both cases. While the cooling mass
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flow rate increases, a significant improvement of
cooling efficiency at the leading edge is observa
ble. T herefore, it is concluded that the cooling ef
fectiveness at the leading edge could be enhanced
by increasing the cooling mass flow ratio. How-
ever, there is no observable improvement of coot
ing effectiveness with the increased cooling mass
flow. So, the thermal stress at the trailing edge
cannot be weakened by increasing the cooling
mass flow rate. The impingement cooling config
uration at the trailing edge might be a solution to
overcome the critical thermal stress there.

Both investigated cases show the nonequr
librium thermal stress on the pressure side and
the suction side. T he results show that the equr
librium of the cooling effectiveness on the pres
sure side and suction side are influenced by the
coupled relationship between cooling mass flow
ratio and the hole geometry. In future work, the
coupled influence of the hole geometries and the
cooling steam supply conditions might be-helpful
to purse an equilibrium thermal stress-along the
blade.

Acknowledgments

The project-was sponsored by\the German
Ministry of Economy, and Technology-under pro-
ject number 0326860E/ 1. The authors™are re

sponsible for the contents of/ the paper.

Ref erences:

[ 1] Bohn D, Balkowskil. Interaction of steam flow and oxida
tiorr layer at the surface of steam turbine guide vanes at
higher steam parameters of 620 C and 93 Bar[ R].ISRO-
MACI10-2004 155, 10th
T ransport Phenomena and Dynamics of Rotating Machir

ery, Hawaii: M arch 07- 11, 2004.

International Symposium on

[21]

[4]

[5]

[8]

[10]

[11]

[12]

Nomoto H, Konga A, Ito S, et al. The advanced cooling
technology for the 1 500 C class gas turbine: steanr cooled
vanes and air cooled blades[ J]. Journal of Engineering for
Gas Turbines and Power, 1997, 119: 624- 632.

Bohn D, Wolff A, Wolff M, et al. Experimental and numer
ical investigation of a steanr cooled vane[R]. ASM E Paper
GT-2002- 30210, 2002.

Bohn D, Ren J, Kusterer K. Cooling performance of the
steanr cooled blade in a steam turbine cascade[ R]. ASME
Turbo Expo. Reno, Nevada, USA: Paper No. GT2005
68148, 2005.

Anderson W K, Thomas J L, van Leer B. A comparison of
finite volume flux vector splittings for the euler equations
[R]. AIA A-paper 850122, 1985.

Baldwin B S, Lomax H. Thin layer approximation and ak
gebraic model for separated turbulent flows[ R]. ATA A- pa
per 78257, 1978.

Bohn D, Schonenborn H. 3D coupled aerodynamic and
thermal analysis of a turbine nozzle guide vane|[ R]. Pro
ceedings of 19th I€T AM, Kyoto, Japan: 1996.

Wagner W, .Cooper ] R, Dittmann A, et al/The IAPWS imr
dustrial formulation 1997 for the thermodynamic proper
ti€s of water and steam[ J]. Transactions of the ASME,
2000, 122150 182.

Bohn D, Bonhoff B,'Schonenborn\H, et al. Validation of a
Num erical Model for the Coupled Simulation of Fluid flow
and Diabefic Walls with Application to Filmrcooled Gas
T urbine Blades[ R]. VDF Berichte Nr. 1186, 1995.

Bohn D, Bonhoff B, Schdnenborn H, et al. Prediction of the
filnr cooling effectiveness of gas turbine blades using a nur
merical model for the coupled simulation of fluid flow and
adiabatic walls| R]. ATA A- paper- 95 7105, 1995.

Bohn D, Kriiger U, Kusterer K. Conjugate heat transfer: an
advance computational method for the cooling design of
modern gas turbine blades and vanes in heat transfer in gas
turbingfl M]. WIT Press, ISBN: F85312-666 7, 2002.
Hylton L D, Milhec M S, Turner E R, et al. Analytical and
experimental evaluation of the heat transfer distribution o
ver the surfaces of turbine vanes[ R]. NASA CR 168015,
May 1983.



