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Abstract: With the increasing demand fo r electricity, an efficiency improvement and thereby reduced CO2 emis�

sions o f the coa l�fir ed plants ar e expected in o rder to reach the goals set in the Kyo to prot ocol. It can be a�

chieved by a rise of the process parameter s. Cur rently, liv e steam pressures and temperatures up to 300 bars and

923 K are planned as the next step. Closed cir cuit steam cooling of blades and vanes in modern steam turbines is

a pr omising technolog y in o rder to establish elevated liv e steam temperatur es in future steam turbine cycles.

In this paper, a steam�coo led test v ane in a cascade w ith ex ternal hot steam flow is analyzed numerically

wit h the in�house code CHT flow. A parametr ic analysis aiming t o improve the coo ling effectiveness is car ried

out by vary ing the coo ling mass flow ratio . The results from tw o investig ated cases show that t he steam coo ling

technique has a good applicat ion po tent ial in the steam turbine. T he internal par t of the vane is coo led homoge�

neously in bo th cases. W ith the incr eased cooling mass flow rate, ther e is a significant improvement o f coo ling

eff iciency at the leading edge. The r esults show that the increased coo ling mass f low ratio can enhance the coo l�

ing effect iveness at the leading edge. With respect to t railing edge, there is no obser vable improvement of coo l�

ing effect iveness w ith the increased cooling mass flow . This implies that due to the limit ed dimension at the

trailing edge, the thermal stress canno t be decreased by incr easing the cooling mass flow rate. Therefo re, im�

pingement�coo ling configurat ion at the trailing edge might be a solution to o vercome the critical thermal stress

ther e.

It is also obser ved that the perfo rmance o f the cooling effective differs on pressure side and suct ion side. It

implicates that the equilibrium of the cooling effect iveness on two sides a re influenced by a coupled relationship

betw een cooling mass flow ratio and hole geometry . I n future wo rk, optimizing the hole geomet ry and coo ling

steam supply conditions might be the solut ions for an equiv alent coo ling effectiv eness along w ho le pro file.
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Nomenclature

A � � � � ar ea, m2

A � B � C Jacobian matrices

E, F, G flux�vecto rs ( body fitted coord. )

E, F, G flux�vecto rs ( Cart esian coo rd. )

H vane height, mm

J cell vo lume

L ax ial cho rd length, m

Ma Mach number

p � � pressur e, Pa

Pr P randtl number

Re Reyno lds number

T temperature, K

U vecto r of conserv ativ e variables

etot specific total ener gy

p pressur e

q heat flux vector

qx x�component of heat tr ansfer r ate per area, W/ m2
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s � � � vane sur face coordinate, m

u, v, w velocities in Cart esian coo rdinates, m/ s

V normal velocity at inlet, m/ s

y distance from wall

y+ nondimensional wall coo rdinate

Greek let ters

� incidence ang le, (�)

� thermal conduct ivity, W/ ( m  K)

 c cooling efficiency

! density , kg/ m3

∀ dynamic conduct ivity

# mass f low rat io

∃ shear stress tenso r, N / mm2

∃i j components of shear stress tensor, N/ mm2

Indices

c� � � � cooling

fl f luid

h ho t

is isentr opic

ref reference

s so lid

t t otal

w w all

x , y , z partial differentiation ( Cartesian coord. )

%,  ,& partial differentiation( body fitted coord. )

1 at inlet

2 at outlet

Superscripts

n actual time step

Abbrev iations

LE leading edge

PS pressure side

SS suction side

TE t railing edge

CCT Conjugate Calcuat ion Technique

Introduction

Today the market for electr icity gener at ion

is dom inated by combined cycle pow er plants

based on natural g as. However, in the near fu�
ture the demand for coal�f ired pow er plants w ill

cont inue to expand due to the indigenous depos�
it s of coal in larg e developing countries like Chi�
na and India. In Europe, co al or lignite w ill also

play an impo rtant r ole in the fo reseeable future,

and although the demand for new plant w ill be

limited, there w ill be a substant ial market for up

grading or replacement of ex ist ing plants.

Fo r Germany the curr ent predictions assume

that 20% more elect rical pow er wil l be generated

in 2020 using about the same amount of fuel as

today and that over 50% of the power w ill come

from coal and lignite f ired steam pow er plant.

Due to unfavorable C/ H rat io of co al, concerning

CO2 emissions, the only w ay to keep them low is

to increase the ef ficiency. The incr ease of ther�
mal eff iciency of the steam cycle can be achiev ed

by a r ise o f the process parameters. It is related

to raising the temperature, as well as the pr es�
sure of the steam generated in the boiler.

Current ly, live steam pressures and temper�
atures of up to 300 bars and 923 K are planned as

a next step. This means an increase o f 50~ 100 K

in comparison to plants presently under con�
st ruct ion. Such a large incr ease w ill only be pos�
sible if all thermally high loaded components of

the plant ar e made of new materials and/ o r new

technolo gies for cooling and thermal insulat ion

ar e applied.

To w ithstand these advanced oper at ing con�
ditions, materials w ith improved high�tempera�
ture capability ar e required. For this reason a se�
ries of R& D projects started in recent y ears in

Europe, the U SA and Japan aiming at the qualif i�
cation and test ing of new mater ials for advanced

steam parameters at the same t ime[ 1] .

Cooling of the thermally high lo aded compo�
nents in steam turbines is considered an applica�
ble techno logy in order to allow steam cycles

w ith elevated live steam temperatures. In gas

turbines, the steam cooling technique at t racts a

lot o f interest f rom both manufactures and eng i�
neer s. Based on the know ledge o f steam cooling

technolo gy in gas turbines, this technique be�
comes now more and more at t ract ive for steam

turbine applicat ion as w ell.

Apart from its fav ourable f luid propert ies,

pro cess steam used as cooling fluid prov ides sev�
eral benef its . In a steam turbine, steam can be

pro vided !inexpensiv ely∀ at favourable supplying

condit ions o f pressure and temperature levels.

Furthermore, the amount of co oling steam is not

high because only moder ate temper ature r educ�

674



� 第 5 期 Dieter Bohn et al. : Investig ation o f the steam�coo led blade in a steam turbine cascade

t ions on the vane o r blade w ill be necessary w ith

respect to mater ial proper ties. Due to high coo l�
ing potent ial of steam w ith respect to it s f luid

propert ies, convect ive cooling in closed cir cuits

can be established using simple st raight radial

geometric coo ling configurat ions.

The main focus o f the former invest igat ions

has been the usage of the steam�cooling tech�
nique in the gas turbine. Nomoto et al. [ 2] have

performed ex tensive experimental studies on

vane steam cooling in a gas turbine. In their coo l�
ing eff iciency studies, they have pointed out that

under the high�pressure steam f luid condit ions

the inner convect ion�cooling achieves enough

coo ling eff iciency.

Bohn et al. [ 3] have invest igated the steam�
coo ling technique in the gas turbine experimen�
tally and numerically . The results show that , in

order to r each a defined cooling ef f iciency level,

medium steam pr essure supply might be advan�
tageous in comparison to a high�pressure level in

the supply. Suff icient coo ling of the t rail ing edge

becomes problemat ic fo r steam�coo ling applica�
t ions in the given conf iguration.

Further, Bohn et al.
[ 4]

have investig ated the

application of steam coo ling technique in steam

turbine. It is show n that the steam�coo ling ef fec�
t iveness is quite acceptable w ith a minor cooling

mass flow rate. This w or k presents the further

invest ig at ions on the applicat ion of the steam

coo ling technique on the steam turbine.

The thermal load o f a steam turbine∀ s v ane

is r educed by a convect iv e steam cooling tech�
nique. T he hot steam condit ions are set 923 K

and 300 bar s, w hich are the planned parameters

of the steam turbine in the next step. A paramet�
r ic analy sis aiming to improve the performance of

the steam�coo ling technolog y in the steam tur�
bine is carried out by varying the mass f low r ate

of the cool ing f luid. T he in�house CFD so lver

CH Tflow w ith the Conjugate Calculat ion T ech�
nique ( CCT ) is used to carr y out the numer ical

simulat ions.

1 � Configuration and geometric

modelling

1. 1 � Test configuration

Figure 1 show s the geometr ical conf igura�
tion for a test r ig . It consists of a rectangular

duct containing a thr ee�vane cascade. T he central

vane can be coo led convectively by supplying

steam to 22 st raight radial coo ling passages.

Fig. 1 � Test configuration

The arr angement of the cooling passages

w ithin the cooled vane is il lustr ated in a m id

cro ss sect ional cut on the bo ttom lef t side of

Fig. 1, w hile the co rresponding diameters o f the

coo ling passages are listed in the table on the

bo ttom right side of Fig . 1. In the area o f the

t railing edge, w her e a minimum wall thickness

must be considered, the coo ling passage ( T E1)

has a diameter of just 1 mm.

1. 2 � Numerical grid

Figure 2 show s the 3D numerical g rid used

to solve the discret ised governing equat ions. Due

to the r equirements of the numerical method

( # Conjugate Calculat ion T echnique∃) the hot

steam path, the coo ling flow passage and the so l�
id body of the central vane are composed of a
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F ig . 2 � Numerica l g rid

fully str uctured numerical multi�blo ck g rid. U�
sing the Conjugate Calculat ion T echnique, there

is no need fo r any boundary informat ion about

heat t ransfer characterist ics at fluid�so lid inter�
faces. Due to the demand for ex act calculat ion of

the temperature gradients at all solid � f luid in�
terfaces, the non�dimensional w all�distance y + of

the first cell r ow is kept at an acceptable level

fo r a conjugate calculation appr oach ( y
+
< 1) .

y
+
= y

∃w !w
∀w

(1)

� � Such a high r esolution o f the thermal

boundary layer plus the need for including the

ho t gas path, cooling f low passage and the so lid

body of the central vane r ises the number of gr id

points up to 2� 8 million. Divided into 172 str uc�
tured blo cks, the w ho le computat ion domain is

separated into several tasks, w hich ar e calculated

separately on a PC�LINUX�cluster making use of

the parallel st ructure o f the code.

1. 3 � Boundary and steam�supply conditions

In the presented investigations, the boundary

condit ions of the hot steam are set to the planned in�
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, w hich is the ho t steam inlet tempera�
ture expected fo r the HP steam turbines in the

nex t step. Table 1 show s the parameters condi�
tions of the hot steam flow.

Table 1 � Hot steam boundary conditions and

characteristic numbers

Parameters conditions

Temperature/ K 923. 0

Velocity ( inlet) / ( m/ s) 80. 0

Stat ic pr essure ( outlet) / bar 293. 5

R e ( inlet) 2. 89 % 107

Ma ( inlet) 0. 11

Table 2� Supply conditions of the cooling steam

Parameter Case1 Case2

Stat ic pr essure( inlet) / bar 70. 0 70. 0

T emperature ( inlet) / K 723. 15 723. 15

Re( inlet, ReD= 1. 5) 3. 55 % 104 3. 58% 105

Pr ( inlet) 0. 990 4 0. 990 4

Ma( inlet) 0. 045 0. 458

Mass flow ratio/ % 0. 068 0. 34

Table 2 show s the supply conditions of the

coo ling steam . In order to show the inf luence of

the cooling steam condit ion on the cooling ef fec�
tiveness, tw o cases are defined fo r the supplied

coo ling steam . The supply condit ions ar e listed in

Tab. 2 for case 1 and case 2 respectively.

The mass f low rat io is def ined as the rat io

of area, density and velocity of the coo ling f low

in the vane and the hot f low in one passage.

∋=
A c!cV c

A h!hV h
(2)

Due to the changed boundary condit ions of the

coo ling steam, the mass f low r at io of 0� 068%

and 0� 34% result in case 1 and case 2 respect ive�
ly. T his means that the to tal amount of co oling

steam in the case 1 is only a minor part o f the

mass flow in the complete cycle. In case 2, the

total amount of the cooling steam is expected to

be a no rmal one.

2 � Conjugate calculation technique

and validation

2. 1 � Numerical method

The conjugate calculations are preformed
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w ith the CFD so lver CHT flow, w hich has been

developed in the Inst itute o f Steam and Gas T ur�
bines at RWT H Aachen U niversity. It w o rks on

the basis of an implicit finite vo lume method

combined w ith a multi�blo ck�technique. The

physical domain is div ided into dif ferent blocks

fo r f luid f low and solid body regions. The ful l,

compressible, three�dimensional Navier�Stokes e�
quat ions are solv ed in the fluid blocks. The Fou�
r ier equat ion is so lved in the solid body blo cks.

The governing equat ions fo r the conserva�
t ive v ariables in arbit rary, body�f itted coordi�
nates % &w ith the flux es normal to the % &=

const . cell faces ar e described fo r the f luid f low

as

U t + E%+ F + G&= 0 (3)

w ith

U = J  (!, !u, !v , !w , !e tot ) (4)

E = J  (E  %x + F  %y + G %z ) (5)

w ith e. g .

E =

!u

!u
2
- ∃xx

!uv - ∃xy

!uw - ∃xz

( !e - ∃xx ) u - ∃xy v - ∃xzw + qx

(6)

� � The f luxes F and G are obtained analogous�
ly. q is the heat flux vecto r, w hich contains the

Fourier heat f lux . M aking use of a New ton meth�
od leads to the follow ing approx imat ion of the

conserv at ion equations in implicit form.

(U
(t

+ ( A
n
(U) %+ (B

n
(U)  + (C

n
(U) & =

- (E
n
%+ F

n
 + G

n
&) (7)

� � Upw ind discretizat ion is used for the invis�
cid flux es. With respect to numerical dif fusion, a

Godunov type f lux�differencing is employed. In

order to achieve the third order accuracy, van

Leer∀ s MUSCL�technique is used
[ 5]

. T he v iscous

flux es are appro ximated using central differ�
ences. The result ing sy stem of linear equat ions is

solv ed by a Gauss�Seidel point iterat ion scheme.

The closure of the Reynolds averaged equat ions

is pro vided by the Baldwin�Lomax alg ebraic ed�
dy�viscosity tur bulence model[ 6] . Due to the

smooth internal w alls, the model can also be ap�

plied for the calculat ion of the internal tur bulent

flow. The model has been chosen because of its

low computation t ime and the good experiences

in other calculat ions for a sim ilar convect iv e�
coo led vane

[ 7]
. T hese r esults have show n that

the Baldw in�Lomax mode per forms ver y w ell in

conjugate flow calculat ions w ithout large f low

separat ion.

Principally , both steam f low s are t reated as

ideal gases. How ever, a real g as co rrect ion has

been implemented based on steam tables for real

steam condit ions ( IAPWS�IF97, Wagner et

al. [ 8] ) .

The coupling of f luid blo cks and solid body

blo cks is achieved via a common w all tempera�
ture result ing f rom the equality of the local heat

flux es passing the contact ing cel l faces ( Conju�
gate Calculat ion Technique ( CCT ) ) . Due to the

high r esolut ion of the boundary layer including

the viscous sub layer ( the dimensionless w all

distance of the f irst cell is about y + = 1 or smal�
ler) , the lo cal heat f luxes are determ ined with

suff icient accuracy and the calculated w all tem�
perature serv es as an internal boundary condit ion

fo r the coupling procedur e ( e. g. )

T w =

�s
�fl
T s + T fl

1+ �s

�fl

(8)

where T w , T s and T fl are the temperature on the

w al l, in the solid cell near the w all and in the f lu�
id cel l near the w all.

2. 2 � Code validation

A validat ion of the code can be found in

Bohn et al.
[ 9, 10]

. Further applicat ions and valida�
tion o f the code have been presented for a con�
vect ion�coo led turbine guide vane w ith radial

coo ling passages. T o demonst rate the perform�
ance of the coupling procedure, results f rom

Bohn et al.
[ 11]

are show n in Fig . 3. The calculat�
ed and experimentally determ ined temperatures

and pressur es along the blade surface of a tur�
bine no zzle guide w ith ten st raight r adial co oling

passages ( M ark & test case, Hylton et al. [ 12] )

supplied w ith air, are show n.
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Fig . 3 � Code validation�temperatur e

distr ibut ion( M ark & test case)

Due to the high heat t ransfer on the f luid

side a lo cal temperature maximum can be ob�
served in the vicinity of the stagnat ion point. The

decrease in f luid temperature together with a

higher heat t ransfer in the blade ( due to a smal�
ler distance of the channels f rom the surface)

leads to a rapid decrease in surface temperature

along the suct ion side and the pressure side. Fur�
ther along the pressur e side there is a continuous

increase in temperature. In contrast to the pres�
sur e side, along the suct ion side the fo llow ing

temperature dist ribut ion occurs. Start ing f rom

the lo cal temperature minimum ment ioned a�
bove, the st rong shock leads to a steep increase

in temperature. The decelerat ion o f the flow re�
sults in a thickening o f the boundary layer and

tr ansit ion to turbulent f low . T hese tw o phenom�
ena lead to a rapid increase in surface tempera�
ture.

In the 2D calculat ion, the max imum local

dif ferences are smaller than 2% over the w hole

surface. 3D calculat ions of the test case ( Fig. 3,

Bohn et al
[ 7]

) have show n somewhat g reater de�
v iat ions betw een calculat ion and experiment.

This is part ly because the applicat ion of adiabat ic

endw all condit ions neglects the heat f lux f rom

the passage through the endw alls leading to an

increase of the vane surface temperatures. M ean�
while, w hile the 2D calculat ions benefit s f rom

the exper imentally determ ined heat t ransfer co�
ef ficients inside the cooling holes and the medi�
um temperature of the cooling f luid in the coo l�
ing passage, the coupled heat t ransfer of the in�
ternal f low and the vane in the 3D case is calcu�
lated by the code w ithout additional heat tr ansfer

condit ions. T hus, the 3D results are reached by

the solution of the full conjugate problem ( inter�
nal f low & vane & outer f low ) . Concerning the

minimum use of boundary condit ions, the 3D re�
sults can be stated as ver y good.

The results clearly show that the developed

code with CCT is able to pr edict the thermal lo ad

of the blade w ith a suff icient deg ree o f accuracy.

The mutual inf luence of the coo led blade sur face

and the main st ream is simulated cor rect ly.

3 � Results and analyses

3. 1 � Thermal analysis

As a result of the conjugate calculat ion ap�
proach, the surface temperatures and the temper�
ature f ield in the vane so lid body can be deter�
mined. Figure 4 show s the three�dimensional

temperature dist ribut ion in the flow passage and

on the vane surface in case 1, in w hich the coo l�
ing mass f low rat io is about 0� 068%. It is clear

that the ex ter nal sur face temperature of the

steam�cooled vane is low er than the surrounding

ho t steam . With the coo ling steam taking up heat

on its w ay fr om the inner sidew all to the outer

sidew all, the ex ternal surface temperature rises

from the hub to the t ip. Therefore, the cooling

ef fectiv eness is st ronger at the hub than the t ip.

Figure 5 show s the thr ee�dimensional tem�
perature dist ribut ion in the f low passage and on

the vane surface in case 2, in w hich the mass
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Fig . 4 � 3D t em perat ur e distr ibut ion in the

passage and on the vane sur face in case 1

flow rat io of the cooling steam is increased to

0� 34%. It is clear that a st rong coo ling steam

potential leads to signif icant ly low er tempera�
tures on the mainpart of the vane sur face. It indi�
cates that the coo ling effect iveness can be en�
hanced in the main part of the vane surface w ith

an incr eased cooling mass f low rat io. The ex ter�
nal temperatur e varies mo re st rongly f rom hub

to the t ip than in case 1.

Fig . 5 � 3D t em perat ur e distr ibut ion in the

passage and on the vane sur face in case 2

Figure 6 illust rates the internal v ane tem�
peratures on the m idspan for case 1 and case 2.

In case 1, the temperature of the main part of the

solid body is low er than 870 K and quite homo�
geneous. At the leading edge and the t railing

edge, the temper atures increase to 910 K, w hich

is only 13 K low er than the ex ter nal hot steam.

The temperature along the pro file r eaches a�
r ound 900 K.

With the increased cooling mass flow rat io

in case 2, the core temperatur e is decr eased to

800 K. T he main part of the vane reaches a low er

temperature of about 820 K. M eanwhile, the

Fig . 6 � Internal temperature distr ibution

on the midspan o f the steam�coo led

Temper ature of the leading edge decreases to 890

K, w hich is 32 K low er than the ex ternal hot

steam and 20 K low er than case 1.

It means that the cooling effect iv eness at

the leading edge could be improved by increasing

the cooling mass f low ratio. How ever , the tem�
perature at the t railing edge r emains 910 K in

bo th case 1 and case 2. It means that the increase

of the cooling mass f low r at io cannot w eaken the

thermal st ress at the t railing edge.

Figure 7 show s the external surface temper�
ature dist ribut ions along the prof ile in case 1 and

case 2. A lthough the ex ternal surface tempera�
tures w ill rise along the blade height due to the

temperature increase of the cooling fluid, the

temperature dist ribut ions on the m idspan in Fig.

7 are representative o f the dist ribut ions f rom the

hub to the t ip.

Both curves in Fig . 7 describe the general

features of the steam�cooled vane, w hich is also

similar to w hat happens in the steam�cooled vane

of gas turbines. When the hot steam attacks the
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F ig . 7 � Ex ternal sur face temperatur e distr ibut ion

on the midspan o f the steam�coo led vane

leading edge of the steam�coo led vane, it impin�
ges on the surface and creates a region of high

heat t ransfer due to a sharp temperature gr adi�
ent. A local temperature max imum can be ob�
served in the vicinity of the stagnat ion point. The

decrease in f luid temperature together with a

higher heat t ransfer in the blade ( due to a smal�
ler distance of the channels f rom the surface)

leads to a rapid decrease in surface temperature

along the suct ion side and the pressure side. Fur�
ther along the tw o sides ther e is a continuous

temperature increase.

In case 1 ( show n as the black line in Fig.

9) , the temperatur e dist ribut ion on the pressure

side looks like a val ley w hile it is quite f lat on

the suction side. Af ter the lo cal m inimums, the

temperatures increase again tow ards the t railing

edge. T hey reach the lo cal maximums at the

leading edge and the t railing edges. The averaged

Fig. 8� Coo ling efficiency distribution on

the st eam�cooled blade for case 1

temperature on the suct ion side is higher than on

the pressure side.

In case 2 ( show n as the red line in Fig. 9) ,

the increased mass f low ratio causes a decrease

of the ex ternal surface temperature along the

main par t o f the vane. It is more significant ly en�
hanced at the leading edge and the suct ion side

w hile quite slight ly on the pr essure side. T he av�
eraged temperature on the suct ion side is low er

than on the pressure side.

Fig. 9� Coo ling efficiency distribution on

the steam�cooled blade for case 2

The temperature dist ribut ion in case 1 and

case 2 show dif ferent heat tr ansfer char acterist ic

on the suct ion side and pressure side. T he coo l�
ing ef fect iv eness on the pressure side is str onger

than the suct ion side in case 2. It is vice versa in

case 1. It implicates that an equilibrium thermal

st ress along both sides may be pursued by cou�
pled relat ionship betw een the hole geometry and

coo ling mass flow rat io .

3. 2 � Cooling efficiencies

In order to invest igate the coo ling eff iciency

of the steam�cooling configurat ion in the test

rig, Equat ion 9 is used for the calculat ion of the

local co oling ef ficiency distributions

 c =
T h - T w

T h - T c
(9)

� � T w is the local w all temperatur e, w hich is

here a result o f the conjugate calculat ion. Due to

such a def init ion, the lo cal eff iciency distr ibu�
tions on the cutt ing planes show an alternat ing

behav ior in comparison to the w all temperature
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dist ribut ions.

Figure 8 show s the cooling ef ficiency dist ri�
bution on the steam�cooled vane in the invest iga�
ted steam turbine cascade for case 1 on thr ee ra�
dial sections. It can be observ ed that the cooling

ef f iciency decreases w hen the cooling f luid passes

from the hub to the t ip. This is mainly because

of an increase in the temperature o f cooling f lu�
id. T he m inimum of the cooling eff iciency at the

near�hub sect ions both the leading edge and the

tr ailing edge is appro ximately 8% . But at the

mid�span and the near�t ip section the coo ling ef�
f iciencies decrease to 5%.

If w e consider that the mass flow rat io in

this case is only about 0� 068%, such a cooling

ef fectiveness is acceptable. Nevertheless, w ith re�
spect to the vane leading edge and tr ailing edge

impr ovements ar e recommended. An increase of

the cooling steam would be no problem for the

given configurat ion, since the M ach number of

the cooling steam at the inlet is only about

0� 045.
In order to investig ate the influence of the

coo ling mass flow r at io on the cooling effect ive�
ness, the mass flow ratio is incr eased to 0� 34%
in case 2. T he distr ibutions o f the cooling eff i�
ciency at thr ee sect ions f rom the hub to the tip

ar e show n in Figure 9. The cooling eff iciency de�
creases gr adually f rom the hub to the tip. T his

means the cooling f luid maintains an even coo l�
ing po tential along the cooling f low passages.

Figure 10 compares the coo ling ef f iciency

dist ribut ion on the m idspan o f the steam�coo led
vane in the investig ated cases. It can be observ ed

that w ith the increased cooling mass f low r ate

there is a signif icant improvement o f cooling eff i�
ciency at the leading edge. It means that the in�
creased coo ling mass flow ratio can enhance the

coo ling effect iveness at the leading edge. With

respect to t railing edge, ther e is no observ able

impr ovement of coo ling effect iveness w hile in�
creasing cooling mass f low . T his implies that due

to the limited dimensions of the tr ailing edge, the

thermal st ress cannot be w eakened by increasing

the cooling mass f low rate. Therefo re, an im�

pingement�coo ling conf igurat ion at the t railing

edge m ight be a so lut ion to o vercome the crit ical

thermal st ress ther e.

F ig . 10 � Coo ling eff iciency dist ribution on the

steam�cooled blade in a steam turbine( mid�span)

It is also observ ed that the cooling ef f iciency

dif fers on pr essure side and the suct ion side.

This implicates that the equilibrium of the coo l�
ing ef fect iveness on the pressur e side and suct ion

side are inf luenced by the coupled relat ionship

betw een cooling mass f low rat io and the ho le ge�
ometr ies. In futur e w ork, optim izing the hole ge�
ometr y and cooling steam supply condit ions

might be helpful fo r f inding the solut ions of an

equivalent coo ling effect iveness along the blade.

4 � Conclusion

A steam�cooled test v ane in a cascade with

ho t steam f low has been analyzed numerically by

applying the Conjugate Heat Transfer method.

The boundar y conditions of the hot steam are set

the planned inlet parameter of the H P steam tur�
bine in the nex t step. A parametric analy sis ai�
ming to improve the propert ies o f the steam�
coo ling techno logy in steam turbines is carried

out by vary ing the mass flow rate o f the cooling

fluid. The numer ical solver CHT flow w ith the

Conjugate Calculat ion T echnique ( CCT ) is used

to car ry out the numerical simulations.

The results f rom tw o invest igated cases

show that the steam cooling technique has a

good application potent ial in the steam turbine.

The internal par t o f the vane is cooled homoge�
neously in both cases. While the cooling mass
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flow rate increases, a significant improvement of

coo ling ef ficiency at the leading edge is obser va�
ble. T herefore, it is concluded that the coo ling ef�
fect iveness at the leading edge could be enhanced

by increasing the cooling mass f low rat io . How�
ever, there is no observable improvement of coo l�
ing ef fect iv eness w ith the increased cooling mass

flow. So, the thermal str ess at the trailing edge

cannot be w eakened by increasing the cooling

mass f low rate. The impingement�cooling config�
urat ion at the trailing edge might be a so lut ion to

overcome the crit ical thermal st ress ther e.

Both invest igated cases show the nonequi�
l ibrium thermal st ress on the pressure side and

the suct ion side. T he results show that the equi�
l ibrium o f the cooling ef fectiveness on the pres�
sur e side and suct ion side are influenced by the

coupled relationship betw een coo ling mass f low

ratio and the ho le g eometr y. In future w ork, the

coupled influence of the hole geometries and the

coo ling steam supply condit ions might be helpful

to purse an equilibrium thermal st ress along the

blade.
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