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Summary - The continuing need to improve both the efficiency and the specific power of gas turbines requires to 
progressively increase the temperatures of the turbine inlet. 
Because the first stator blades are heavily thermally loaded, efficient blade cooling is necessary. 
The cooling system is particularly delicate and its design must follow these guidelines: 
- minimum thermodynamic and fluid dynamic losses; 
- limited blade temperature even for reduced cooling mass flow. 
Although the problem is important, analyses of possible designs are not common in literature and many constructors 
refer to practical experience and to various experimental results. 
This paper presents a comparative investigation to determine the effects of internal and external cooling in the same blade, 
on the basis of different combined solutions as it often happens. The cooling model will be considered one-dimensional: 
the limitation in the accuracy of the results is by far overcome by the simplicity and versatility of the approach. Finally, 
practical hints for designing an effective cooling system are derived, with particular attention to impingement. Then, 
global cooling parameters and medium blade will be determined in off-design condition. 

Resume - Modklisation d’un systeme de refroidissement d’aubage de turbine I gaz. La ne’cessite’ d’accroitre /a 
puissance et le rendement des turbines b gaz requiert une e’le’vation riguliPre de la tempirature maximale du cycle. 
Les sollicitations thermiques &ant tr& fortes, le refroidissement de I’aubage est indispensable. 
Le systlme de refroidissement d I’e’tude est tr& de’licat et doit parvenir d ces r&/tats : 
- contenir /es pertes thermo-f!uidodynamiques, 
- garantir un bon fonctionnement me^me avec un de’bit re’duit du guide de refroidissement. 
Duns cet article, nous prisentons une &de comparative des diffirentes solutions possibles pour le refroidissement d’un 
aubage de turbine d gaz pour application industrielle. Les r&u/tats montrent la possibilite’ de calculer la distribution de 
la tempe’rature sur l’aubage afin d’optimiser sa ripartition ainsi que son comportement en condition de charge partielle. 
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diameter 
geometric parameter of impingement 
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cross flow mass velocity (G, = m,/A) (specific 
mass flow) 
jet mass velocity (GJ = ~J/A) (specific mass flow) 
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number of control volumes 
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mass flow rate 
geometric constant 
cooling mass flow rate (Mf = pcu,/p,u,) 
Mach number 
number of constant geometric zones 
pressure 
pressure upstream of impingement jet 
exchanged heat 
gas constant 
s-coordinate 
equivalent slot 
Stanton number 
temperature 
velocity 
direction 
hole pitch in cross flow direction 
pin fin pitch in coolant flow direction 
hole pitch in main flow direction 
channel height 
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Greek symbols 

characteristic film cooling parameter (z/SMf), 
internal cooling efficiency 
dimensionless temperature gradient 
fluid density 
effectiveness 
maximum effectiveness value 
global film cooling effectiveness 
dynamic viscosity 
mean square root of temperature distribution 
coolant surface 
hot gases surface 

Subscripts and superscripts 

a 
c 
ex 

9 

in 
j 
J 
max 
min 
P 
tot 

0” * 

adiabatic 
cooling I cross flow 
exit 
hot gases 
index 
entrance 
index 
jet 
maximum 
minimum 
peak 
total 
wall 
total quantity 
based plate or equivalent opposing heat transfer 
surface area 

INTRODUCTION 

Engine performance is determined by its effi- 
ciency and specific power. Both are closely related 
and, except in a few cases, they are likely to keep 
on improving as time goes on. 

In a real gas turbine cycle, one could demon- 
strate that the efficiency and specific power are 
positively influenced by the increase in the ratio 
of the maximum to the minimum temperature of 
the cycle (Stecco and Facchini 1161; Carcasci 163). 
The increase in the maximum temperature must 
correspond to an increased resistance to high tem- 
peratures of the materials used on the parts most 
exposed to the hot gases, especially the nozzles and 
the rotor blades in the first turbine stages. But 
this increased resistance being generally unsatis- 
factory, it is also necessary to cool adequately the 
most exposed parts Wecco and Facchini [16 to 191; 
Carcasci [61). 

Blade cooling reduces the advantages of the 
increased maximum temperature and, because the 
coolant is the air from the compressor, the efficiency 
begins to decrease above a certain temperature 
for a pre-established cooling system 116 to 191. 
By improving the designs of the cooling systems, 
together with the heat resistance of the material, 
it is possible to limit these losses and thus to raise 

the maximum temperature levels and gain real 
increases in the efficiency and specific power of gas 
turbine plants. 

In order to design cooling systems correctly, 
it is important to determine the surface blade 
temperature distribution. Therefore, it would be 
best to improve the efficiency of both the internal 
and external cooling and to try to obtain a uniform 
temperature distribution and a good internal and 
external cooling efficiency. 

A typical cooling system combines different 
solutions both inside and outside the blade. Cooling 
systems are usually studied using an experimental 
approach which allows for the formulation of some 
correlations. In this field, various papers analyzing 
single cooling systems are available. This study 
will present a method for applying correlations 
and experimental results to a stator blade with 
combined cooling systems. The code developed is 
called COOL. In this work, the internal cooling 
systems described are: 

- impingement, which consists of a series of jets 
of coolant against the inner surface of the blade; 
the jets are produced through a perforated layer 
within the blade itself (fig I>; 

- pin fins, consisting of a series of small cylinders 
with their axes orthogonal to the coolant flow; 

- tubes, a simplified cooling system at the 
trailing edge ; 

- as an external cooling system, only film cooling 
is examined; it consists in creating a film coolant 
surrounding either partially or completely the 
external surface of the blade, thereby protecting 
it from hot gases @g 2). 

Sheet Metal 
Coolant In 

Coolant 

Fig 1. Impingement cooling system 

The approach used for external blade tempera- 
ture calculation comes from Arnone, Benvenuti et 
al [3] who proposed a numerical procedure for the 
evaluation of the heat coefficient in two-dimensional 
Navier-Stokes calculation of hot gas flow expansion. 

The aim of this work is therefore the evaluation 
and completion of internal and external heat 
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Fig 2. Film cooling system 

exchange calculations for the prediction of the 
blade’s metal temperature distribution with a 
combined cooling system (f;g 3) and global cooling 
characteristics parameters. 

Fig 3. Compound cooling system scheme of the blade 

Global cooling characteristic parameters 

Global cooling characteristic parameters are: 
- internal COOling efficiency: &h ; 

- global film cooling effectiveness of. 

For a gas coolant, these are defined (Stecco and 
Facchini 1161) as: 

(14 

T 
rlf = T;;_-TfC (lb) 

Internal cooling efficiency &h shows the excellent 
capacity of the cooling system to remove the heat 
flux from the blade. The closer the exhaust coolant 
temperature TCez is to the blade temperature, 
the better the coolant system. Global film cooling 
effectiveness vf shows how well the film cooling 
protects the blade from the hot gas heat flux; the 
blade temperature (Taw ) is obtained when the blade 

is cooled by film cooling only with no other internal 
cooling system. 

The coolant receives a heat flux which is equal 
to the heat flux produced by the hot gases. So, 
imposing total energy conservation and introducing 
medium external Stanton number, the coolant mass 
flow rate can be determined [16]: 

mc CPg f-h 1 (Znu-Tw) 
-=Stgc,..n,.Eh. 

Gu - T’) 
(2) 

mcl 

Equation (2) is valid for a generic cooling system, 
but it depends on the coolant and the cooling system 
used. To make out the internal cooling from external 
cooling, equation (2) can be also written as (Stecco 
and Facchini 1161): 

mc CPg a2 1 4 
-=stgqyn,‘x 1-4 

. -0 - 77;) (3) 
mg 

4 = (Tg - TW) 

(Ts - Tc) 
where 

1 I STUDY OF VARIOUS COOLING 
MODELS 

1 .l. IMPINGEMENT 

The study of impingement is based on the works 
of Florschuetz et al 191. They proposed a study 
of impingement on a flat surface, with no initial 
cross flow, and from there went on through the 
formulation of an equation to determine the exit 
flow velocity of the jets and of a correlation to 
calculate the Nusselt number. This study was 
continued and extended (Florschuetz and Isoda 
1101; Florschuetz et al 1111) to include the case 
in which initial cross flow existed. Florschuetz and 
Tseng 1121 proposed a study for a case in which the 
impingement geometry does not remain the same. 

When trying to build a flexible model, one needs 
to extend the correlations taken from previous 
works to the most general case. In fact, the geometry 
of the impingement jets could only be briefly studied 
in the bibliography 19 to 121. Therefore, because this 
study would like to be flexible and easily adaptable 
to the greatest number of stator blades possible, it 
was useful to go back to the differential equation 
governing the phenomenon and then integrate it, 
in the most general way possible, in order to apply 
it easily to a code. Therefore, the most general 
case is considered, in which the impingement 
model was made up of several zones with various 
geometries, and each geometry was characterized 
by the relationship xn/d, yn/d, z/d (jig 4). 
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Moreover, the mass velocity of each jet will be 
expressed by a similar expression: 

Fig 4. Injection model for impingement 
(Florschuetz et al f91) 

The mathematical model used treats the holes 
as a surface with continuous injection [9, 10, 121 
so that differential notation can be used. The 
continuous injection can be shown as a case in 
which the jet passes through a porous material, 
thereby being continuous with respect to the x 
direction. 

Given the hypothesis of an incompressible fluid 
(a reasonable assumption since the flow velocity 
will usually be less than Ma = 0.3) and considering 
the friction losses, the differential equation of 
impingement in its complete form, which takes 
into account the equilibrium of the momentum, is 
written as: 

dP=- 
2.G,.dG, _,f .G$dz 

P 2PZ 
(4) 

with the continuity equation, it can be written as: 

d2G, 
-=M2 l+f.;$ G, 
dx2 [ 1 (5) 

J 

where: 

GJ=CD&?~-=? 
M = fiAzCD 

z 
(f%b) 

and f depends on the Reynolds number (Flor- 
schuetz and Isoda 1101). With respect to (5) and 
(6b) we will ignore only the variation of the flow 
coefficient CD as it varies in the relationship 
between the flow masses of the cross flow and the 
jet velocity 1101. 

We could also write: 

d2G, -- 
dx2 

E2Gc = 0 

where: 

We can see that E depends on the flow mass 
velocities of the cross flow (Gc) and the jet (GJ). 
The solution will then be: 

Gc=B1.sinhE,+B2.coshEZ (9) 

G; = zE(B1. cos h Ez + B2 . sin h E,) (10) 

This solution will have to be solved iteratively, 
because the coefficients Bl, B2 and E vary with the 
mass velocity G,. 

In order to solve (9), the problem must be 
discretized. Each control volume will then be 
examined as a separate zone and (9) will be written 
for each control volume, with the origin of the z- 
axis at the beginning of each one. The various terms 
are conventionally expressed with two indices (i, j) 
indicating the jth control volume of the ith zone at 
constant geometry. Therefore, (9) and (10) can be 
expressed as follows: 

G CW = Bl,,, . sin h Ei,jZi + Bz%,~ * COS h Ei,jXi (11) 

GTr$,, = 

zEi,j(B1,,, * cos h Ei,jxi + Bz,,~ . sin h Ei,jxi) 

(12) 

In order to solve this problem, we must impose 
continuity on the pressure and on the mass flow 
rate among the various control volumes: 

- interface boundary conditions between the 
various zones at constant geometry: 

Gc, k, (xnJ = G~+I,~(‘? i = 1, n - 1 
Pi,k,(xTl,) = P,+l,l(") i=l,n-1 (13) 

- interface boundary conditions between the 
various control volumes within the same constant 
geometry zone: 

Gc,,~ (XG) = Gc%,~+~ (0) j = 1, ki - 1 

Pi,j(Xn,) = Pi,j+l(O) j = 1, ki - 1 
(14) 

- rearranging the boundary conditions by using 
(11) and (12) and writing them in matrix form, we 
have: 

(z::j::) = (g 2) (i::::) 
j = l,ki - 1 (16) 

where the K constants depend on the geometry. By 
multiplying the matrices, the constant of the last 

260 A 



Internal cooling of gas turbine stator blades 

control volume with respect to the first one can be 
determined: 

so that, with impingement, the effectiveness is 
introduced into the case where there is an initial 
cross flow (Florschuetz et al 1111): 

(21) 

The expressions of the integration constants can 
be substituted in the following boundary conditions: 

l without initial cross flow: 

Gc,,, (0) = 0 
G Cn,kn (%I = y (18) 

l with initial cross flow: 

I G,,,,(O) = 7 

Therefore, using the integration constants of the 
first control volume (Bl,,, , B21,1 1, we can calculate 
the coefficients of the various regions, multiplying 
the matrices and determine the expression of the 
flow mass velocity inherent to the cross flow and 
the injected flow. 

The calculations begin by setting Ei,j = M; now, 
with (8) the new value of Ei,j can be determined and 
this calculation can be repeated until it converges. 

Note that the viscosity ,u depends on the 
temperature, and thus the entire calculation must 
also be iterated with respect to temperature. 

Until now, only momentum and mass balance 
equations are used; to determine the flow tempera- 
ture, energy equation is necessary: 

AU2 
Ah,,=qX++Ah+T=qX (20) 

To calculate the heat exchange coefficient, the cor- 
relations proposed in the above-mentioned papers 
(Florschuetz et al 191; Florschuetz and Tseng [121) 
are used. The analytic calculations determine a dis- 
continuity in the heat exchange coefficient in the 
overlapping areas of the various geometries. How- 
ever, it is important to point out that the greatest 
difference observed between the calculated value 
and the experimentally determined one in a non- 
uniform geometry is approximately 20% 1121. 

Like film cooling, impingement presents the 
problem of heat exchange between a wall and 
two flows (the cross one and the jet one). The 
influence of the two flows on local blade temperature 
is represented by means of the adiabatic wall 
temperature Taw . In this case, Taw is the local blade 
temperature when the blade exchanged heat only 
with impingement. Generally, the adiabatic wall 
temperature is determined by using effectiveness, 

In this case, the use of an effectiveness term 
may not be appropriate because, in contrast with 
the fdm cooling, when greater effectiveness is 
better, with impingement, we want an effectiveness 
approaching zero when Taw is equal to TJ, and 
therefore to have the jet flow dominating. 

1.2. PIN FIN 

In the case of pin fins, we referred to the study of 
Armstrong and Winstoley [ll who proposed a syn- 
thesis of experiments on pin fins, thus offering some 
correlations for calculating the Nusselt number and 
the friction coefficient. 

In this study, the correlations of Metzger et al 
1143 were used when the fins were short (b/d 6 3) 
and those of Faulkner 181 when they were long 
(b/d > 3). The fn t ‘c ion coefficient is determined from 
the Metzger correlations. In order to determine the 
physical state of the coolant flow after each row, 
one would need to keep track of the equation of 
continuity, the momentum, and the energy balance. 

Because no fluid enters along the duct, the 
equation of continuity is: 

m, = Cte * G,. A = Cte (22) 

The static pressure loss in each row is (equilib- 
rium of momentum): 

AP=2. f,p$_ (23) 

The overall enthalpy is increased through the 
heat given off by the blade (energy equation): 

A212 
Aho=qX++Ah+T=qX (24) 

Assuming that air behaves as a ideal gas, we 
can use the corresponding law (P = pRT). We have 
then four equations with four unknowns (P, p, T, u). 
We can therefore reach a solution through an 
iterative method. Note that some parameters, 
such as the friction coefficient f and the heat 
exchange coefficient H, depend on the Reynolds 
number, which in turn depends on the viscosity 
and, therefore, the temperature. It thus follows 
that the iteration must be done by updating these 
values too. 

1.3. TUBES 

The trailing edge can also be cooled, with obvious 
technological simplifications, by using a series of 
holes whose axes are parallel to the flow direction 

261 A 



C Carcasci, B Facchini 

of the hot gases. Furthermore, film cooling holes 
can also appear like a series of tubes. Therefore, 
the code can handle tube cooling too, which can 
be studied using the continuity, energy, momentum 
and state equations, and the use of correlations 
for heat exchange which have been extensively 
discussed in literature (Necati and Czisik [15]). For 
the sake of brevity, the development of the equations 
will not be discussed, given their simplicity and the 
similarity to the treatment for pin fins. 

1.4. FILM COOLING 

Many experimental studies of film cooling have 
been carried out and it is difficult to summarize 
them. So we used a series of correlations proposed 
by L’Ecuyer and Soechting [131 for a study on film 
cooling, which determines the film’s effectiveness 
by summarizing various published experimental 
results. 

L’Ecuyer and Soechting have developed three dif- 
ferent methods of injection: additional mass, mix- 
ing, and penetration. Effectiveness 7 is determined 
by the PEP (Peak Effectiveness Parameter 77p) and 
its position C&l. These two parameters are calcu- 
lated based on a series of graphs which show rip 
and ,& as a function of Mf, of the ratio uc/u9, of 
the angle of injection and the dimensions of the 
equivalent throat S. 

2 n DETERMINING THE MASS FLOW 

Blades of different gas turbines sometimes 
present cooling systems studied up to the present, 
but they are connected by different combinations, 
so that the global cooling system appears like a 
network. To study a global cooling system on a lot 
of blades, a modular code is necessary which must 
allow for the selection of the position and connection 
of each cooling system. 

Until now, each type of cooling system has been 
examined separately from the others. One can see 
that each model is one-dimensional and requires the 
mass flow as input data, but, generally, the mass 
flow rates of each cooling system are unknown, only 
the total pressure upstream of the jet impingement 
and the static pressure at the point where the 
coolant comes out of the cooling system and mixes 
with hot gases are known. So, to determine the 
mass flow rate, the inlet and outlet pressure of each 
cooling system must be determined, too. 

Each cooling system presents three unknowns 
and the equations used to solve this problem are: 

- the flow mass of each model depends on the 
coolant pressure drop in each branch: for any 
cooling model i it can be assumed that the pressure 
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loss is roughly proportional to the square of the 
exit fluid velocity multiplied by the density (in a 
subsonic regime): 

n2 
pi,,,, - Pif% = c; . pf = ci . z 

P 
(25) 

For the case in which the density can be 
considered constant, the pressure loss can be 
reckoned proportional only to the square of the 
flow mass; an equation could be written for each of 
the cooling models; 

- conditions of continuity of the flow mass and 
of the pressure in each node, which connects two or 
three cooling systems ; 

- in addition to the equations already written, 
the pressure upstream from the jets of the first 
models and the pressure in the coolant exit points 
of the blade are known. 

Consequently, it is possible to completely sim- 
ulate a generic cooling system by combining the 
various cooling techniques described with a one- 
dimensional geometric domain. 

3 I DETERMINING BLADE 
TEMPERATURE 

Through the distribution of the internal and 
external blade temperatures, the heat flow released 
by the hot gases to the blade and the heat absorbed 
by the coolant can be calculated. Because there are 
no sinks or heat sources in the blade cross section, 
the temperature will have to adapt so that the flow 
of entering heat (on the blade surface) is equal to 
the exit one (inside the blade). To determine the 
blade temperature, it is necessary to study: 

- the internal heat exchange studied by the 
COOL code; 

- the external heat exchange studied by the 
TRAFBD code; 

- the conductivity in the blade cross section 
studied by the HT code. 

3.1. EXTERNAL HEAT EXCHANGE COEFFICIENT 

The distribution of the external heat exchange 
coefficient can be determined experimentally or 
with numerical models already developed and 
tested for this purpose. In order to simulate the 
external heat exchange coefficient of the blade, 
the TRAFBD code &-none, Liou, et al 121) was 
used. In this code, the Baldwin-Lomax turbulence 
model and Runge-Kutta scheme to solve the Navier- 
Stokes equation are used. The Baldwin-Lomax 
turbulence model is simplified to the extent that 
the turbulence intensity level is taken into account 
only by imposing the transition point from laminar 
to turbulent boundary layer. 
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3.2. CONDUCTIVITY IN THE BLADE CROSS 
SECTION 

4 i  RESULTS 

In addition to internal and external heat ex- 
change calculations, a code studying the conduc- 
tivity in the blade cross section will be necessary 
(Arnone et al [5]). The HT code was used to solve 
the two-dimensional steady heat equation (Fourier 
equation): 

o o (kot' :q, 
(26) 

using a second-order finite differences method 
(Arnone and Sestini [4]). The HT code considers 
thermal conductivity variable, and corrected values 
of the material properties were defined to account 
for the presence of the film cooling holes and tubes. 
The thermal conductivity of sections with holes was 
evaluated as weight averaged between coolant and 
metal. The convection cooling effects of the film flow 
as it passes through the film holes is accounted for 
by heatsink (q*). 

3.3. INTERACTION BETWEEN CODES 

Using these three codes, the blade temperature 
can be determined. The calculation (fig 5) starts 
with an initial temperature distribution of the 
internal and external walls, which are input 
data in the COOL and TRAF2D codes. These 
supply the internal and external heat exchange 
coefficients and the adiabatic wall temperature. 
With this information, the HT code recalculates 
the temperature distribution on the internal and 
external surfaces of the blade, which allows the 
cycle to be restarted until it converges. 

4.1. BLADE GEOMETRY 

In this study the blade reported on figure 3, 
already evaluated by Arnone, Benvenuti et al [3], is 
analyzed. One of the nozzle blades studied is that  
of the PGT10 gas turbine, manufactured by Nuovo 
Pignone SpA. 

Impingement, with various geometries, cools the 
internal blade. The exhaust coolant flow carries out 
film cooling on the suction side (near the leading 
edge) and on the pressure side (near the trailing 
edge). The trailing edge is cooled by tubes (fig 3). 
Figure 6 shows the global cooling system modeled. 

Impingement t 
(leading ed~ ube 

• ,, ~ 0  

* % Film cooling 
/ .  (suction side) 

• • 

N - : %  ~ ~ • 
' : % . ~  

Impingement 
Tube tube~ 

Film cooling • 
• ~ tube 

Film cooling ~ *~trailing 
edge) 

(pressure side) • 

- 

Fig 6. Modeling of the cooling system using 
one-dimensional models 

-it- wa l l  
/ I n i t i a l  I 

>', 

I T'::r,r°" I I T : r ' ,  "1 
I I 

I COOL ]ITRAF2I  
[H,,T.] 

I rj 

Fig 5. Flow chart calculation 

4.2. COOLING SYSTEM DESIGN 

The present study represents a useful and 
practical instrument to verify the temperature 
distribution in the stator blade cross-section and 
the response of the cooling system to the varying 
physical conditions of the coolant. It can also prove 
useful for the design of cooling systems in a stator 
blade. 

The temperature distribution in the blade cross 
section is influenced by the blade geometry itself, 
by the distribution of the external heat exchange 
coefficient, and by the effects of internal and 
external cooling. In order to determine or check 
a certain temperature distribution in a blade, 
distinguishing these three points will help to 
determine where to increase or decrease cooling 
effects. 
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To study the influence of blade geometry on the 
temperature distribution in the blade cross section, 
only a two-dimensional problem of heat exchange 
will need to be taken into account, assuming that 
the internal and external heat exchange coefficients 
are constant along the blade surface. For this 
calculation, only the HT code is needed. 

On figure 7 we can see that the temperature peak 
is on the leading edge because of the typical blade 
geometry. In the blade mid-section, on both the 
pressure and suction sides, the distribution can be 
considered constant. On the suction side, a slight 
increase on the pressure side, due the unequal 
curvature, can be noted. At the point where the 
tubes begin, the temperature variation is sharp, 
because of the greater change in the thickness of 
the blade cross-section. Later on, the internal and 
external temperatures get closer to one another as 
the blade thins. 

0,90 ; ; ; ; ; ; ; ; ; ; ; 

0.65 

0.70 -------I’ 

- Internal 

0.65 -_ -External - 
x 

0,60 . 1 . . . , . , . ( . , 

-I,0 -0,6 -0,6 -0,4 -0,Z 0,O 0,2 0,4 0,6 0,6 I,0 

Pressure Side 
s’6tot Suctm Side 

Fig 7. Blade temperature (blade geometry effects) 

The influence of the external heat exchange 
coefficient can be observed by setting the adiabatic 
temperature distributions and the heat exchange 
coefficient on the inside of the blade constant. On 
figure 8, an increase in the heat exchange coefficient 
on the suction side and at the end of the pressure 
side can be observed as a result of the greater 
hot gas flow acceleration and velocity. Instead, a 
low-heat exchange coefficient zone, coupled with a 
velocity value forms at the beginning of the pressure 
side. With respect to the previously mentioned 
curves, figure 9 shows an increase of temperature 
on the suction side and at the end of the pressure 
side where the heat exchange coefficient is higher 
because of larger hot gas flow turbulence. Instead, 
a low temperature zone forms at the beginning 
of the pressure side. Figure 9 shows which zones 
are especially delicate. On the leading edge, we 
have the combined effect of a high heat exchange 
coefficient and a blade geometry that does not ease 
up the work of the coolant. In addition, the suction 
side temperature is higher than the suction on the 
pressure side temperature which is mostly due to 

the lower external heat exchange coefficient with 
respect to the former. On the pressure side the 
temperature is shown to be high only at the edge. 

0,4__--;--A---I--;--;--A--- ;---l_--+--- 

I I I I I I I I I 
I I I I I I I I I 

0,3,, I. I, ;. I. /, /, /, I. I, I 
-1,0 -0,S -0,6 -0.4 -0,Z 0.0 0,2 0,4 0,6 0,s 1,0 

Pressure side 

s’stOt 

Suction side 

Fig 8. External heat exchange coefficient 

0,66- - - 

Fig 9. Blade temperature (blade 
heat exchange e 

eometry and external 
7+ ects) 

From the observations made about the tempera- 
ture influenced by blade geometry and the external 
heat exchange coefficient, some preliminary conclu- 
sions about the cooling system can be drawn. For 
example, the internal cooling system should be an 
impingement jet at the beginning of the blade where 
the heat exchange coefficient is high. In addition, 
the cooling system on the suction side will have to 
be more efficient than the one on the pressure side. 
Finally, we can see that the trailing edge of the 
blade must also be adequately cooled. 

With the COOL code, we can determine the 
internal distributions of the heat coefficient and the 
adiabatic wall temperature of the cooling system 
shown on figure 3 (only internal cooling). On fig 10, 
it is possible to see a high heat coefficient value 
at the leading edge of the blade. This is due to 
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the high jet mass flow rate and the reduced mass 
cross flow. In other zones of impingement, the cross 
flow increases, reducing the jet  mass flow rate and 
we have a heat coefficient decrease. With tube 
cooling it is possible to have a slight increase in 
the heat exchange coefficient, but in this case the 
adiabatic wall temperature, contrary to the effect of 
impingement, increases with coolant temperature 
(Taw = Tc). The temperature distribution in the 
blade cross section can be determined, when there 
is only one internal cooling system. 
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F i g  10.  Internal heat exchange coefficient and adiabatic 
wall temperature 

Figure 11 shows an elevated temperature along 
all the suction side and at the trailing edge of the 
blade on the pressure side. These results demon- 
strate that it is near the beginning of the suc- 
tion side and at the end of the pressure side that 
film cooling has to be used. So, when redoing the 
calculations, the blade temperature distribution is 
obtained by taking into account the effect of film 
cooling. By analyzing the external blade tempera- 
ture distribution (fig 12 and 13), we see that the 
maximum temperature is reached on the leading 
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F i g  1 1. Blade temperature (without film cooling effects) 
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F i g  12.  Blade temperature 
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F i g  1 3. Blade cross section temperature contours 

edge because it is not possible to compensate the 
negative effects of the high external heat exchange 
coefficient and the geometry with cooling. On the 
suction side, the temperature decreases rapidly at 
the point where film cooling begins. On the pressure 
side, the blade temperature is low because of the 
external heat exchange coefficient and the elevated 
cooling effect. Continuing towards the trailing edge, 
the temperature increases up to the beginning of 
the film cooling on the pressure side. The symbols on 
the figure are experimental measurements relative 
to the preceding research (Arnone, Benvenuti et al 
[3]) and show good agreement with the information 
available. 

After the first calculations, the cooling system 
geometry can be modified for improvement. For 
example, if we notice a sharp lowering of the 
temperature at the beginning of the pressure side, 
we can reduce the effect of impingement in this 
zone and thus obtain a more uniform temperature 
distribution (fig 14). 
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Fig 14. External blade temperature with different cooling 
geometry 

On figure 14, we can see that by reducing the 
effect of impingement at the beginning of the pres- 
sure side, we obtain a smaller temperature gradient 
in the same area. In addition, a lower maximum 
temperature at the leading edge is another result. 
In fact, with the new cooling configuration, the 
cross flow due to impingement is reduced along the 
leading edge, with a subsequent increase in the 
cooling effect. With the solution proposed here, not 
only have the temperature gradient and the maxi- 
mum temperature been lowered, but the mass flow 
of coolant has been reduced (about 5%), thereby 
increasing the efficiency of the cooling system. 

4.3. BLADE COOLING SYSTEM OFF-DESIGN 
PERFORMANCE 

After the cooling system design, the off-design 
study is necessary. Coolant temperature and pres- 
sure at the inlet of the cooling system vary at partial 
loads conditions. Moreover, there is the possibility 
of limited modifications in the coolant characteris- 
tics (ie inter-refrigeration of coolant, or its bleeding 
at intermediate compressor pressure levels). 

The modified coolant conditions correspond to a 
mass flow rate variation involving some effects on 
cooling efficiency and blade temperature distribu- 
tion. 

Figure 15 shows the total mass flow rate 
variation. It is possible to see a relevant coolant 
mass flow rate reduction with decreased coolant 
pressure; the dependence on total temperature is 
less consistent. The mass flow rate distribution 
between tubes in the blade trailing edge and the 
film cooling ducts on the pressure side is interesting: 
the mass flow rate in the tubes is almost constant, 
because the flow is near choked condition, while the 
film cooling ducts are designed to have a flow with 
low Mach number. 
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Fig 15. Coolant mass flow rate vs ressure and 
temperature of inlet P coo ant 

The course of internal cooling efficiency @g 16) 

follows an opposite trend: an increase in pressure 
corresponds to a decrease in efficiency because of 
a higher coolant flow rate and, if the mass flow 
rate is greater, the exhaust coolant temperature is 
less close to the blade temperature. In the contrast, 
an increase in coolant temperature determines a 
higher exhaust coolant temperature causing the 
efficiency to decrease. 
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Fig 16. Internal cooling efficiency eh vs pressure and 
temperature of inlet coolant 

The global film cooling effectiveness (fig 17) 
presents a consistent increase with the pressure 
until the coolant mass flow rate becomes too 
high. The temperature effects are the opposite 
with respect to efficiency, because a lower coolant 
temperature allows higher efficiency. 

Figure 18 shows the medium blade temperature 
variation. The medium temperature decreases with 
the pressure increase, because the mass flow rate 
increases too; and it increases with the inlet 
temperature increase. Figure 19 shows the course of 
the external blade temperature for three different 
conditions of pressure and temperature. 
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Fig 17. Global film cooling effectiveness vs pressure and 
temperature of inlet coolant 
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Fig 18. Medium blade temperature vs pressure and 
temperature of inlet coolant 

C O N C L U S I O N  

A code has been proposed which can simulate the 
cooling effects on a stator blade in a turbine using 
a combination of different cooling techniques. By 
using a one-dimensional model, the coolant mass 
flow rate and the blade temperature distribution 
both on the internal and external sides can be 
calculated. In addition, the global heat exchange 
coefficients for each configuration were directly 
determined. 

Following this, an application for the code was 
shown, proceeding to the analysis of the parameters 
that influence the blade temperature distribution, 
and showing good agreement between theoretical 
results and experimental ones. Finally, an example 
was shown to optimize the complete cooling system 
in order to obtain better temperature distribution 
across the blade cross section. 

As far as the comparison with experimental 
results is concerned, the results agreed fairly well 
with the only test-case available, as long as the 
correlations widely validated with repeated and 
well-documented experiments were used. 
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Fig ! 9. External blade temperature for three different 
pressure and temperature values of inlet coolant 

Finally, the cooling system off-design perfor- 
mance was evaluated. 

In conclusion, the COOL code and the method of 
studying cooling systems and blade temperatures 
are tools which make it possible to design a global 
cooling system and to test it in design and off-design 
conditions. 
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