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A ROTOR BLADE COOLING DESIGN METHOD FOR HEAVY DUTY GAS -
TURBINE APPLICATIONS Lo-

Carlo Carcasci, Bruno Facchini, Giovanni Ferrara
Department of Energy Engineering
University of Florence . ’
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T =" temperature
. Titw = adiabatic wall temperature
ABSTRACT _ ' Tan = inlat coclant temperature
The increase in gas turbine performance allows for very high u = velocity
total inlet temperatures even in heavy duty applications. X = pin fin pitch in coolant flow direction

Therefore, an accurate rotor blade cooling design is necessary to

obtain very high reliability and efficiency. This paper presents a

simple and fast procedure to study global cooling systems and to Subscript

evaluate a blade temperature distrbution in a cooled rotor = nominal state

o
cascade. The blade cooling design is developed by a modular c = coolant
approach: it allows one to select any combination of several b = blade
cooling techniques. g = hot gas

w = wall

max = maximum velour
NOMENCLATURE
A = section
b = rib height Greek
& = pressure constant specific heat B = thermal expansion coefficient
d = diameter B = viscosity
dh = hydraulic diameter p = fluid density
e = roughness Reynolds number Q = rotation speed
f = friction coefficient & = cooling efTiciency
F. = centrifugal force
H = heat exchange coefficient
K = thermal conductivity INTRODUCTION _
n = specific enthalpy In a real gas turbine cycle, one could demonstrate that the
m = mass flowrate efficiency and specific power are positively influenced by the
Nu = Nusselt number increase in the fire temperature This increase must correspond
P = pressure to materials of higher resistancs for nozzles and rotor blades in
q = exchanged heat the first turbine stages of high temperatures, But the material
R = gas constant ) resistance is usually not enough.
T = radial Cjaordmate, radius Ir previous works (Stecco and Facchini, 1988; 198%a; 1989%;
5 = s-coordinate 1989¢), the authors have already shown that the use of blade
Ra = rotational Raylzigh number cooling raducss the performance advantages of the increased
Re = Reynolds number maximum temperature; by improving the design for cooling
Ro = Rossby number systems, together with the materials' heat resistance, these losses
St = Stanton number : .
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FIGURE 1: TUBES COOLING SYSTEM

can be limited, thereby raising the maximum temperature lavels,
and obtaining real increases in the efficiency and the Spectﬂc
power of gas turbine plants.

Several researchers have studied the elementary blade cooling
techniques. The most interesting works for our research are
those of Florschuetz et al, 1981, Florschuetz and Isoda, 1983;
Florschuetz et al, 1984, Florschuetz and Tseng, 1985,
(impingement); Han et al,, 1985, Zhang et al., 1993, Mochizuki
et al., 1994, (multipass); Armstrong and Winstoley, 1988, (ribs
and pin fins), LEcuyer and Soechting, 1983, {external film
cooling).

A typical cooling system combines different solutions both
inside and outside of ths blade (Carcasci et al., 1994) to allow

for cooling and geometry requirements. The determination of the -

surface blade temperature distribution is the critical goa] that
leads to good design and reliability.

Therefore the cooling system studies also requires an
evaluation about the heat conduction in the metal blade 2nd the
hot gas/blade surface heat transfer. _

Feollowing this way, the authors have already studied stator

blade cooling problems in the heavy-duty gas turbine field,
realizing a code, called COOL, already used by an industry
{Carcasci et al. 1994). This previous work is based on a
-meridian blade section study and considers obviously only the
Newtonian reference frame effects; every cooling techniques is
studied by a one-dimensional simulation and the combination of
these techniques is realized by a modular approach. Two-
dimensional study (on a blade-to-blade sectior) of blade
stationary heat conduction end of hot gas/blade surface heat
transfer (based en Navier-Stokes equations) are also performed.

The approach used for intemal cooling rotor simulation
follows the way of the stator simulation, but in this case, it is
developed in the radial direction. So the coupling with other
twe-dimensional simulations (again on the blade-to-blade plane
but repeated at various radius value) allows to do a simplified
three-dimensicnal appreach. These considerable simplifications
are justified by the heavy duty applications goal of the develaped
stmulation procedure.
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FIGURE 2: SERPENTINE MULTIPASS COOLING SYSTEM

ROTOR COOLING MODEL

Elementary cooling techniques

The code COOL, developed for the nozzle blades, has been

extended at the rotor blade, and for this case, the internal cooling
systems described are:.
¢ Radial Tubes: a simple cooling system which consists of a
series of a radial ducts. The exhaust coolant of each tube is
discharged at blade tip (figure 1).
¢ Serpentine passage: a more complex cooling passage
configuration, which consists of a sequence (multipass) of ducts,
altematively, in centrifugal or centripetal direction covered
(figure 2). The turbulence promaters (ribs) effects are also
considered,
* Pin fins: a series of small cylinders with their axes orthogonal
to the radial coolant flow

Itis possible to consider other cooling systems already treated
in stator blade simulations (Amone et al., 1993; Carcasci et al.,
1994), such as internal impingement and external film cooling.

Non-MNewtonian reference frame equations
The effects cf no-Newtonian reference frame, typica! of the
rotor blade, must be considared. The more relevant influence is
duz to;
* Centrifugal force, which heavily modifies the flow condition
¢ Corolis force, which determines secondary flows. They
modify the internal heat transfer
* Buoyancy force (low influence), which is determined by the
centrifugal mass force field when there is a high density gradient
in the coclant flow.
‘The medified fundamental equation of stationary and one-
dimensional flow inside the cooling ducts are:
1) mass continuity equation _
dlp-u-4)=0 6]
2} momentum equation




d .
(P ")_Qz
dx

d(p+p-u2)={—i-ip-02-ri ]dx (2)

3) energy equation
uz 2
dl h+— =(q:l:Q -r)-d.r o 3)
2 .
4) state equation

h is enthalpy (h=cp-(T-T,))
. 4-H-(T,-T)
q is the heat flux (g 58 ———=
. pru-d,
heat ‘transfer coefficient H, which can be determined by
experimental  correlations. 1t is  the skin  friction

1
{(tr=—-f-p- u’.d ), which depends on f and can be calculated
2

by correlations too.

In conclusion, there are four equations and four unknowns (p,
p. T, u).

In these equations, two terms represent the no-Newtonian
reference frame effects:

The term (+_Q2 r-dx}), in equations 2 and 3, depends on
centrifugal force effects. This force favors the flow if it is
centrifugal, and increases the total outlet pressure.
The term (id(p . r) . Q?') , in equation 2, is due to buoyancy
phenomena, which influences only total pressure.
The sign “+* (plus) refers to the centrifugal direction of the
flow, and the sign “-” (minus) refers to the centripetal direction.
The heat transfer coefficient determination depends to
particular cooling systems. The consideration of nen Newtonian
refersnce frame phenomena, requires the particular
dimensionaless numbers introduction: :

* Ro=-— Rossby number: ratic between Coriolis force and
H
Newtonian force

A - L 0 ' .
Qer-fepioc,-d AT, poiational
Mok

number: ratio between buoyancy force and viscous force.

Rayleigh

[ ] Ra=

Radial Tubes

In this case (figure 1) the flow inside the radial ducts is
always centrifugal (from hub to tip of the rotor blade). The
solution is conditioned by a low efficiency ¢ value and requires a
high coolant mass flow rate, and so it is usad when there is a
fairly low fire temperature. With respect to the stator case,
medifications o the heat transfer coefficient correlations are
necessary too. These are dus to Cordolis forces, which induce a
secondary flew vortex and buoyancy; Morris and Ayhan already
in 1984 presented a simple correlation:

). which depends on the -

Temperature

FIGURE 3: BUOYANCY FORCE SCHEME

Ra )18 . '
Ni = 0.022-Rc0‘s-[ ~ J R0 (3)
Re”
" The heat transfer coefficient decreases with the Rayleigh
rumber (buovancy effects), and it increases with the Rossby
number (Corialis force effects). In the centripetal flow direction,
the non Newtonian reference frame effects are considered
opposing (Morrs and Ayhan, 1984);
o.Lez
Nu=0036-Re®™ .[lfa ) -Ro™ ' (6)

e2

To increzase heat transfer, the tubes section area is usually
selected to obtain a very high flow velocity (with Mach number
near to one). :

Serpentine passage {multipass})

This is a typical solution for a rotor cooling passage, because
it permits & higher cooling efficiency and a lower coolant flow
ratz thar simple radial tubes Obviously in this case a more
complex blade development procedure is necessary and this is
recemmended only with a more relevant hot gas temperature.
The present heat transfer study is limited (figure 2) to the

" ourward and inward branches of the duct. In the curve zomes,

only pressure loss are considered. However regard to the heat
transfer coefficient, somé experimental results {(Mochizuki et al.,
1994) report a great turbulence increase and so a ceoling effect
improvement.

The non Newtonian reference frame effects depend on
serpentine zenes. In the outward duct, the centrifugal forces are
favorable to flow motion, but the buoyancy, due to the same
force field, can offer resistance to motion when a very high
density gradient occurs in the coolant and determines the
buoyancy in the oppostie diraction to the mass force field (figure
3). The opposite situation is related to inward ducts, where the
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b,

centrifugal forces are opposed to metion and, in the contrast, the
buoyancy effects are ever favorable. As in the tubes, the heat
transfer coefficient correlations depend on the Coriolis force and
buoyancy effects. :

Often in the serpentine passages, the turbulence premoters,
ribs, are reported. The intreduction of ribs allows a heat transfer
coefficient increase, which depends on relative incidence (o)
between ribs and coolant flow (Han et al., 1933).

The heat transfer coefficient determination is obtained through
the H, parameter correlation below reported (Han et al., 1985):

P/EJQ'H [ o )” —410.28
= . . . 7
H, ( o) 285 (") Q)

where -(e+) is the Reynolds roughness number, and it depends

on skin frictien f and the Hg parameter depends on Stanton
number which just permits the heat transfer determination.

The mean velocity in the serpentine is lower than in the tubes
solution, because the passage section area is much higher, so a
reduction mn consistent pressurs loss is obtained.

Pin Fins : ‘

The use of pin fins, in the internal ducts of gas turbine cooled
blades, allows an increase of the turbulence and the heat transfer
area, coupled Wwith an higher blade stress resistance. For this
reason the pin fins are introduced in the rear blade part, near the
trailing edge zene (figure 4). More than two or three rows of pin
fins are used and so a simple one-dimensional approach it is not
cofrect becauss the various "stream tubes" (defined by pin fin
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FIGURE 5: FLOW CHART CALCULATION

rows) area is not equal in rear blade zone (figurz 4). In this case,
the one dimensional approach is related to each "stream tube”,
and an erthogonal (with respect to the radial flow direction) flow
equilibrium is imposed for a calculation closure. The flow
direction can be centrifugal or centripetal, but the pin fins
localization usually involves the centrifugal one or, in some
cases, a cennection to axial ejection coalant at trailing edge can
be introduced.

The correlations choice for lhe heat transfer coefficient
determinations it depends on pin fins geometry. Pasticular
influence is related to b/D parameters (see figure 4) and twc
different correlations are reportad in literature: for short pins, the
Metzger correlation (Metzger et al, 1981, 1982, 1986) can be

used:
o
—J (8)
d
for long pins, the Faulkner correlation (Faulkner, 1571):

P

Q2545
ReD

Nug = O.lBS-Re‘j,”-{

Nup=[0023+ JRF PH (9)

CALCULATIONS CODES :

The relationships presented above for a selection of
techniques and geometric of rotor cooling conditions, has been
used for a calculation code development. The previous COOL

g
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FIGURE 6 BLADE COOLING GEOMETRY WITH TUBES
FOR THREE RADIUS: (A) TIP SECTION, (B) MEAN
SECTION, (C) HUB SECTION. S

code (Amone et al., 1993; Carcasci et al., 1994) developed for a
stator blade cooling sitnulation, has been modified, and a new
COOL version for a rotor blade cocling has been developed.

The approach for the systems cooling description is modufar,
therefore it permits to define any possible combination of cooling
techniques. The model is based on the linearizalion lheory,
whiclh has been applied by the authors in the energy systems
simulations field (Carcasci and Facchini, 1995). The main
program manages modular subroulines on the bases of a finear
matrix, which delineslinearized intemal characteristics (for
" example Ap=kym+k;) : )
connection modules: continuity equations of pressure and mass
flow rate :
input data: boundary conditions (i.e.: cutlel static pressure, inlet
tatal pressure and total inlet temperature)

The good flexibility and the easy of enlargement by adding
other cooling techniques or olher correlations are the most
interesling characteristics of the code.

FIGURE 7 BLADE COOLING GEOMETRY WITH
MULTIPASS SERPENTINE FOR THREE RADIUS: (A) HUB
SECTION, (B) MEAN SECTION, (C) TIP SECTION.
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FIGURE 8 EFFICIENCY WITH RADIAL TUBES AND
SERPENTINE MULTIPASS COOLING SYSTEMS
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FIGURE 10: TEMPERATURE CONTOQURS LEVELS WITH FIGURE 12: TEMPERATURE CONTOURS LEVELS WITH
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FIGURE 13: COOLANT TEMPERATURE

A solver of Navier-Stokes equations, called TRAF2D, has
beern used for a two-dimensional flow simulation in the biade-to-
blade section. The TRAF2D code, developed by A. Arnone
(Armonz, 1992), is based on a fourth-order Runge-Kutta
integration scheme and on the Baldwin-Lomax turbulence
model. The external heat transfer coefficient distrdbution has so
been evaluated by this code and for a global blade study, more
calculations are carried out at various radius lengths. An other
code, called HT, i1s dedicated to the heat conduction simulation
in the blade. This code is two dimensional {orthogonal section to
the radius) and it has zlready been developed (Armone and
Sestini, 1992, Carcasci et al. 1994) for the cooled stator
simulation and also in this case, more calculations are carried
out at various radius lengths. The calculation procedure is shown
in figure 5 where the global flow chart is presented. After a
blade temperature initialization, the simulation starts with the
internal (COOL) and external (TRAF2D) heat transfer
coefficient . and adiabatic wall temperature T calculation
(Arnone et al., 1993, Carcasci et al. 1994), The HT solutions
permits the new blade temperature definition and, if the
convergence is not verified, the procedure restarts. The COOL
simulation is developed in the radial direction, and the TRAF2D
and HT approach are related to a radial section, the shown
procedure (figure 5) can almost be defined as a simplified three
dimensional approach,

For reduction of calculation time, the TRAF2D code
simulation is first carried out at various external blade
temperature levels, so a simple interpeolation substitutes the
TRAP2D simulation in the flow chart {figure 33, In this case, on
a PC 8486-33 Mhz, to exzcute all cycles until convergence, only
30 minutes are necessary. It is possible to executz this

calculation on the power station, too in few minutes.

RESULTS -
The simulation procedurs has been applied to a preliminary
design study for a rotor blade ceoled by multipass serpentine

Radius

FIGURE 14: COOLANT PRESSURE

passages with pin-fins. This rotor is designed for a small heavy-

- duty gas turbine: the PGT2 model manufactured by Nuove

Pignone S.p.A..

The first stage of new design is a substitution of the
traditional radial tubes (figure 6) by a serpentine passage in ths
front part of the blade (figure 7) and so in this study we not
consider the optimization of the blade rear part.

The cld cooling systerm performance is shown in figures 8
where it is possitle to see that the design efficiency valuz (& =
0.35) requires a great coolant mass flow rate and it appear very
difficult an further iraprovement of ® parameter.

Figure & shows the extemnal blade temperature distribution at
three radius values (the S/3., parameter is referred to suction
side for positive values and to pressure side in the other case),
the hub section results the most critical in the front part of the
blade {2bs(5/S.;) < 0.5} and this fact would be dangerous for the
blade resistance and reliability. An other representation of the
blade temperaturs distribution is shown in figure 10 where its
course in two blade meridian section are reported, it clearly
appears that above hub- section problem depends on the high
blade thickness. _ -

The serpentine’ passage studied for a cocling system redesign,
shown in figure 7, is compound by three radial ducts, two
centrifugal and only one centripetal. The introduction of pin fins,
is limited to the last duct, moreover the ribs for the other ducts
are provided. The course of the multipass cooling efficiency
(figure 8} is better than tubes; in fact it achieves the same design
efficiency value with the 40% coolant mass flow rate reduction.

Moreover the front part of the blade is more cooled (figure 9)
and particularly in hub section too.

For the cooling of the rear part of blads, a few small tubes
have bezn considered, even for 2 multipass solution. This fact is
in agresment with the abeve mentionad target of this work so the
performances increase appears very importanl because, in this
case would be possible the use of axial tubes for trailing edge
coolant gjection. Figure 12 shows the temperature distribution




obtained with this solution: the contours levels appears more
uniform than the tubes one in the front part of the blade.

The COOL simulation also permits the evaluation of coolant
characteristics in the various ducts of the serpentine. The course
of the temperature is shown in figure 13 where one notes the
. higher ircrease in the first ducts, in contrast with the almost-
constant course in the centripetal one. The pressure distribution
(figure 14) also depends on the direction of ducts flow and it

slowly increases in the centrifugal duct and it heavily reduces in

the centrifugal one.

CONCLUSIONS,

The new version of COOL code, coupled with the TRAF2D
and HT cedes, permits the design of a rotor cooled blade using
an approach which considers non Newtonian reference frame
effects and appears almost three dimensional.

The presentad procedure is very fast and is compatible with a
persenal computer or a small workstation,

The dafinition of the blade cooling system is modular and it is
possible to combine the various elementary cooling systems as
well as the new cooling system addition.

Interesting applications in the opfimization of the rotor cocled
blade of a small heavy duty gas turbine are presentad.
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