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ABSTRACT

B

The cooling circuit of the exhaust diffuser in a reheated turbofan engine
i is studied by using a theoretical approach. Results are compared with
t experimental data obtained from both calibration rig and engine test bed. It is
! found that the analytical method provides good agreement with the measured data.

. Then, it becomes a powerful, but easy to use, design tool.

LIST OF SYMBOLS

4 Cross-section area.
F Pressure.
X Spatial coordinate along the passage.
r Radial coordinate.
i M Mach number.
T Temperature.
Q Net heat per unit mass added from external sources.
Cp Specific heat at constant pressure.
f Darcy's friction factor.
L Perimeter. 4 4
D Equivalent diameter. [D = L- ]
¥ Specific heat ratio.
subscripts:
cony convective
ext external
imp impingement
int internal
rad radiative

i. INTRODUCTION

This paper is aimed to analyse cooling aspects of the turbine exit guide
vanes of a reheated turbofan engine. To do so, a design method is proposed that
takes into account the relevant fluid features all along the cooling circuit and
the available data in the open literature. The prediction method includes both
theoretical analysis and semi-empirical correlations coupled to numerical
simulation wherever further refinement is required. Cold flow and engine tests
were also undertaken in order to check the accuracy of the analytical
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predictions.

The geometry which has been analysed i{s a turbine exit case consisting of
WO parts: one static blade cascade used to minimise swirl and an annular
diffuser aimed to reduce the flow Mach number to the reheat required conditions.

The cooling system takes air from the by-pass duct and makes it flow through the | -

inner passage of the blades. There, heat is evacuated from the solid walls tof

the cooling air. The trailing edge s locally cooled by capilar  tubes.
Nevertheless, most of cooling stream reaches the plenum chamber located inside
the central body of the annular diffuser. From that plenum chamber air passes

« throughout a perforated plate and impinges right on the rear wall of the

diffuser. This wall has to endure severe thermal conditions mainly due to !

i

radiative heat flux coming from the reheat. That is the reason why a very :

efficient cooting of impingement type is sought at that particular location.

Finally, air cools down the lateral wall of the diffuser white flowing along its .
double skin and joins the main flow just downstream of the trailing edge. The -

fact that both parts of the turbine exit case share the same ceooting circuit

. implies that analysis has to be performed in an integrated way. That must be so
even though the dominant heat transfer imechanism is different in each region. 4
general overview of the geometry which has been studied is presented in Figure
I.

2. PHYSICAL MODEL

It has been pointed out in the Introduction that, for modeling purposes,
the cooling cireuit can be separated into four different parts. Thev are
internal blade passage, plenum chamber, rear double wall of the diffuser andg
iateral double wall of the same diffuser,

The analysis has been made on a step by step basis so that the solution of
each part of the circuit is used as an input 0 soive the next one. The fact
that certain boundary conditions have to be met at both ends of the circuir
means that an iterative procedure is needed to find out the solution of the
problem. The boundary conditions which have to be met are both the total
pressure and temperature at by-pass duct and the static pressure at the
discharge holes of the cooling circuit.

The solution procedure staris by assuming a given mass flow going froem the
bv-pass to the bhilade internal passage. Then, flow equations can be solved down

Fgure 7. Exhaust dittser geometry.
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fone so that an iterative method begins untii that boundary condition is

fuifilled within a given accuracy. A predictor-corrector method is used 1o speed
up the scheme convergence.

2.1 Internal blade passage

To capture air from the by-pass in a efficient fashion, the cooling svstem
has an intake whose shape has been designed to minimise pressure losses.
!Nevertheless, there is a finite drop in pressure because of the intake geometry
'wmch suddenly compresses and expands the air flowing through [1].

: The flow is assumed to be one-dimensional inside the internal biade
;passage because of the fact that its length is large compared with its
Pequivalent diameter. The equations governing the problem are as follows [2]:
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The mass flow along the internal passage of the blade changes because of
.air escaping throughout the cooling capilar tubes. However, each bleeding is
much smaller than the mainstream mass flow (of the order of 1%). Then equations
(1-3) can be solved with constant mass flow at duct regions located hetween two
capilars. At the junction points another iterative procedure starts in order to
find out the right bleeding which ieads to the appropriate siatic pressure at
exit. The corresponding pressures drops are self-consistently calculated. A
-NASTRAN code was used to calculate the metal temperature of the bhlade. Flow
Cparameters  were given as an input to the numerical scheme. § and f were
“calcujated according 1o references [3-6].

2.2 Plenum chamber

The plenum chamber has the biggest volume and the largest cross-<ection
area of the cooling circuit. Then, due to the fact that velocity in the plenum
chamber is wmuch smaller than in the remaining parts of the circuit, spatial
variations of pressure are negligible compared with total pressure drop. Taking
inte account that simplification, the mass and energy conservation equations are
used to compite the temperature in the chamber.

2.3 Rear double wall of the diffuser
The dominant feature in this part of the cooling circuit is the combination
of cross-flow and impingement cooling. However, the fact that the rear wall has

radial geometry somehow simpiities the mathematical model. Fquations (1-3} can
be used again with the appropriate change to poiar coordinates:

to the discharge holes. However, the discharge pressure will not be the required _
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Figure 4. Comparison bstween predicted and experimental vajues of blade
temperature. (Calculated data were obtained by NASTRAN code}
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Figure 5. Comparison between predicted and experimental values of blade
temperature. (Calfculated data were oblained by NASTRAN code)

Figure {4) and (5) show the comparison between the predicted metal surface
temperatures and the experimental ones for two different test points. DBiffuser
temperatures at three locations during a running line are presented in Figure
(6. (7) and (8). Finally, Figure (9) shows an overview of the accuracy of the
theoretical model.
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Figure 9. Results of engine validation test. P, T and M are prossurs,
air tempsrature and metal temperatire respectively.
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' 4. CONCLUSIONS

y

The previous study shows that it
of a turbine exit cace

open literature and the a

is possible to design the cooling circuit
dequate analysis for the different flow regimens.

The results show a good agreement between the theoretically predicted
values and the ones obtained both in rig calibration and engine test bed,
Relevant engineering design parameters

mass flow were predicted within a 5%
broad range of flight envelope points

this simple design tool. Further improvements on the modeling of reheat
radiative properties would be needed if greater accuracy were required.

The experience has shown that the mean metal temperature values calculated
from our method are accurate enough to design walls where heat conduction could
be neglected. For blade-iike geometries, this model provides the needed boundary
conditions to compute numerically the thermal balance of the walls.
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in a reheated engine by using available data from the

such as metal temperatures, pressures and -
accuracy. Then, it is possible to explore a .
in a rather straightforward way by using:
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