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HEAT TRANSFER IN AERO ENGINE GAS
TURBINES-Part 1II

CHIEF OF TURBINE TECHNOLOGY ROLLS-ROYCE PLC C T J SCRIVENER

INTRODUCTION

Part 1 of this paper described typical HP
turbine blade designs and viewed some impor-
tant aspects of aerofoil internal heat transfer.
Part 2 covers some important features of aer-
ofoil external heat transfer. This is followed by
a summary of areas where future heat transfer
research is needed in order to provide a better
ther-
modynamics. This will permit them to be

understanding of the fundamental

directly modelled and thus will provide better
predictive design tools.
4. AEROFOIL EXTERNAL HEAT TRANS-
FER

External heat flow to the turbine aerofoil is
conventionally expressed as = ho (Tg-Tw)
where ho is the external heat transfer coeffi-
cient. The HTC distribution around the aerofoil
is a function of many parameters, usually ex-
pressed in dimensionless forms. such as
Reynolds number,; Mach number, surface curva-
ture, gas to wall temperature ratio, surface
roughness, for example. In addition neighbour-
ing components have an influence through
effects like the freestream gas temperature
traverse, freestreAam turbulence, unsteadiness,
and shock/boundary layer interactions.
4.1 Blade Heat Transfer Coefficient Distribu-

tion

In order to understand the influence of the
above effects, research has been. carried out
using two dimensional aerofoils tested in cas-
cade at representative non-dimensional condi-
tions: From this work improved calculation

(TR 2 4 4 A21 DR )
© Rolls=RoycePlc1990

methods have been derived, with modelling
based on a physical understanding of the flows.
Typical results for a transonic aerofoil from a

- high pressure/high temperature cascade tested

at Rolls-Royce and from a transient cascade
facility at Oxford University using machinable
ceramic aerofoils, are shown in Fig 11. The
Rolls-Royce test used a thin walled metal aer-
ofoil, with the internal cooling air temperature
varied sinusoidally. The agreement between
these very dissimilar techniques is very encour-
aging. However, it must be said that the differ-
ence would be significant in terms of the conse-
quent aerofoil life prediction. It is worth noting
that the heat transfer coefficient is significantly
higher on the concave pres'siJre surface of the
aerofoil. Suction surface heat transfer can be
moderately well predicted using boundary layer
techniques provided a satisfactory evaluation
of transition can be achieved. An allowance for
the effects of freestream turbulence and gas to
wall température ratios is included. Pressure
surface calculations are more difficult, and heat
transfer levels are frequently seen to be above
even the turbulent level. It is observed that
streamwise Taylor Goertler vortices on the
concave surface are responsible for a modifica-
tion of the boundary layer structure and an
enhancement of the heat transfer level. A typi-
cal comparison between measured and calcu-
lated external heat flux for a nozzle guide vane
aerofoil tested in a transient cascade test at
Oxford University is shown in Fig 12. It can be
seen that the effects described above have been
satisfactorily modeled in the calculation
method. Tests at Oxford and in other similar
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- Fig 11 Comparison of aerofoil heat transfer measurements
from the ILPT and RR rig
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Fig 12 Aerofoil heat flux-cascade

facilities have been used to evaluate the effects 4.2 The Influence of Rotation and Wakes from
of freestream turbulence and aerofoil surface Upstream Aerofoils

roughness on external heat transfer. Both pro- The rotor blande in the HP turbine of an aero
vide a distinct increase in external heat transfer gas turbine is subject both to the influence of
coefficient, and they are each relevant to the high speed rotation, and the impingement on to
operating environment for the turbine in an the aerofoil of wakes and shock waves from the
engine. ’ upstream blade row. The latter effect provides
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a regular periodic fluctuation of the rotor inlet
flow, as can be seen in Fig 13. On the left hand
side of the figure is shown an illustration of the
passage of nozzle guide vane wakes, and the
corresponding part of the rotor velocity tri-
angle. Once again it has proved very useful to
simulate this effect in a static rotor cascade in
order to understand better the effect caused by
the wakes. A moving bar grid was used up-
stream of a stationary cascade of rotor blades
as illustrated on the right hand side of Fig 13,
giving thekvelocity triangle and the flow simula-
tion shown. Measurements of both mean and
unsteady heat transfer, have provided a better
understanding of the flow. Typical unsteady
heat flux signals are shown in Fig 14. On the
front portion of the suction surface, the regular
effects of shock wave impingement on the
boundary layer can be seen. These effects
become smeared and reduced, but are still regu-
lar on the rear of the suction surface as the
wake disturbances are convected around the
blade. On the pressure surface the unsteady
effects are more uneven, but are if anything

Nozzie Guide

vane Rotor Rel. Vel.

Wakes

Rotor h
Row

Engine

Rotor Vel.

I -

more persistent as the unsteady wake flow is
convected from the leading edge to the trailing
edge.

More recently measurements of rotor heat
transfer in a fully rotating turbine have been
made. These have a very similar development
in their character and form at various points
around the aerofoil to those shown in Fig 14.
Moreover the agreement in time mean surface
heat transfer is also encouraging.

4.3 Film Cooling

The injection of cooling air from rows of
holes or slots is a very common method of
reducing the effective external gas temperature
around the aerofoil. It thus reduces the heat
flux to the aerofoil, and is consequently a very
effective method of achieving satisfactory
metal temperatures in modern aero engine HP
turbines. The disturbance caused by cooling air
ejection can also cause a trend towards transi-
tion or enhanced boundary layer heat transfer.
Basic research on film cooling over the last 20
years has provided a comprehensive database
for use in engine design.

\.)\. Cascade Inlet
N ' Vel,

Bar Vel.

Flow
Rel Bar

Rig

Fig 13 Simulation of first turbine wake passing
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Fig 15 Film and wall temperature around an aerofoil

However these experiments must be carried The greater effectivencess and the greater
out with care if they are to be fully representa- persistence of the suction surface film cooling
tive and applicable. In particular the tempera- can be seen clearly. Consequently in this case
ture ratios of the hot gas, coolant gas and the two suction surface films are adequate to
wall need to be simulated correctly. Typical achieve satisfactory surface metal tempera-
variations of film temperature and wall temper- tures, whereas four films are needed on the
ature around an aerofoil are shown in Fig 15. pressure surface.
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Tranditionally aerofoil film cooling  design
has been carried out by the use of explicit film
cooling effectiveness data to. predict the film
temperature. This data is usually in the form of
adiabatic film effectiveness  measured in an
experiment without heat flux. However, in the
real turbine the aerofoil is closer to isothermal
conditions and .the situation is obviously not
adiabatic. Thus temperature ratios will not be
the same as those in the adiabatic rig test, and
there may also be temperature history effects
within the boundary layer. It is now becoming
possible to incorporate within: the boundary
layer, a calculation of the development -of
coolant film itself. Seme modelling is required
of the spanwise .averaged profiles of velocity
and enthalpy within.the boundary:layer. The
influences of turbulence, mixing of the cooling
jet and enhanced effective viscosity are includ-
ed in this enhanced boundary Iayér calculation:
A comparison between such a calculation and

‘measured heat flux for a film cooling arrange-
ment on the suction surface of an aerofoil is
shown in Fig 16. The agreement is very encour-

Heat flux (kW/m?)
Blowing rate = 1-35

280

2404

W &

aging, although the theory over predicts the
heat flux far downstream of the film. Similar
agreement has- been achieved with pressure
surface slot film cooling.

5. CONCLUSIONS

For the rotor blades of high temperature gas
turbines, modern multipass cooling configura-
tions provide efficient effective cooling. They
can provide low coolant flow, consistent with
this high temperature capability.

Many fundamental effects are now well under-
stood, -and these can be predicted satisfactorily
by theoretical methods.

Aerofoil external heat transfer, the basic
development. of the laminar and- turbulent
boundary layers with the influence of surface
curvature and pressure gradient have been stud-
ied extensively. Research' has provided an
extensive database on film cooling, together
with an understanding of the important factors
in film cooling. This needs combining with a
knowledge and experience from previous
blades to ensure that current designs are suc-
cessful in achieving design intent.

Turbulence = 4.2%

0 T T T

09 08 07 06

T
05

T L Al
04 03 0-0

Suction surface

Fig 16 Aerofoil suction surface film heat flux
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The heat transfer in aerofoil internal pas-
sages is now also pretty well understood. This
includes both plain passages, and the cahracter-
istics of bends, and enhancement by ribs, pedes-
tals and impingement. Benefits can be seen for
example from angled ribs, or from combina-
tions of the above features as described earlier.
Modern CFD methods are now being used to
provide a better visualisation of these complex
flows and to provide a better prediction of their
heat transfer effects.

There are a number of areas where further
research is required to provide an improved
theoretical prediction capability. A better
understanding and modelling of boundary layer
transition from laminar to turbulent flows, and
in turbulence modelling is required. This needs
to be applicable in the real engine environment
including combustion generated turbulence and
unsteady flows.

E

Aerofoils become rougher in service use
through erosion and the adhesion of small parti-
cles. These effects are not yet well understood.
Aerofoil heat transfer has been the subject of
research for a number of years. However the
topic of three dimensional endwall flows and
the consequent endwall heat transfer are not as
well understood. Such flows are complex, but
there is a need for research into this topic.
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Abstract

This paper describes an anomalous behavior
observed in combustion of methane on pal-
ladium catalysts. Lean methane  air mixtures
were reacted in catalytic reactors composed of
platinum and palladium catalyst elements, The
combustion efficinecy was determined for two
cell densities (15.5 and 30cells / cm?) at inlet
mixture temperatures of 600 and 700°C, inlet
mixture velocities (8 —16 m/’s), and equiva-
lence ratios (0.05—0.3). The equivalence ratio
was increased stepwise with other experimen-
tal conditions being fixed,

With the platinum catalysts complete com-
bustion was attained for richer mixtures, On
the other hand, with the palladium catalysts
high combustion efficiencies could not be sus-
tained: The combustion efficiency was very high
(greater than 99%) for a moment at first,
but decreased with time to fairly low values at
richer mixtures, The honeycomb temperature
was also lowered and, in the final states, its
maximum was found to be in the range from
750 to 800°C. The reaction seemed to be sup-
pressed when the catalysts temperature was
above this temperature range, The results of
gravimetric analysis of palladium  alumina
system showed that oxidized palladium was
deoxidized at temperatures in the range from
820 to 870°C. This suggested the anomalous
behavior was due to the change of oxidation

state of palladium,
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Abstract

This paper describes a probabilistic evalua-
tion method for ceramic components under
arbitrary loading conditions. In this paper,
Batdorf theory was extended to include the
material degradation caused by the slow-
crack-growth. The method proposed here is
applicable to evaluate the fracture probability
for an arbitrary load varying with respect to
time such as transient thermal loading, the life
distribution under static and cyclic fatigue load-
ing and the fracture probability of a component
degraded by. pre-loading which includes proof
testing. This paper also proposes a design guid-
ance enabling to design ceramic components by
simple design formulae, the bases of which are
on the method mentioned above. The design
formulae account for the fracture probability
aspects. Thus ceramic component design for a
given reliability level can be done using the
proposed formulae. The design: formulae are
available for preventing the fast fracture and
time-dependent fracture of both virgin and
prOof tested components,
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