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Gas Turbine Heat Transfer: Past and Future Challenges

Ralf Schiele* and Sigmar Wittig"
University of Karlsruhe, 76128 Karlsruhe, Germany

The demand for gas turbines with increasing power and efficiency calls for extremely high temperatures in
the hot-gas sections of the engines. These temperatures can only be realized by employing sophisticated cooling
schemes. Inadequate cooling may result in excessive material temperatures with reduced reliability and a lifetime
of those parts subjected to the hot gas. Based on a survey of the different cooling techniques employed in modern
gasturbine engines and their applicationin gas turbine combustors, as well as turbine components, modern aspects
and future developments are discussed. Results from laboratory experiments that help to understand the physical
phenomena are presented, as well as theoretical analyses. The possible use of ceramic materials is demonstrated by
means of tests carried out at the Institut fiir Thermische Stromungsmaschinen, University of Karlsruhe. Besides
describing current techniques, new developments are assessed and goals for future research are discussed.

Introduction

OR alongtime, generatingelectric power with gas turbines has

been mainly a matter of peak-load coverage. Since the early
1970s this situation has changed dramatically. The enormous in-
crease in maximum power per engine unit from approximately 60
to 240 MW and the combination of gas and steam turbines has made
gas turbine power plants very attractive both economically and eco-
logically. The independent power producers all over the world who
invest in power production by gas turbine engines are primarily in-
terested in running the engines all year and selling electric power to
their customers.

In just the last 10 years a 10% increase in efficiency, an order of
magnitude reduction in NOx emissions, a 20% increase in power
density, a factor of two increase of the pressure ratio, and an ap-
proximately 200-K increase in turbine inlet temperature have been
achieved. These improvements were partly made possible by re-
visions in the aerodynamics of compressors and turbines. As the
most critical technology for reliability and durability of the engines,
however, turbine cooling technology has at all times accounted for
a significant portion of the resulting powerplant improvement.

Future developmentsaim at a furtherincreasein process tempera-
tures and pressures with turbine inlet temperatures beyond 1800 K.
In addition, the thermodynamic design of combined-cycle power
plants will be improved leading to efficiencies in the electric power
generation surpassing 60% within the next few years.

In the pastaeroengineshave for the most part set the pace for new
developments in cooling technologies. The demand for high thrust
with the lightest engines possible has always called for extremely
high turbine inlet temperatures. In today’s engines, turbine inlet
temperatures greater than 2000 K, at pressure ratios of more than
40, exceed maximum allowable material temperatures by more than
700K. Atthe same time, commercial carriers and military customers
are asking for longer maintenance intervals and increased engine
reliability. Cooling of the hot-gas parts will, therefore, remain one
of the key technologies for the design of new engines and for any
future economical success by engine manufacturers.

In this context some aspects of modern gas turbine cooling tech-
nologies are highlighted in the present paper. In keeping with the
authors’ own experiences, the review concentrateson selected areas
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rather than aiming at a complete review of the topic, which would
otherwise have been very superficial within the alloted space.

Cooling Concepts and Their Application in the
Hot-Gas Path of Modern Gas Turbine Engines

Variouscoolingconceptsare currentlybeingused to preventliners
and blades in hot sections of gas turbines from failure. In general,
these techniquesconsistof convectiveand film cooling technologies
or a combination of both.

Convective cooling of the rear surface of the engine parts is the
simplest method to reduce wall temperatures. For effectivenessit re-
quires intensive heat transferon the cold wall. This may be achieved
by guiding the coolant through thin slots on the rear side of flame-
tubes or through cooling passagesin the blades (Fig. 1a). In this way
relatively large air velocities are obtained leading to high heat trans-
fer coefficients. Additionally, the cold surfaces may be equipped
with arraysof pinsor ribs to increase turbulence and the area for heat
exchange.”> Impingement cooling is another method of obtaining
highheat transferrates on the cold side of the engine parts.*~8 When
this conceptis applied, the coolantis in the form of high-momentum
jets that hit the rear surface perpendicularly (Fig. 1b). After the de-
flection of the jets, very thin boundary layers are formed inducing
high heat transfer coefficients. All concepts described can be of
varying effectiveness, depending on design and flow conditions in
the coolant passage.

A very effective way to lower wall temperatures is the generation
of a coolant film on the hot surface, which, thereby, considerably
reducesthe heat transferbetween the hot gas and combustorliners or
turbine blades. After formation, the cooling film flows along the hot
surfaces and is continuously diluted by mixing with the main flow.
Accordingly, new films must be generated after a certain surface
distance to guarantee effective protection. To produce cooling films,
the coolant is blown through parallel or inclined slots or through
differing numbers of inclined holes (Fig. 2).

Geometrical parameters such as slot height or distance between
cooling holes may vary in a wide range leading to very differ-
ent film flow patterns. For a given geometry the blowing ratio
M =p.u./p,u,, and the momentum flux ratio I = p.u?/p,,u?, de-
noting ratios of coolant (subscript ¢) and main (subscript m) flow
properties, have proved to be good means for correlating perfor-
mance data on film cooling. Both quantities are, therefore, com-
monly used in the film cooling literature.

The temperature reduction by film cooling can be considerably
higher than by convective cooling. Furthermore, the heat flux trans-
ferred to the walls is greatly reduced so that the net heatload on the
walls is smaller with film cooling. On the other hand, the perfor-
mance of film cooling is highly dependent on the main flow. In cer-
tain situations this can lead to very low effectivities of film cooling,
for example, in the interactive regions of cooling films with mixing
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Fig. 1 Convective cooling using a) slot geometry and b) impingement.
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Fig. 3 Geometries of film-cooling holes: a) cylindrical, b) fanshaped, and c) laidback fanshaped.!”

jets in combustors’!° In contrast to film cooling, convective cool-
ing schemes can be controlled more precisely over the entire range
of engine operation. Therefore, combining convective cooling with
film cooling is both the most effective as well as the safest way
to prevent engine components from failure through excessive heat
loads.

Two areas that have attracted attention in recent years and that
have come into use in the newest generation of gas turbine engines
will be examined in greater detail. One is the utilization of different
hole shapes to increase the effectivenessof film cooling'! 2* and the

other is the application of effusion cooling?*~*! in combustors 333

Film Cooling Holes with Expanded Exits

Figure 3 shows three different film cooling hole geometries.!”
When contouringis applied, the cross-sectionalarea at the hole exit
is increased compared to a standard cylindrical hole, leading to a
reduction of the mean velocity and, thus, of the momentum flux of
the exiting jet. Therefore, the penetration of the jet into the main
flow is reduced, which results in an increased cooling efficiency.
Furthermore, lateral expansion of the hole provides an improved
lateral spreading of the jet, which leads to better coverage of the
airfoil in the spanwise direction and a higher spanwise-averaged
film cooling effectiveness.

Recent studies have shown that expanding the exit of the cool-
ing hole improves film-cooling performancerelative to a cylindrical
hole. Overall improvements in adiabatic effectiveness were found
for laterally expanded holes,!! as well as for forward expanded
holes.!” Sen et al.'* and Schmidt et al.'"* compared a cylindrical
hole to a forward expanded hole, both having a compound angle in-
jection. Although the spatially averaged effectiveness for the cylin-
drical and forward-expanded holes were the same, a larger lateral
spreading of the forward expanded jet was found. Haller et al."®

7,

c)

performed aerodynamic loss measurements on a transonic cascade.
Holes with a spanwise flare angle of 25 deg were found to offer
significant improvementsin film-cooling effectiveness without any
additional loss penalty.

Flowfield measurements performed by Thole et al.!® showed that
jetpenetrationas well as velocity gradientsin the mixing region were
significantly reduced for holes with expanded exits as compared
to a cylindrical hole, at the same blowing rate. Peak turbulence
levels were found downstream of the plane for the expanded holes.
Numerical studies performed by Giebert et al.'® were able to predict
the general flow features of coolantejection through diffuser shaped
holes. Discharge coefficient measurements presented by Gritsch?
for the same hole geometries as shown in Fig. 3 showed that the
dischargecoefficientfor all geometries strongly dependson the flow
conditions (crossflows at hole inlet and exit and pressureratio). The
discharge coefficient of both expanded holes was found to be higher
than of the cylindrical hole, particularly at low-pressure ratios and
with a hole entrance crossflow applied. The effect of the additional
layback on the discharge coefficient was negligible.

Figure 4 gives an impression of the possible improvements that
might be achieved by contouring of the film cooling holes. The
diagrams show the two-dimensional distributions of the adiabatic
film cooling effectiveness 1, downstream of the cylindrical, the
fanshaped, and the laidback fanshaped holes shown in Fig. 3. For
this illustration, a typical blowing ratio M of unity is depicted. The
calculation of this blowing ratio is based on the inlet cross-sectional
areaof theholes, whichis identicalfor the three differentgeometries.
Thus, the constant blowing ratio is synonymous with a constant
amount of coolant.

Because no convective effects are presumed to be present in
adiabatic walls, any change in surface temperature is solely deter-
mined by the cooling film. The adiabatic film-cooling effectiveness
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Fig. 4 Local film-cooling effectiveness distribution for the cylindrical, fanshaped, and laidback fanshaped hole geometry.
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Fig. 5 Test plate with effusion cooling.32

Naa =71, — Tow! T,, — T, which is a dimensionless form of the adia-
batic wall temperature 7, therefore, is a good measure for the per-
formance of the cooling film. Its value ranges from zero (7, =7T,,)
toone (T, =T,).

The superior performance of the shaped film-cooling holes is
obvious from these results. For the blowing ratio shown, both the
maximum adiabatic film-cooling effectivenessand the surface area
covered are greatly increased when contouring is applied. The lat-
eral averaged value of 1,4 is, therefore, much higher for the shaped
holes than for the cylindricalhole. Going from the fanshapedhole to
the laidback fanshaped contour, the maximum adiabatic effective-
ness decreases, but lateral spreading of the jet improves. In general,
this leads to a higher value of the surface-averaged film-cooling
effectiveness for the laidback fanshaped hole than for the regular
fanshaped hole.

Note that cooling effectivenessand discharge coefficients of film-
coolingholesare strongly affected by the way the coolantis supplied
to the film-cooling hole.!” 2! Therefore, a plenum chamber, such as
that widely used for experimental studies, is not a correct means
of representing the internal coolant passage flow of an airfoil. Any
future investigationon the performanceof film-cooling holes should
take this considerationinto account.

Effusion Cooling

Reducing pollutant emissions in combustors asks for new com-
bustor concepts such as lean-premixed-prevaporizel and rich-
quench-lean combustion. Both methods require a larger amount of
combustion air than conventional concepts. As a consequence, less
air is available for cooling purposes while the heat load to the liner
increases. The development of highly efficient cooling techniques
is, therefore, crucial for modern combustor design. Effusion cool-
ing, in which the coolant is lead through a large number of small
diameter holes and then discharged onto the inner combustor sur-
face, is a promising method to meet the high cooling requirements
(Fig. 5).

Effusion cooling acts on three areas: first, on the back surface,
where the heat is withdrawn by convection; second, on the inner

hole surface, along which heat is convectively exchanged between
the coolant and the wall material; and third, on the inner surface of
the combustor liner where the coolant forms a protective film that
drastically reduces the thermal load to the wall.

The heat transfer on the back surface may be of high importance
for realistic conditions as seen in Fig. 6, where the lateral-averaged
overall cooling effectivenessn=1,, — T,,/ T,, — T, is shown for a
metallic test plate for three differentblowing ratios with and without
impingement cooling on the backside.

Even though cooling effectiveness is already at a high level for
effusion cooling without impingement, 7 is considerably increased
throughthe enhanced heat transferon the cold side of the liner when
impingement is applied.

Itis obviousthat the increasein effectivenessis highestin the area
where the cooling film is the least effective, that is, for x/d < 25.
There, the large temperature difference between wall and coolant
enables an intense convective cooling on the backside. At positions
downstream of x/d =35, the increase in effectivenessis less pro-
nounced because the cooling film already offers good protection.
The impingement area ends at x/d =45. Farther downstream, the
effectiveness approaches the same level of effusion cooling without
impingement.

Again, these results demonstrate that film cooling and convective
cooling supporteach other in a kind of teamplay, and thus, a combi-
nation of both is very promising to meet the currentrequirements of
cooling for combustor liners or turbine components. Regions where
only poor film cooling can be achieved may still be well protected
if convective cooling is established on the backside of the liner.

Ceramic Gas Turbine Components

Because of the favorable properties of ceramics at high temper-
atures, considerable efforts have been made to replace thermally
highly loaded metallic gas turbine components with ceramic parts.
If ceramics are successfullyemployedin gas turbineengines, higher
operating temperatures may be realized and/or the amount of cool-
ing air required may be diminished.

Thus far, brittleness and the inability to reduce stresses by plastic
deformation have for the most part prevented ceramic components
from being applied in gas turbines. From a design point of view, it is
not possible to replace metallic structures by simply using ceramic
structures. Instead tailored design methods have to be used. Only
by taking these considerations into account can ceramic materials
be employed successfully in modern gas turbine engines.

At the Institut fiir Thermische Stromungsmaschinen, University
of Karlsruhe, a new design concept has been introduced to reduce
the mechanically and, especially, the thermally induced stresses
in ceramic components** With the aim of an homogeneous tem-
perature distribution in the ceramic structure, the concept relies
on a three-layered construction (outer ceramic shell, heat insulat-
ing layer, metallic core) and an optimization of the thicknesses of
the single layers. During the optimization process, calculations are
performed using the finite element method in combination with a
failure probability analysis >
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Fig. 6 Comparison of lateral averaged overall effectiveness of effusion cooling with and without impingement on the backside.

P
Fibrous Ceramic
Insulation

Ceramic Shell

Cooling Air Outlet J
¢

Fig. 7 Schematic view of an internally cooled ceramic nozzle guide
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vane.

In recent years there have been many attempts to introduce ce-
ramic nozzle-guide-vanesin stationary gas turbines.**~3° Neverthe-
less, there has been no systematic adjustment of the shape of the
ceramic component with respect to thermally and mechanically in-
duced loads. By the application of the new design method to a
first-stage ceramic nozzle-guide-vane(SSiC) of a 70-MW, 1400°C
class stationary gas turbine, the stresses may be reduced by more
than a factor of two, as compared with conventionaldesign concepts
(Fig. 7). At the same time, the reliability has been raised substan-
tially, so that even under severe transient thermal boundary condi-
tions (fuel cutoff) a satisfactory probability of failure is attained.
An experimentalinvestigation of the ceramic-guide-vaneunder trip
conditions demonstrates the validity of this design technology*

By the combining of the hybrid concept with an ingenious seg-
mentation, even more complex parts, such as a vaneless scroll of
a small radial gas turbine, can be designed with significantly re-
duced stresses and, hence, improved mliability.4 ' In combustors,
segmentation has proved to be an efficient way to reduce the crit-
ical stresses.*>*3 Extensive investigations have shown that from a
design standpoint ceramic flametubes can be reliably employed in
combustors. Nevertheless, for long-term application in combustors,
ceramic materials, which combine high tensile strength and a high
resistance to oxidation, have yet to be developed.

Numerical Simulation Methods

When designing components for modern gas turbines, develop-
ment time and cost can be reduced significantly by applying numer-
ical methods. To be successful, these tools have to be reliable and
inexpensiveand, therefore, of high accuracy and efficiency. Besides
convective heat transfer phenomena, radiative heat transfer as well
as heat conduction through the solid material have to be taken into
account.

In gas turbine combustors, the contribution of radiation to the
thermal heat load of the liner can be significant. Additionally, radia-
tion also affects the temperature field of the reacting flow and, thus,
many other processes such as droplet evaporation, chemical reac-
tion and pollutantformation. Among various methods for predicting
radiative heat transfer in participating media, the discrete ordinates
method is presently judged as the best compromise between accu-
racy and computational effort**~*° By subdividing the directional
space into discrete angles, this method is capable of resolving the
non-isotropic character of radiative transfer.

There are many questionsrelated to the correct simulation of the
flow and heat transfer in gas turbine engines. It is impossible to
address this topic with completeness within the scope of the present
paper. Therefore,in the following subsections,two areas are selected
that we consider to be of crucial significance.

Transition

Although the main flow in gas turbines is highly turbulent and
unsteady, the flow next to the surfaces may either be laminar or
turbulent. By examinationof the value of the Reynolds numbers,one
can concludethatboundary-layerflows in any gas turbineengine are
transitional and, to calculate the losses and heat transfer on various
components in the engine, one must be able to predict boundary-
layer development through transition>°

In the past low Reynolds number k-& turbulence models were
widely considered to be the most promising approach for calculat-
ing transition under enginelike conditions. In the literature, various
models of this kind have been applied, and it could be demonstrated
that transition can be simulated by diffusing freestream turbulence
into the laminar boundary layer without further empirical input.
Comprehensivereviewson the relative performance of various mod-
els in predicting transition are given by Savill’' and Sieger.*> Un-
fortunately,due to difficulties in predicting both onset and length of
transition correctly, the experimental heat transfer data are not sat-
isfactorily reproduced in many cases. On turbine blades, the most
reasonable results can be obtained with the so-called Production
Term Modification (PTM) models,”® which were developed by in-
corporating some empirical input.>*

Recently, two conceptshave been presentedthathave the potential
to improve both reliability and accuracy of the transition prediction.
By concentratingon the calculation of the turbulentlike fluctuations
within pretransitional boundary layers, Mayle and Schulz’® aim at
a physically sound prediction of the onset of transition. These au-
thors developed a new transport equation for the so-called laminar
kineticenergy thatrecognizesthe productionof laminar fluctuations
by the work of the imposed fluctuating pressure forces. Their first
results prove the potential of this approach. Schiele et al.*® have pre-
sented a very different concept called the transitional intermittency
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Fig. 8 Heat transfer along the suction side of a highly loaded turbine
nozzle-guide-vane®; turbulence models: TRANSIC-T,% Launder and
Sharma, (LS)®! and LS-PTM.%

controlled two-layer (TRANSIC-T) model that relies on the in-
corporation of empirical information in the calculation procedure.
Coupling the standard k-& model’” with a one-equation turbu-
lence model®® near the wall, a two-layer turbulence model is used.
By the introducing of a new intermittency function into the one-
equation model, the simulation of transitional flows becomes pos-
sible. Progress in transition is deduced from correlations based on
boundary-layer characteristics that are in themselves part of the
simulation results. Schiele et al.*® calculated not only flat-plate test
cases™ but also boundary layers on a first-stage nozzle-guide-vane
proving the excellent performance of this method, which has now
reached a level of maturity that makes its application in industrial
codes possible (Fig. 8§33-36:60-61),

Conjugate Methods

When considering the complex cooling schemes in modern gas
turbine engines, it becomes obvious that calculating the local tem-
peratures of materials is an increasingly demanding problem. This
is especially true in situations in which strong convectiveeffects oc-
cur in complex three-dimensional structures for example, effusion-
cooled combustor liners, film-cooled turbine blades, or labyrinth
seals. To come up with a correct solution, both flow and heat trans-
fer in the fluid as well as heat conduction within the solid have to
be calculated. The coupling of these two modes of heat transfer has
been identified in the relevant literature by the name conjugate heat
transfer. It is obvious that for practical use methods should be de-
veloped that enable a solution for both heat transfer modes within
the frame of one program. In the long run, this will provide an op-
portunity to calculate stresses and strains in solid parts and at the
same time to consider the changes on the flowfield resulting from
the deformation of the solid structures.

Several authors have proposed calculational procedures for con-
jugate heat transfer. Bohn et al.°*% and Heselhaus and Vogel,** con-
sidered film or internally cooled turbine blades, respectively. Kao
and Liou® simulated the coupled heat transfer on a convectively
cooled turbine cascade and a turbine drum-disk system. Conjugate
heat transfer in turbine disk cavities has been investigated by Ho
et al.% Some authors use finite volume schemes for the fluid and
the solid (for example, see Ref. 62) whereas others employ finite
volume based codes in the fluid and finite element based programs
for the solid (for example, see Ref. 64).

Papanicolaou et al.%” recently developed a procedure for conju-
gate heat transfer calculations that is a step forward compared to
the previous studies by using body-fitted coordinates, a more so-
phisticated approach to deal with the coupling between solid and
fluid domain heat transfer and the use of a turbulence model that is
suited for the recirculating flows that are frequently involved 3%
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Fig. 9 Computed flow and temperature fields for a straight through
labyrinth seal.t”

Papanicolaou et al.*” successfully applied this method for the cal-
culation of the flow and heat transfer in various labyrinth seals.
Small clearances that are subject to large variations due to thermal
expansion make temperature control essential for any estimation of
the performanceof these components.”"’! Figure 9 shows computed
flow and temperature fields for straight-throughlabyrinthseals as an
example. Ongoing work is being done concentrating on the correct
simulation of effusioncooled combustor liners, thereby demonstrat-
ing the strong effect of heat conduction in the solid structure on the
overall cooling performance.

Conclusion

Cooling in gas turbines is one of the key technologies for any
future improvement in engine performance. By developing highly
sophisticated concepts, engineers have pushed today’s cooling ef-
ficiencies to levels that were considered to be out of reach only a
decade ago. During this process the interdisciplinary nature of the
problem has triggered new developmentsat the leading edge in var-
ious areas, for example, material science and computational fluid
dynamics. Based on strong economical and ecologicalinterests, the
pace of the developmenthas not settled down yet, making the field
of gas turbine heat transfer one of the great engineering challenges
in the years to come.
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