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ABSTRACT
Accurately estimating turbine cooling requirements at a prelimi-

nary design stage is crucial for modeling the overall propulsion sys-
tem. The operating conditions of compressor, combustor and tur-
bine are significantly influenced by these requirements. Empirical
cooling models have thus far provided reliable initial estimations.
However, for next-generation aero-engines this empirical data be-
comes outdated. An alternative semi-empirical approach based on
an established cooling model is built into a collaborative turbine
preliminary tool chain to address this challenge. This cooling model
is calibrated for the two cooled high-pressure turbines developed by
P&W and GE within the NASA Energy Efficient Engine (E3) pro-
gram and the resulting data is discussed. Sensitivity studies provide
a better understanding of how turbine preliminary design parame-
ters, material and cooling technologies affect cooling requirements.
This work focuses on the turbine level studies with an accompany-
ing paper at propulsive system level.

INTRODUCTION
Decisions made at a preliminary turbine design stage can sig-

nificantly affect cooling requirements and the overall thermody-
namic cycle. In the absence of detailed information on blade ge-
ometry and internal cooling design, estimating these requirements
becomes a challenge. Thus far, the 1D turbine pre-design tool
PrEDiCT [1], combined with empirical data from MTU aero-
engines [2], provided reliable initial estimations for cooling require-
ments. For next generation aero-engines, operating conditions may
significantly change. With higher turbine inlet temperatures as well
as new materials and cooling technologies, this empirical data be-
comes inadequate. To address this challenge, a semi-empirical ap-
proach has been introduced in PrEDiCT.

This updated approach is based on the well established Holland
and Thake cooling model [3] already extensively adopted in the lit-
erature [4, 5]. Nonetheless, there is a lack of information regarding
the empirical values attributed to some model parameters. In the
present work, these parameters are either calculated or calibrated
for two cooled high-pressure turbines developed within the NASA
Energy Efficient Engine (E3) program [6, 7] for comparison with
the literature. This provides for once, a better understanding of
these parameters and how they can be influence by design deci-
sions. It additionally provides data on both of the modeled HPT
performance and cooling systems as a source for future studies with

higher fidelity cooling design methods such as PICCOOLO [8].
This work starts with an introduction of the preliminary design

process in PrEDiCT followed by a brief overview of the imple-
mented cooling model. The modeling of the two HPTs is briefly
discussed before providing a preliminary analysis on the calibrated
cooling parameters. Detailed information on the model integration
in PrEDiCT is also provided and result data is to be discussed in
greater detail.

METHODS
TURBINE MODELING IN PrEDiCT

The 1D meanline program PrEDiCT is directed at generating a
preliminary design of a multi-spool turbine as part of the process
chain introduced in [9]. As the first step in the tool chain, minimal
input is needed: power requirements, shaft speed, and inlet flow
conditions for both mainstream and coolant flows, at two operating
points. Firstly, at the aerodynamic design point that defines the per-
formance optimized turbine geometry and secondly, at the cooling
design point that dimensions the cooling system. Additional param-
eters such as reaction, flow coefficient or Zweifel number can be
manually adjusted by the user in an iterative process. The tool then
delivers meanline thermodynamic quantities of the flow and cooling
requirements for each blade row. The reader is referred to [1] for
detailed information.

COOLING MODELING IN PrEDiCT
The ratio of coolant mass flow to mainstream blade row inlet

mass flow ṁc,rel calculated at the cooling design point is assumed
constant throughout the operating range of the turbine, enabling a
direct calculation of the absolute cooling mass flow at the aerody-
namic design point.

The introduced cooling model assumes a blade with infinite ther-
mal conductivity and thus a uniform temperature. The model, ini-
tially designed for convective and film cooled blades, has been ex-
tended to consider the effect of an insulating coating [4]. This fol-
lows the diagram depicted in Fig. 1. Unlike the blade itself, the
coating is thermally modelled by its Biot number Bicoat , requiring
input on coating properties and on the averaged heat transfer coeffi-
cient between mainstream flow and coating surface hg. The relative
cooling requirements are then calculated according to Eq. 1. A brief
overview of the model implementation is given below.
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Fig.1 Notation for the heat transfer model, adapted from [4]

As input, the model requires specific heat capacity for both
coolant and mainstream flow at the blade row inlet, cp,g/cp,c.
Ab/Ag is the ratio between blade surface area and mainstream flow
cross-sectional area at the throat [4]. Blade surface area is estimated
through the blade chord and the correction parameter Fsa [10]. The
throat area is a function of pitch and blade outlet angle [11]. The
averaged mainstream flow Nusselt number Nug is estimated from
the blade outlet Reynolds number Reg using empirical data from
Louis [12], yielding both hg and the averaged Stanton number Stg.
Finally, the heat load parameter HLP is a dimensionless represen-
tation of the coolant mass flow and a function of the blade cool-
ing technology level. The internal cooling efficiency ηc models the
heating of the cooling air inside the blade and the film cooling ef-
fectiveness ε f the protective effect of the film [3]. Both parameters
are a function of averaged mainstream flow inlet temperature Tt,g,
coolant air inlet and outlet temperature Tt,c,i, Tt,c,o and blade max-
imum allowable temperature Tb from Fig. 1. Both are also user-
input, turning this into a semi-empirical approach.

This model is limited to airfoil cooling. Platform or disc cooling
are added through a scaling factor SF . Furthermore, it is limited to
averaged quantities. Aspects such as mainstream flow temperature
profiles or blade temperature distribution cannot be modelled.

NASA E3 TURBINE MODELING
The Energy Efficiency Engine (E3) program was conducted

under parallel National Aeronautics and Space Administration
(NASA) contracts by Pratt & Whitney (P&W) and the General Elec-
tric Company (GE). The E3 program was created to develop fuel
saving technology for future transport engines through new aerody-
namic, mechanic and system technologies.

Both manufacturers provide detailed reporting at system and
component design level [6, 7]. The published data includes tur-
bine aerodynamic analysis as well as structural mechanical and ther-
mal management analysis for the cooled turbine blades. While this
does provide valuable validation data for select studies, it occasion-
ally lacks information on essential parameters to model the high-
pressure turbine and it’s cooling system. To address this problem,
both cooled high-pressure turbines are modeled in a collaborative
process within the framework GTlab [13]. Turbine level is studied
in this work, while analysis at propulsive system level is presented
in an accompanying paper [14]. A brief discussion on some aspects
of the modeling process is provided below.

The P&W HPT is designed for cruise conditions with a cooling
system dimensioned for takeoff. Data from P&W’s HPT design re-
port [7] is used as the main source for modeling in PrEDiCT. There
is generally a good agreement between the results of the modeled
turbine and the literature, particularly in terms of the dimensionless
turbine design parameters such as loading coefficient, flow coeffi-
cient, reaction and pressure ratio. GE’s HPT is modeled according
to the data provided in [6, 14]. In contrast to the P&W HPT, it
is designed for maximum climb with a cooling system scaled for
end-of-field hot day conditions. Again, there is a good agreement
between the results of the modeled turbine and the literature.

The cooling system was the main focus of this modeling process.
This includes parameters such as relative cooling mass flow, blade
temperature as well as thermodynamic conditions of mainstream
and cooling air. The NASA publications provide cooling require-
ments relative to the compressor inlet mass flow. This is converted
to values relative to the blade row inlet mass flow for compatibility
with the cooling model. Additionally, the distinction is made be-
tween airfoil and total blade row cooling mass flow to calculate the
scaling factor SF from Eq. 1. Cooling and mainstream mass flow
averaged temperature and pressure data is available, but blade tem-
perature is provided only as a peak value. While this is relevant at a
later design stage, it cannot be considered in this initial averaged ap-
proach. To estimate the blade averaged temperature required by the
cooling model, the cooling effectiveness ε0 is assumed constant be-
tween peak and averaged conditions. On a final note, all blade rows
are coated only with a high thermal conductivity Ni-based oxidation
resistant coating [7, 6]. It’s thermal effect is therefore considered
negligible and the coating Biot number Biotcoat is set to zero.

RESULTS AND DISCUSSION
The parameters from Eq. 1 and Eq. 2 have been calculated or

calibrated to match the ṁc,rel values from the NASA publications.
Literature data on the ratio Ab/Ag is scarce. While [15, 16] es-

timate a ratio of 10− 20 for a generic blade, this is dependent on
a series of geometrical parameters such as chord, stagger angle or
pitch. Using the geometrical data available in PrEDiCT, this ra-
tio is directly calculated and listed in Tab. 1. A large variation is
perceived, in the range 12− 21 for stator rows and 5− 11 for ro-
tor rows. Clearly, Ab/Ag tends to be higher for stator rows than
for rotor rows by an averaged factor of ≈ 2. To estimate the blade
surface area Ab, the correction parameter Fsa is calculated for the
blade meanline profiles provided by the manufacturers. Fsa appears
to be correlated with the flow deflection |β1 −β2| and blade maxi-
mum thickness to chord tmax/c, here represented by the parameter
S = |β1 − β2| · tmax/c. This dependency should be analysed for a
larger dataset and can prove useful to estimate blade surface area at
a pre-design stage.

Table 1 Correction factor and area ratio for NASA E3 HPTs
Component S [rad] Fsa [−] Ab/Ag [−] Source

P&W S1 0.26 1.13 21.1 [7, p. 13]
R1 0.63 1.32 11.1 [7, p. 17]

GE

S1 0.22 1.13 11.9 [6, p. 14]
R1 0.39 1.29 7.1 [6, p. 14]
S2 0.22 1.19 14.0 [6, p. 14]
R2 0.27 1.12 5.1 [6, p. 14]

The internal cooling efficiency ηc and the film cooling effective-
ness ε f are input parameters for the cooling model. In the presence
of film cooling, ε f is kept constant while ηc is calibrated. This is the
case for the first stage of both HPTs. The range for ε f is set between
0.15−0.30. GE’s second stage is not film cooled and thus ε f = 0.
Calibrated data are provided in Fig. 2. Both parameters are largely
dependent on the blade cooling design. For instance, the high ηc in
GE’s second stage stator S2 is notable. This may be justified on the
one side by the combination of impingement cooling with the lack
of film cooling, forcing the cooling air to travel the distance to the
blade trailing edge. On the other side, this blade exhibits a low HLP
i.e. a low cooling mass flow rate. Thus, the cooling air has more
time to heat up before exiting the blade, leading to the higher ηc.

The corresponding heat load parameter HLP and cooling effec-
tiveness ε0 are depicted in Fig. 3. The first stators and rotors S1s
and R1s display similar HLP values, indicative of the similar cool-
ing mass flow requirements. With the exception of GE’s S2, all
blade rows present a combined cooling efficiency η∗

c [14] in the
range 0.45−0.73.



Fig.2 Calibrated internal cooling efficiency ηc for NASA E3 HPTs

Fig.3 Cooling performance diagram for NASA E3 HPTs

The Stanton number is reported in some studies to assume a value
of Stg ≈ 0.005 [16]. Torbidoni and Horlock [5] instead resort to a
correlation based on the experimental data of Louis [12]. The cool-
ing model in this work uses the same experimental data to calculate
the averaged Nusselt number Nug. A correction factor is adjusted to
calibrate the resulting averaged heat transfer coefficient hg between
PrEDiCT and the literature. Both hg and Stg values, calibrated for
the E3 HPTs, are listed in Tab. 2. For a particular stage, variations
in flow velocity and density lead to a lower blade outlet Reynolds
number Reg in the rotor, resulting in a consistently higher Stg than
for the upstream stator. GE only provides data on the heat transfer
coefficient for the first rotor. The calibrated correction factor for
this blade row is therefore assumed constant for all remaining GE
rows. It is interesting to note that there is a considerable discrepancy
between the hg of both first stage rotors. The different blade pro-
files result in different Mach number and different hg distributions.
The discussed method serves as a solid starting point, but should be
iterated as higher fidelity data for a given blade becomes available.

Turbine inlet conditions affect Reg and ultimately Stg. Further-
more, temperature and pressure boundary conditions can change
considerably throughout the operating range of an aircraft. The ef-
fect on Stg is depicted in Fig. 4. A higher inlet pressure results in a
higher fluid density and Reg number, leading to a lower Stg. Simi-
larly, a higher inlet temperature leads to a higher Stg. Looking at this
behaviour, the thermal load is expected to rise for operating points

Table 2 Averaged heat transfer coefficient hg and Stanton number
Stg for NASA E3 HPTs

Component hg [W/m2K] Stg [10−3] Source

P&W S1 4734 1.25 [7, p. 37]
R1 3492 1.72 [7, p. 44]

GE

S1 8135 1.94 -
R1 6541 2.51 [6, p. 42]
S2 4187 2.10 -
R2 3461 2.85 -

with a high inlet temperature and a low inlet pressure. Takeoff is
typically selected as dimensioning point for the cooling system of
civil aero-engines. In the presence of a wider operating range, as
is the case of military aero-engines, high altitude operating points
may exhibit an increased thermal load.

Fig.4 Sensitivity of averaged Stanton number Stg on turbine inlet
conditions for NASA E3 P&W HPT S1

Fig.5 Sensitivity of cooling mass flow on cooling model parameters
for NASA E3 P&W HPT S1

The sensitivity of cooling requirements on the cooling model pa-
rameters is briefly introduced in Fig. 5. Turbine total inlet temper-
ature Tt,g and pressure pt,g, defined by the thermodynamic cycle,
significantly affect cooling requirements ṁc,rel . In terms of new



technologies, materials with higher maximum allowable tempera-
tures Tb, such as ceramic matrix composites [17], should provide
the biggest reduction in cooling requirements. This is followed
by innovative internal cooling configurations ηc facilitated by ad-
ditive manufacturing [18], advancements in film cooling techniques
ε f and finally lower thermal conductivity coatings Bicoat .

CONCLUSIONS
In the present work an established cooling model is implemented

into a turbine preliminary design tool and calibrated for two cooled
high-pressure turbines in a collaborative process between turbine
and performance modeling. The calibrated cooling model parame-
ters are discussed and preliminary parametric analysis provide in-
sights on possible approaches to reduce cooling requirements. The
following conclusions can be taken from the presented results:

• The estimated ratio between blade surface area and main-
stream flow cross-sectional area ranges between 12− 21 for
stator rows and 5− 11 for rotor rows. Considering the lin-
ear dependence of the cooling requirements on this parameter,
it is critical to provide an accurate estimation at an early de-
sign stage. A discrepancy between stator and rotor cooling
requirements is ultimately attenuated by the expected higher
averaged mainstream flow Stanton number in rotor rows.

• The ratio between blade surface area and chord length ap-
pears to be correlated with flow deflection and blade maxi-
mum thickness to chord. Additional data is still required to
verify this statement.

• All blade rows exhibit a combined cooling efficiency in the
range 0.45− 0.73, with the exception of GE’s S2. The low
cooling mass flow combined with impingement cooling and
no film cooling leads to a higher cooling efficiency in this
blade row.

• The averaged mainstream flow Stanton number is dependent
on the turbine inlet temperature and pressure conditions. This
should be taken into account when dimensioning the turbine
cooling requirements within its operating range.

• New high temperature material technologies appear to provide
the greatest potential for reducing cooling requirements, fol-
lowed by new internal cooling configurations, improved film
cooling techniques and enhanced thermal barrier coatings.

Future work includes a detailed analysis between the 1D tool
PrEDiCT and the 2D cooling design tool PICCOOLO as well as
the implementation of a zooming process between the two.
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