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Development of a Flexible
Turbine Cooling Prediction
Tool for Preliminary Design
of Gas Turbines
As the overall pressure ratio (OPR) and turbine inlet temperature (TIT) of modern gas
turbines are constantly being increased in the pursuit of increasing efficiency and specific
power, the effect of bleed cooling air on the engine performance is increasingly becoming
important. During the thermodynamic cycle analysis and optimization phase, the cooling
bleed air requirement is either neglected or is modeled by simplified correlations, which
can lead to erroneous results. In this current research, a physics-based turbine cooling
prediction model, based on semi-empirical correlations for heat transfer and pressure
drop, is developed and verified with turbine cooling data available in the open literature.
Based on the validated model, a parametric analysis is performed to understand the vari-
ation of turbine cooling requirement with variation in TIT and OPR of future advanced
engine cycles. It is found that the existing method of calculating turbine cooling air mass
flow with simplified correlation underpredicts the amount of turbine cooling air for
higher OPR and TIT, thus overpredicting the estimated engine efficiency.
[DOI: 10.1115/1.4039732]

1 Introduction

The development of the turbine cooling technology has been
one of the main pillars in the development of gas turbine engines.
As engine manufacturers are constantly pushing the design limits
by constantly increasing the overall pressure ratio (OPR) and tur-
bine inlet temperature (TIT), in the pursuit of increasing engine
efficiency and specific power, the role of turbine cooling technol-
ogy is gaining importance. This is despite the progress in the max-
imum allowable metal operating temperature (AMOT) due to
advancements in turbine materials.

The turbine cooling system has evolved substantially over the
years. It has enabled the turbine to operate at a significantly higher
temperature than its maximum AMOT, as shown in Fig. 1. With
the modern gas turbine engines pushing the TIT and OPR further,
the turbine cooling air requirement increases nonlinearly. Such
nonlinear characteristics can cause large uncertainties in predict-
ing the actual cooling air requirement if a linear approximation is
used. As a result, significant discrepancies would be obtained in
calculating the cycle performance. Therefore, there is a need for a
tool to predict the cooling air requirements during the preliminary
design stage of an engine.

The engine manufacturers have a detailed cooling air prediction
tool based on physics, their design knowledge, and experience.
Such a tool is proprietary and is not available for scientific
research. This work attempts to fill in this gap by providing a
methodology of a physics-based one-dimensional tool, utilizing
validated heat transfer correlations available in the open literature.
This paper provides the reader with the findings of detailed ther-
mal performance related study into the preliminary modeling pos-
sibilities of turbine cooling systems. In the first step, the modeling
philosophies of various internal and external turbine-cooling com-
ponents are elaborated followed by the model validation. Subse-
quently, the modular cooling system is combined with a gas

turbine performance model to evaluate the effects of the turbine
cooling system on the performance of an aero engine.

2 Overview of the Turbine Cooling Model

The turbine cooling model is a module-based simulation tool
consisting of cooling techniques, which are typically used in mod-
ern gas turbine blades or vanes, for instance, external film cooling,
internal rib turbulated cooling, internal pin-fin cooling, and jet
impingement cooling. Each of these cooling techniques is devel-
oped as a separate subroutine. Depending on the specific geometry
of a vane or blade, the corresponding subroutines are activated. A
general flowchart indicating the order of executing these various
submodules is presented in Fig. 2.

The turbine cooling model calculates the mass flow rate of
cooling air ( _mc) required to cool the outer wall of a single turbine
vane/blade for a given maximum allowable material temperature
(Tmax). The exit temperature of the coolant (Tac), the exit pressure
of the coolant (pac), and the amount of heat absorbed by the cool-
ant (Qabs) are additional output parameters of this tool. To start

Fig. 1 Comparison of TIT and metal operating temperature [1]
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the model, information of the vane or blade geometry is required.
The calculation procedure begins with the external heat transfer
(film cooling) module followed by internal heat transfer modules
including rib turbulated cooling, pin-fin cooling, and jet impinge-
ment cooling. The heat going into the blade (Qin) and the heat
absorbed (Qabs) by a certain amount of cooling air are estimated.
A convergence scheme is applied such that the heat flux between
the external cooling and internal cooling (Q ¼ Qin � Qabsj j) is bal-
anced within a certain predefined error. Detailed information
about the cooling convergence scheme will be discussed later in
this section.

Moreover, as mentioned, a turbine geometry data would be
required to initiate the model. At the conceptual analysis phase,
the geometry of the turbine blade has not been finalized; therefore,
the detailed information regarding the cooling arrangements is not
available. A typical profile of a modern cooled turbine blade as
presented in Fig. 3 is considered. It can be seen that at the leading
edge of the blade, the jet impingement cooling approach is
applied, followed by the downstream convection cooling within
channels. The ribs and pin fins are used at different locations in
the channels to improve the heat transfer rate. Depending on the
arrangements of ribs and fins, the performance varies. The cooling
flow spent from the leading edge by the jet impingement forms a
film layer outside the blade surface to protect the blade from
the hot gas. Each of the cooling mechanisms is elaborated in the
following paragraphs.

3 Modeling Approach

3.1 External Heat Transfer. The amount of cooling air
required is dependent on the heat that needs to be absorbed by the
coolant. This heat flux should be equal to the heat going into the
vane/blade to satisfy the physical laws for conservation of energy.
This section will cover the determination of the external heat

transfer into the vanes/blades. The distinction is made between
the calculation of external heat transfer for film cooled and non-
film cooled vanes/blades. For both, the first step is the determina-
tion of the velocity over the vane/blade (V) using the flow angles.

3.1.1 Nonfilm Cooled. For nonfilm-cooled vanes or blades,
the Prandtl number Pr and Reynolds number Re follow from
substitution of the gas properties, e.g., cp1, l1, k1 in Eqs. (1)
and (2), respectively. The subscript 1 indicates the free stream
condition.

Pr ¼ cp1l1
k1

(1)

Re ¼ q1 � V � C
l1

(2)

From the Prandtl number Pr, a recovery factor r can be calcu-
lated. The Reynolds number Re at the wall determines the flow
conditions (i.e., laminar, transient, or turbulent). Two situations
are distinguished; for Re < 5� 105, the flow is assumed to be
laminar, and for Re > 5� 105; the flow is assumed to be turbu-
lent. The recovery factor is calculated for laminar and turbulent
flow using Eqs. (3) and (4), respectively,

r ¼
ffiffiffiffiffi
Pr
p

(3)

r ¼
ffiffiffiffiffi
Pr

3
p

(4)

Then, the adiabatic wall temperature (Taw) can be calculated
with the following equation, where Ts is the static temperature

Taw ¼ Ts þ r
V2

2q1 � cp
(5)

Fig. 2 Flowchart of the turbine cooling model
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3.1.2 Film Cooled. In the case that film cooling is applied, the
film temperature Tf can be calculated by rewriting the equation
for the film cooling effectiveness gfilm as defined in the equation
given below:

gfilm ¼
Tg � Taw

Tg � Tc
(6)

In the turbine cooling tool, the film cooling effectiveness gfilm

is calculated by following the calculation scheme and the correla-
tion outlined in Ref. [2], where the gfilm is assumed to vary in the
streamwise direction and is hence a function of the streamwise
distance from the row of film cooling holes (x=D). Furthermore,
gfilm is dependent on the geometrical parameters such as the span-
wise hole spacing (s=Df ), the injection angle (ai), as well as the
flow parameters like the mainstream turbulence intensity (Tu), the
density ratio (DR), velocity ratio (VR), and blowing ratio (M).

For simplicity, the spanwise variation in film effectiveness is
neglected by laterally averaging the film cooling effectiveness.
The correlation for the averaged film cooling effectiveness (gfilm)
has been taken from Ref. [2], and is given in the below equation:

gfilm ¼ gc

DR0:09=s=Df

ðsin aiÞ0:06�s=Df
(7)

In this equation, the parameter gc follows from an extensive
series of calculations. More details can be found in Ref. [2], where
a complete derivation of the determination of gc are discussed.

With the gfilm known, the film flow temperature can be calcu-
lated using the following equation:

Tf ¼ Tg � gfilmðTg � TcÞ (8)

The Prandtl number Pr and Reynolds number Re can now be
calculated using Eqs. (1) and (2), respectively.

3.1.3 External Heat Transfer. For the determination of the
external heat transfer coefficient ho, the local Nusselt number
Nu xð Þ at the downstream location (xÞ is calculated. Depending on
the flow regime, Eq. (9) is used to calculate the Nusselt number in
laminar flow, and Eq. (10) is for turbulent flow

Nu xð Þ ¼ 0:331 Pr1=3 (9)

Nu xð Þ ¼ 0:0288 Pr1=3 ReðxÞ4=5
(10)

The local Nusselt number can be averaged to find the average
Nusselt number (Nu). Together with the chord length (cvb), the
average Nusselt number over the external surface can be used in
Eq. (11) to calculate the external surface heat transfer coefficient,
ho

ho ¼
k1 � Nu

cvb
(11)

Finally, the heat flux going into the vane/blade (Qin) can be
determined using Eq. (12), where Avb is the external surface area
of the vane/blade, ho is the external surface heat transfer coeffi-
cient, and Tmax is the maximum allowable metal temperature. T is
equal to either the adiabatic wall temperature Taw for the nonfilm
cooled vanes/blades or to the film temperature Tf for the film
cooled vanes/blades

Qin ¼ hoAvbDT ¼ hoAvbðT � TmaxÞ (12)

3.2 Internal Heat Transfer. For the internal cooling of the
turbine vanes/blades, internal convection cooling channels with
turbulence promoters are placed inside the vanes/blades. In the
following paragraphs, the heat transfer mechanisms of the internal
cooling techniques are described.

3.2.1 Rib Turbulated Cooling. This is the most widely used
form of internal cooling technique in turbine blades and vanes.
Ribs are turbulence promoters used in internal cooling channels.
They cause a continuous detachment and re-attachment of the
flow, thus promoting heat removal from the target surface, at the
expenses of the total pressure.

The parameters, which influence the heat transfer performance
of ribbed cooling channels, are the channel aspect ratio (Wcc=Ho)
or AR, the rib height over hydraulic diameter (e=Dh), the rib spac-
ing over rib height (P=e), the rib angle (a), the continuity of the
ribs (i.e., continuous or discrete), and the rib shape (i.e., straight
or V-shaped). A schematic of a channel with V-shaped ribs is
depicted in Fig. 4. A selection process has been implemented in
the current tool to flexibly configure the ribbed channels, as indi-
cated in Fig. 5, which will yield different thermal performance
characteristics.

For all rib configurations, the first few steps are identical. The
channel height Hcc and width Wcc determine the cross-sectional
area Acc according to Eq. (13), and the hydraulic diameter of the
channel Dh is then calculated following Eq. (14)

Acc ¼ HccWcc (13)

Dh ¼
4WccHcc

2ðWcc þ HccÞ
¼ 4Acc

Pcc

(14)

With the Acc known and substituting the cooling air mass flow
rate _mc and the density of the coolant qc, the flow velocity inside

Fig. 3 Schematic of an advanced aero engine cooled HPT
blade
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channels (Vm) can be calculated according to the following
equation:

Vm ¼
_mc

qcAcc

(15)

Then, the Prandtl number Pr and Reynolds number Re inside
the channel follow from substitution of the coolant properties
and the hydraulic channel diameter (Dh) in Eqs. (16) and (17),
respectively,

Pr ¼ Cpc
lc

jc
(16)

Re ¼ qcVmDh

lc

(17)

What follows is the calculation of the average Stanton number

St to find the heat transfer coefficient hi, and the average friction

factor f for the determination of the induced pressure loss Dp. The
calculation of the Stanton number and the friction factor depends
on the determination of the heat transfer roughness function

G eþ;Prð Þ and the friction roughness function R eþð Þ, which rely
on the rib configuration and the channel size. Because of the com-
plexity of this multiparameter-dependent heat transfer problem,
no direct relation or equation is known to calculate the Stanton
number and friction factor and instead semi-empirical correlations
are used. The calculation scheme employed for the determination

of St and f for the various rib configurations is taken from the lit-
erature as presented in Table 1.

After the average Stanton number St is calculated using one of
the calculation schemes, the Nusselt number can be derived using
the below equation:

Nu ¼ St � Re � Pr (18)

From the Nusselt number, the internal convective heat transfer
coefficient can be determined with the following equation, where
Dh is the hydraulic diameter:

hi ¼
jc � Nu

Dh
(19)

Using this heat transfer coefficient hi and the vane/blade geom-
etry data, the overall thermal resistance (Rin) from the external
metal surface to the coolant slowly inside the cooling channel can
be calculated using Eq. (20), where ðL=kÞm is the thermal insu-
lance of superalloy metal in m2K/W, and tm is the superalloy
thickness in meter

Rin ¼
tm

L=kð Þm
þ 1

hi
(20)

Finally, the heat absorbed Qabs by the cooling air in a cooling
channel section with the length lx can be calculated from Eq. (21),
where Tc is the temperature of the coolant and Pcc is the perimeter
of the cooling channel section

Qabs ¼
lxPccðTmax � TcÞ

Rin

(21)

The coolant temperature increases due to the heat transferred
from the hot wall. The cooling air temperature after the heat
absorption (Tac) is calculated using the equation given below:

Tac ¼ Tc þ
Qabs

_mccpc

(22)

Using the average friction factor f that was determined in the
applied calculation scheme, the pressure drop (DpÞ in the cooling
channel section and hence the pressure after cooling pac is calcu-
lated using Eqs. (23) and (24), respectively,

Dp ¼ pc � V2
m � lx � f

2Dh
(23)

pac ¼ pc � Dp (24)

3.2.2 Pin-Fin Cooling. The cooling mechanism whereby
cooling air flowing through a channel is partly blocked by
obstacles protruding the channel wall into the free-stream is called
pin-fin cooling. Pin-fin cooling is mostly applied in areas where
rib turbulated and jet impingement cooling cannot be applied due
to manufacturing constraints, like in the trailing edge. In pin-fin
cooling, multiple factors affect the heat transfer. First, due to the
pins protruding the wall, the channel wall area available for
convection cooling is reduced. This reduction is accounted for by
the additional area from the pins themselves. Furthermore, the

Fig. 5 Flowchart of the turbine cooling

Table 1 Calculation scheme references

Rib configuration Calculation scheme

Discrete V-shaped ribs Han and Zhang [3]
Discrete straight ribs Lau et al. [4,5]
Continuous V-shaped ribs Lau et al. [6]
Narrow aspect ratio channels Han et al. [7]
Wide aspect ratio channels Han and Park [8]

Fig. 4 Schematic of a channel with ribs
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pin-fins disturb the boundary layer that forms over the wall
thereby enhancing the heat transfer.

The Nusselt number calculation of pin-fin cooling follows the
calculation scheme and the correlations provided in Ref. [9]. The
friction factor correlations presented in Ref. [10] are used to deter-
mine the pressure loss caused by the pin-fin array.

The number of pins in spanwise (npx
) and streamwise (npy

)
direction is calculated by substituting the array width (Wpf ) and
the length (Lpf ), the pin spacing in spanwise (s=Dp) and stream-
wise (x=Dp) and the pin diameter Dp in Eqs. (25) and (26),
respectively,

npx
¼ Wpf

Dpf � s=Dpf
(25)

npy
¼ Lpf

Dpf � x=Dpf
(26)

Together with the height of the pin-fin array (and thus the pins)
Hp, the free-flow sectional area (Aff ) and the heat transfer (i.e.,
surface exposure) area (As) can be calculated by the following
equations, respectively,

Aff ¼ Wpf Hpf � ðnpx
Hpf Dpf Þ (27)

As ¼ Wpf Hpf þ pDpf npx
npy

Hpf �
Dpf

4

� �� �
(28)

Accordingly, the mass flow rate per unit area (Gpf ) in the array
can be calculated using the following equation:

Gpf ¼
_mc

Aff
(29)

From this mass flow, the Reynolds number Re is calculated
using the below equation:

Re ¼ Gpf Dpf

lair

(30)

The correlation for Nu as stated in Ref. [9] can now be applied
as in Eq. (31). This Nusselt number correlation for staggered
pin-fin arrays has been validated for 103 < Re < 105 and 1:5 �
x=Dpf � 5 at given Hpf =Dpf ¼ 1 and s=Dpf ¼ 2:5. However, after
comparison with the data from Refs. [11] and [12], the validity of
the correlation can be assumed for 0:5 < Hpf =Dpf < 3:0.

Nu ¼ 0:135 Re0:685ðx=Dpf Þ�0:34
(31)

From this Nusselt number, the heat transfer coefficient hi and
subsequently the total thermal resistance Rin from the external
metal surface to the coolant in the pin-fin array can be calculated
using Eqs. (32) and (33), respectively,

hi ¼
kairNu

Dpf
(32)

Rin ¼
tm

ðL=kÞm
þ 1

hi
(33)

Now, the amount of heat absorbed Qabs by the coolant in the
pin-fin array can be calculated using Eq. (34), where Tmax is the
maximum AMOT. To account for the heating up of the coolant
while it goes through the pin-fin array, the coolant temperature
before cooling Tc and after cooling Tac are averaged

Qabs ¼
As Tmax �

Tc þ Tac

2

� �
Rin

(34)

Since the cooling air temperature after cooling is unknown at
the beginning, it is assumed to be equal to the cooling air tempera-
ture before cooling. For this condition, the absorbed heat Qabs is
calculated. Following from the absorbed heat, the coolant temper-
ature after cooling can be calculated using the following equation:

Tac ¼ Tc þ
Qabs

_mccpair

(35)

This newly found Tac can be used in Eq. (34) for a more accu-
rate heat absorption calculation. This process is repeated until the
difference in coolant temperature after cooling Tac between two
iterations becomes Tac < 10�3.

As already explained, for calculating the pressure loss, the
correlations presented in Ref. [10] are used, in which a different
friction factor f correlation depending on the Reynolds number
Re has been used. For 103 < Re < 104, Eq, (36) is applied, and
for 104 < Re < 105 Eq. (37) is considered

f ¼ 0:317 Re�0:132 (36)

f ¼ 1:76 Re�0:138 (37)

To determine the pressure loss, the frontal velocity in the pin-
fin array (v) needs to be calculated. This is done using Eq. (38) by
substituting the density qc and the previously calculated mass
flow rate per unit area Gpf

v ¼ Gpf

qc

(38)

Using calculated v and the friction factor f , the pressure drop
Dp in the pin-fin array and subsequently the pressure after cooling
pac can be calculated using the following equations:

Dp ¼ 1

2
qcv2npy

f (39)

pac ¼ pc � Dp (40)

3.2.3 Jet Impingement Cooling. Jet impingement cooling is a
cooling mechanism in which cooling air is pushed through small
holes (nozzles) at high velocities and impinges on a hot surface,
thereby resulting in high heat transfer coefficient (see Fig. 6). Jet
impingement is only applied in areas being exposed to very high
thermal loads and thereby requiring high heat transfer coefficient.
Jet impingement cooling is therefore mainly applied to the leading
edge of rotor blades and vanes.

Fig. 6 Schematic of jet impingement

Journal of Engineering for Gas Turbines and Power SEPTEMBER 2018, Vol. 140 / 091201-5

Downloaded From: https://gasturbinespower.asmedigitalcollection.asme.org on 04/03/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



For the jet impingement cooling, various heat transfer correla-
tions from the literature have been studied. For instance, in
Ref. [13], the authors deal with the jet impingement arrays where
the jets impinge on a flat surface, while, Ref. [14] takes the radius
of curvature of the target plate into account. The calculations in
Ref. [15] are used for the determination of the pressure loss
occurred due to the jet impingement cooling.

The mass flow rate per jet _mj is calculated by dividing the total
cooling mass flow _mc by the number of jets nj as in the below
equation:

_mj ¼
_mc

nj
(41)

From the cooling air temperature, the density qc and the
Prandtl number Pr can be calculated using Eqs. (42) and (43),
respectively,

qc ¼
pc

RTc
(42)

Pr ¼ cpair
lair

kair

(43)

The impinging jets velocity (Vj) can be calculated using the fol-
lowing equation, where Dj is the jet hole diameter

Vj ¼
4 _mj

qcpD2
j

(44)

After the jets have impinged on the target surface, the spent
cooling air flows away in a direction perpendicular to the imping-
ing jets. This flow is called cross flow, and its velocity Vc can be
calculated using Eq. (45), where Sjx is the streamwise hole spac-
ing, and Lji is the length of the jet impingement array. In this sim-
ulation, the jet impingement array is assumed to span the entire
leading edge of the vane/blade (i.e., Lji ¼ Lvb)

Vc ¼
_mc

2qSjx Lji
(45)

Accordingly, the Reynolds number Re of the jet is obtained
from the equation given below:

Re ¼ qcVjDj

lair

(46)

All the parameters required to calculate the average Nusselt
number Nu for the jet impingement array are now available. As
indicated, two different correlations are used for the calculation of
Nu.

The Nusselt number correlation for a flat plate from Ref. [13] is
presented in Eq. (48). First, several geometry-dependent coeffi-
cients have to be calculated. The coefficients A, B, m, and n can
be obtained from Eq. (47), for which C, nx, ny, and nz are provided
in Table 2. Depending on the arrangements of the jet holes, differ-
ent coefficients are used. In Table 2, one can notice that the values
are given for in line and staggered configurations, respectively,

A;m;B; n ¼ C
Sjx

Dj

� �nx Sjy

Dj

 !ny

Sjz

Dj

� �nz

(47)

With the coefficients known, the average Nusselt number Nu
for a flat plate can be calculated using the equation given below:

Nu ¼ A�Rem 1� B
Sjz

Dj

� �
Gc

Gj

� �" #n
0
@

1
APr1=3 (48)

In Ref. [14], the average Nusselt number Nu for a jet impinge-
ment array of a single row jets are given, and can be found in
Eq. (49), where Sjz is the jet-to-target separation distance, Dj is the
jet diameter, Sj is the spacing between jet holes, and Rt is the
radius of curvature (i.e., diameter) of the target plate. As can be
seen from this correlation, the Nu decreases with an increase in
the jet-to-target separation distance Sjz

and increases with an
increase in target surface curvature (i.e., decrease in diameter of
the target plate Rt)

Nu ¼ 0:63 Re0:7 Dj

Sj

� �0:5 Dj

Rt

� �0:6

� exp �1:27
Sjz

Dj

� �
Dj

Sj

� �0:5 Dj

Rt

� �1:2
" #

(49)

With the Nu known, the internal heat transfer coefficient can be
calculated using the below equation:

hi ¼
Nu�kair

Dj
(50)

Based on this hi and the vane/blade design data, the total ther-
mal resistance Rin from the external metal surface to the coolant
in the jet impingement array can be calculated using the following
equation:

Rin ¼
tm

ðL=kÞm
þ 1

hi
(51)

And finally, the heat absorbed Qabs by the jet impinging on the
hot target surface can be calculated from Eq. (52), where Aji is the
impingement area, and Tc is the temperature of the coolant

Qabs ¼
AjiðTmax � TcÞ

Rin

(52)

The coolant temperature increases due to the heat transfer. The
cooling air temperature after the heat absorption Tac is calculated
using the following equation:

Tac ¼ Tc þ
Qabs

_mccpair

(53)

To find the pressure of the coolant after the jet impingement
cooling, the pressure loss has to be determined. For this purpose,
the correlations in Ref. [15] are used, where two methods for the
pressure loss prediction have been discussed. The method used in
the turbine cooling module is taken from Ref. [16]. First, the area
of the jet Aj and the area of the exit channel Ach are calculated
using Eqs. (54) and (55), respectively,

Aj ¼
1

4
pD2

j (54)

Ach ¼ Sjz Lji (55)

Table 2 Values of coefficients to be used in Eq. (47) [13]

Inline pattern Staggered pattern

C nx ny nz C nx ny nz

A 1.18 �0.944 �0.642 0.169 1.87 �0.771 �0.999 �0.257
m 0.612 0.059 0.032 �0.022 0.571 0.028 0.092 0.039
B 0.437 �0.095 �0.219 0.275 1.03 1.03 �0.307 0.059
n 0.092 �0.005 0.599 1.04 0.442 0.442 �0.003 0.304
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Based on these areas, the nozzle inlet resistance coefficient nnin

and the nozzle friction resistance coefficient nnfr
can be calculated

using Eqs. (56) and (57), respectively, where tj ¼ 2:0� 10�3 m is
the jet length (i.e., the jet plate thickness)

nnin
¼ 1

2
1� Aj

Ach

� �0:75

(56)

nnfr
¼ 64

Re

tj

Dj
(57)

To calculate the total pressure resistance coefficient ntot using
Eq. (61), the coefficients C1, C; and / need to be calculated. Start-
ing with C1 in Eq. (58), where njx is the number of nozzles in the
streamwise direction

C1 ¼ njx �
Aj

Ach

(58)

Substituting C1 and the previously calculated nozzle inlet
resistance nnin

and nozzle friction resistance coefficient nnin
in the

below equation gives C :

C ¼ C1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ nnin

þ nnfr

p (59)

Subsequently, coefficient / can be calculated using Eq. (60).
Finally, Eq. (61) is used to find the total pressure resistance coeffi-
cient ntot

; ¼ 0:09þ 0:5C (60)

ntot ¼
1

tanh /2
� 1 (61)

Now using the ntot, the exit gas conditions (pressure/temperature/
density), the coolant exit velocity Vout, and the total pressure loss Dp
can be calculated using the following equation:

Dp ¼ 1

2
ntotqairV

2
out (62)

Then pac follows quite logically from the pressure before cool-
ing pc in the following equation:

pac ¼ pc � Dp (63)

3.3 Convergence Scheme. The first four iterations are per-
formed with a very small stepwise increase in the cooling air mass
flow from 1� 10�6 kg/s to 4� 10�6 kg/s. Following is an expo-
nential fit through these four initial _mc points for Qin in the form
of y ¼ aebx and a first-order (i.e., linear) fit for Qabs in the form of
y ¼ axþ b. In both equations, a and b are the coefficients. These
fitted curves are being extrapolated beyond the point where they
cross. The point where the lines for Qin and Qabs cross projected
on the horizontal axis is the coolant mass flow _mc for the next
iteration. This step is repeated for the newly found _mc. When
the absorbed heat Qabs and incoming heat Qin at a certain coolant
mass flow _mc reach within 200 W of each other (i.e.,
DQ <¼ 200 WÞ, the individual exponential and linear fitting of
Qabs and Qin stops and a linearization over DQ is applied to find
the converged solution.

4 Model Validation

A thorough validation process of the model has been performed
in Ref. [17]. The major points of this procedure are explained in
this section. A detailed high pressure turbine (HPT) cooling

system described in Ref. [18] has been researched under a NASA
engine project named energy efficient engine (E3) as described in
Refs. [18] and [19]. This HPT cooling system is used as baseline
for verification. A two stages HPT configuration has been consid-
ered. The identical turbine geometry parameters in E3 project are
implemented for the cooling model. The values of some essential
parameters are provided in Table 3. There are also geometry
parameters for different cooling mechanism concerned, which can
be found in Ref. [17]. The cooling mass flow rate per vane or
per rotor based on the input parameter of Table 3 is provided in
Table 4. It can be observed that the simulation data matches very
well with the measured data.

5 Implementation of the Turbine Cooling Model

In this section, the turbine cooling model is integrated into a
gas turbine performance model; accordingly, the parametric anal-
ysis is performed by using two cooling methods, i.e., a simplified
cooling model used in the literature for preliminary design and a
physics-based cooling model based on this paper. Moreover, an
engine cycle is optimized by using these two cooling models to
quantify the impact of the discrepancy in turbine cooling model
on the estimated engine performance.

Following the engine development trend, a very high bypass
ratio (BPR) turbofan engine with a geared system representing the
state-of-art technology in the year 2025–2030 is proposed as a
baseline engine. In Fig. 7, a schematic of such engine architecture
is presented with the corresponding station number definitions
given in Table 5. The engine performance requirements at various
operating conditions are provided in Table 6.

To estimate the engine performance, a zero-D thermodynamic
model in accordance with the engine configuration is created using
the Gas Turbine Simulation Program (GSP

VR

) [20], which is
depicted in Fig. 8. The main gas path of the engine consists of
an inlet, fan, low pressure compressor (LPC), high pressure com-
pressor (HPC), combustion chamber, HPT, low pressure turbine
(LPT), core convergent nozzle, bypass duct, and convergent bypass
nozzle. The bleed control components numbered from 2 to 7 are
applied to specify the turbine cooling air requirement as a fraction
of the inlet mass flow rate of the HPC ( _mc= _m25). The requirement
of turbine cooling fraction is predicted separately by using the
cooling model presented in the earlier section and an empirical
model taken from the literature, which will be described later in
this section. In the component 0, the thrust requirement is an input.
The performance calculation follows the procedure presented in
Ref. [21]. The engine off-design performance is derived from the
design point performance with the aid of component maps.

The component efficiencies at cruise condition are presented
in Table 7. Accordingly, the component efficiencies at other
conditions can be derived. The turbine cooling air requirement is

Table 3 Parameter values for validation

NGV Rotor

Hot gas temperature, Tg (K) 1463 1415
Hot gas pressure, pg (bar) 23.8 23.5
Coolant temperature, Tc (K) 761 866
Coolant pressure, pc (bar) 24.5 24.0
Maximal metal temperature, Tmax (K) 1200 1200
Number of vanes or blades 48 70

Table 4 Cooling mass flow rate per vane or per rotor blade

NGV Rotor

E3 Model E3 Model
_mc (kg/s) 0.021 0.023 0.006 0.004
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predicted at hot-day takeoff, and then is applied to the other oper-
ating conditions. The maximum AMOT for the turbine is consid-
ered to be 1450 K, which is state of the art and expected to be
available in an engine with EIS (entry into service) 2035.

One can notice that in Table 7, the uncooled turbine efficiency
has been used. Turbine cooling has a significant effect on the tur-
bine efficiency [22], in the form of bookkeeping [23], or thermo-
dynamic and aerodynamic losses due to the mixing of coolant and
hot gas [24]. Quantifying the turbine efficiency losses is not a
straightforward process. In the current analysis, a linear correla-
tion has been applied to consider the variation in turbine effi-
ciency attributed due to cooling. The following assumptions have
been made:

Fig. 7 Schematic of an advanced geared turbofan engine

Table 5 Engine station number definition

Station number Description

2 Fan inlet
21 Fan core exit
25 LPC exit
3 HPC exit
4 Combustor exit
45 HPT exit
5 LPT exit
9 Core nozzle exit
13 Fan bypass exit
19 Bypass nozzle exit

Table 6 Engine performance requirement at various operating
conditions

Operating
points

Altitude
(km)

Mach
number

Required
thrust (kN)

SLS ISA 0 0 300
Take off 0 0.2 240
Top of climb 11 0.85 60
Cruise 11 0.85 47
Hot-day take off, ISAþ15K 0 0 300

Fig. 8 The layout of a turbofan engine modeled using GSP

Table 7 Baseline component performance parameters

Component
Performance

parameter Notation
Datum
value Unit

Fan Polytropic efficiency gfan 93 %
LPC Polytropic efficiency gLPC 93 %
HPC Polytropic efficiency gHPC 91 %
Main
combustor

Combustion efficiency gCC 99.9 %

Pressure ratio pCC 0.95
HPT Uncooled polytropic efficiency gHPT 93 %
LPT Uncooled polytropic efficiency gLPT 92.5 %
HP shaft Mechanic efficiency gmHPT 99.5 %
LP shaft Mechanic efficiency gmLPT 99.3 %
Bypass duct Relative pressure loss Dpt=ptin 2 %
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� The cooling flow of nozzle guide vane (NGV) completely
mixes with the mainstream before its expansion through the
blade.

� 50% of the cooling air for the first stage HPT rotor partici-
pates in the work output of the turbine rotor.

� The second-stage HPT rotor-cooling air mixes with the main-
stream gases after expansion, and therefore, does not contrib-
ute to the turbine power output.

5.1 Setup of the Two Cooling Models. The described cool-
ing model is implemented on a turbine blade with a NACA 20424
airfoil. The details about the internal cooling configuration are
provided in Table 8. A two-stage turbine configuration is consid-
ered, each stage consisting of one stage NGV and one stage rotor.
The NACA 20424 airfoil profile has a relative thickness t=cvb of
24% and a camber f=cvb of 20% at location xf =cvb¼ 40%. The
surface area Avb of the vane/blade is calculated by multiplying its
length Lvb with its perimeter, Pvb.

The size of the cooling channels (in millimeters) in NGV and
rotor at each of the turbine stage can be found in Table 9. Since
the first stage of the HPT experiences the maximal operating tem-
perature, the most effort has been made to cool this stage. It can
be observed that the number of the cooling channels considered in
the first stage is nearly twice of the second stage.

In Table 10, the chords and lengths of the vanes/blades, as well
as the total amount of vanes/blades per row considered in the
modeling, are presented.

For comparison purpose, an empirical correlation for turbine
cooling prediction discussed in Ref. [25] is used. The turbine cool-
ing model is represented by the following equation:

_mccp;c

_mgcp;g
¼ b

Tg;turbinlet � Tb

Tb � Tcooling

� �s

(64)

In this equation, the coefficients b and s are adjustable, depend-
ing on a gas turbine configuration, and Tb is the maximum
allowable metal temperature. In the literature [25], it has been
suggested that for a single-stage cooled turbine, b should be in the
range of 0.05–0.1, depending on the cooling mechanisms (convec-
tive or film cooling) and the cooling efficiency, and s is considered
to be 1. In this paper, an estimated value for b is considered:
b¼ 0.06 (NGV stage), b¼ 0.05 (rotor stage), and s¼ 1. The metal
temperature is Tb ¼ 1450 K. The specific heat cp;c and cp;g are cal-
culated by the real gas property models. The turbine inlet temper-
ature (Tg;turbinlet) and the coolant temperature (Tcooling) are taken
from the engine performance model.

5.2 Parametric Analysis. The first parametric analysis has
been performed for a typical aero engine at International Standard
Ambient (ISA) sea level static (SLS) condition. The engine BPR,
fan pressure ratio (FPR), low pressure compressor pressure ratio,
and the total inlet mass flow rate are kept constant, as provided in

Table 8 Basic configurations considered for turbine cooling

Cooling mechanism Parameter Symbol Value Unit

Rib turbulated cooling Number of channels ncc 5/6/3/3
Rib height over hydraulic diameter e=Dh 0.0625

Rib pitch over height P=e 10
Rib angle ar 60 deg

Continuous/discrete ribs? — Discrete
V-shaped/straight ribs? — V-shaped
Type rib configuration? — 5

Pin-fin cooling Pin diameter Dp 1.0 mm
Spanwise spacing S=Dp 2.5

Streamwise spacing x=Dp 4.0
Array width Wpf 15 mm
Array length Lpf 60 mm

Pin height Hp=Dp 1
Staggered/inline pattern — Staggered

Jet impingement cooling Jet impingement area Aji 2500 mm2

Radius of curvature Rt 20 mm
Jet diameter Dj 0.5 mm

Streamwise jet spacing Sjx 5.0 mm
Spanwise jet spacing Sjy 5.0 mm
Jet to target distance Sjz 5.0 mm

Staggered/inline pattern — Staggered

Film cooling Film hole diameter Df 0.5 mm
Number of film holes nf 60/135/10/60
Film holes per row nfr 15

Film hole row spacing xr=Cvb 0.2
Injection angle ai 35 deg

Table 9 Size of rib turbulated channels for baseline test engine
(in mm)

NGV1 HPT1 NGV2 HPT2

# Width Height Width Height Width Height Width Height

1 5.0 5.0 1.5 3.0 6.0 6.0 3.0 3.0
2 5.0 10.0 2.5 5.0 6.0 12.0 6.0 6.0
3 8.0 8.0 3.0 6.0 15.0 5.0 6.0 2.0
4 7.5 5.0 5.0 5.0
5 4.0 2.0 6.0 3.0
6 3.0 1.0

Table 10 Size of a vane/blade and the number of vanes and
rotor per stage

Vane/blade Stage Chord (mmÞ Length (mmÞ Amount

NGV vane 1 63 56 80
2 66 76 144

HPT blade 1 42 62 144
2 44 93 160
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Table 11. For the parametric analysis, varying the HPT inlet tem-
perature is varied from 1500 to 2000 K with a step of 100 K;
meanwhile varying the HPC pressure ratio from 8 to 18 in an
incremental step of 2. All the component efficiencies remain con-
stant as given in Table 7. The maximal AMOT has been assumed
as 1450 K for simulation using both models.

The variation in turbine cooling air fraction ( _mc= _minletHPC) pre-
dicted by two cooling models are presented in Figs. 9 and 10. The
x axis represents the temperature difference between hot gas and

the coolant, and the changes in coolant pressure (pc in the figure
legend) have been mainly due to the variation of engine OPR.

A general trend can be observed in both figures that as Tg

increases, the turbine cooling requirement increases. Moreover,
the turbine cooling requirement increases as the coolant pressure
increases (due to increase in OPR) for the same temperature dif-
ference. On the other hand, one can observe that when the coolant
pressure is low, the empirical correlation tends to overestimate the
turbine cooling requirement, the maximum difference can be
more than double, whereas, as the coolant pressure increases, the
discrepancy in turbine cooling flow reduces. When the coolant
pressure becomes very high, the empirical model underestimated
the turbine cooling air requirement compared to the in-house
model. Furthermore, it can be seen that the turbine cooling flow in
Fig. 10 increases linearly with respect to the coolant pressure.
However, in Fig. 9, the turbine cooling derived by the in-house
model increases nonlinearly with coolant pressure. This nonlinear-
ity becomes stronger when the temperature discrepancy between
Tg and Tc increases.

The second parametric analysis has been performed using the
in-house turbine cooling model, where the coolant temperature,
hot gas temperature, and AMOT are varied independently. The
analysis intends to give an insight into the effects of these

Fig. 9 Variation in turbine cooling fraction versus temperature
difference between hot gas and coolant for different coolant
pressures. The cooling requirement is predicted by the in-
house turbine cooling tool. AMOT 5 1450 K.

Fig. 10 Variation in turbine cooling fraction versus tempera-
ture difference between hot gas and coolant for different cool-
ant pressures. The cooling requirement is predicted by the
empirical turbine cooling correlation (Eq. (64)). AMOT 5 1450K.

Table 12 Baseline input parameters at SLS ISA condition

Engine parameters Values

BPR 12
FPR 1.4
OPR 75.6
HPT IT (K) [1700,2000]
Inlet air mass flow rate (kg/s) 1308
AMOT (K) [1250,1550]

Fig. 11 Variation in turbine cooling fraction versus the AMOT
for different TIT. The in-house cooling prediction tool used.

Table 11 Baseline input parameters at SLS ISA condition

Engine parameters Values

BPR 12
FPR 1.4
LPC PR 3.0
HPC PR [8.0, 18.0]
HPT IT (K) [1500, 2000]
Inlet air mass flow rate (kg/s) 1308
Maximum allowable metal turbine metal temperature (K) 1450

Table 13 The engine design space and optimization con-
straints at cruise

Bounds of design parameters Constraints

FPR [1.2, 1.8] OPR �70
LPC pressure ratio [1.4, 5.0] FN (kN) ¼47
HPC pressure ratio [8, 20] _ma at the engine inlet Constant
Tt4 (K) [1400, 1900]
BPR [8, 15]
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parameters on the coolant requirement. The variation range of
each parameter is given in Table 12.

The variation in turbine cooling fraction with respect to the
AMOT and HPT inlet temperature is presented in Fig. 11. It can
be seen that the turbine cooling requirement reduces significantly
as the AMOT increases from 1250 K to 1550 K. The same trend
is valid for different turbine inlet temperature (Tt4).

5.3 The Impact of Turbine Cooling on Engine Perform-
ance. In this section, the cycle optimization is performed concern-
ing two turbine cooling strategies, namely, the empirical turbine
cooling model provided in Eq. (64) and the in-house turbine cool-
ing model. The comparison will be made to evaluate the effects of
the turbine cooling on engine performance.

The objective is to minimize the cruise thrust specific fuel con-
sumption. The engine performance requirement is specified in
Table 6, and the component efficiencies given in Table 7 are used
in this section. The cycle optimization is performed at cruise con-
dition, whereas, the turbine cooling requirement is estimated at
the SLS ISAþ 15K condition. The MATLAB fmincon optimizer
using sequential quadratic programming algorithm is imple-
mented for the cycle optimization [26]. The same design space
defined in Table 13 is considered for engine cycle optimization.

Engine performance at cruise and hot-day take off is given
in Table 14. It can be seen that using the empirical model,
the turbine cooling requirement is underestimated by about 30%.
Accordingly, the optimized engine has a lower T4 and a smaller
size. Moreover, the cycle efficiency of the engine using the empir-
ical turbine cooling model is slightly higher than that of the engine
using the cooling model in this paper.

6 Conclusions

In the current research, a semi-empirical tool has been devel-
oped to evaluate the turbine cooling requirements in the prelimi-
nary design stage. The validation of the cooling model has been
conducted with the HPT cooling system studied in a previous
NASA engine project (E3). The model is then used to assess the
effects of turbine cooling on gas turbine performance.

The main conclusions of this research are:

� Comparison to a baseline cooling system (E3 cooling) shows
that the proposed cooling model works sufficiently well to
serve its purpose during an engine conceptual design phase.

� The air required for turbine cooling increase exponentially
with an increase in the turbine inlet temperature for a given
maximum allowable metal temperature.

� Whereas most of the cooling models in the literature predict
a linear increase in turbine cooling air with temperature, the
current model proves that the increase is steeper.

� If the nonlinear increase in the cooling air requirement is
not modeled correctly, the gas turbine performance can be
significantly overestimated.

� The correct estimation of turbine cooling requirement
becomes important when operating at high TIT and/or OPR,
as the cooling air requirements have a pronounced effect on
the gas turbine performance.

Nomenclature

A ¼ area (m2)
cp ¼ specific heat (J/kg/K)

cvb ¼ blade/vane cord (m)
D ¼ diameter (m)

Dh ¼ hydraulic diameter (m)
FN ¼ net thrust (kN)

k ¼ thermal conductivity (W/mK)
l ¼ length (m)

ðL=kÞm ¼ thermal resistance (m2 K/W)
_m ¼ mass flow rate (kg/s)

Nu ¼ Nusselt number
Pr ¼ Prandtl number
Q ¼ heat (J)
r ¼ recovery factor

Re ¼ Reynolds number
s ¼ spanwise spacing (m)

St ¼ Stanton number
T ¼ temperature (K)

tm ¼ material thickness (m)
Tu ¼ turbulence intensity

V ¼ velocity (m/s)
x ¼ at a given location (m)
a ¼ injection angle (deg)
l ¼ dynamic viscosity (N s/m2)
q ¼ density kg/m3

Subscripts

abs ¼ absorption
ac ¼ after cooling

aw ¼ adiabatic wall
c ¼ cooling

cc ¼ cooling channel
cf ¼ crossflow

f ¼ fuel
ff ¼ free flow
g ¼ gas
h ¼ hot flow

in ¼ input
iw ¼ inside wall

J ¼ jet
pf ¼ pin-fin

max ¼ maximal
x ¼ streamwise direction
y ¼ spanwise direction
3 ¼ exit of high pressure compressor

Table 14 Engine performance at cruise and hot day take off

SLS ISAþ 15K Cruise

Parameters Empirical model In-house cooling model Empirical model In-house cooling model

BPR 14.3 14.6 14.6 14.9
FPR 1.49 1.46 1.5 1.47
OPR 68 67 70 70
HPT inlet temperature (K) 2168 2278 1791 1892
LPT inlet temperature (K) 1451 1436 1178 1168
Inlet air mass flow rate (kg/s) 1122 1159 471 494
HPT cooling fraction (%) 24 34 24 34
LPT cooling fraction (%) 0.1 0 0.1 0
FN (kN) 300 300 47 47
Thrust specific fuel consumption (g/kN/s) 6.8 6.9 13.5 13.8
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4 ¼ turbine inlet
23 ¼ exit of low pressure compressor
1¼ free stream

Abbreviations

AMOT ¼ maximal allowable metal temperature (K)
BPR ¼ bypass ratio
HPC ¼ high pressure compressor
HPT ¼ high pressure turbine
ISA ¼ International Standard Ambient
LPC ¼ low pressure compressor
LPT ¼ low pressure turbine

NGV ¼ nozzle guide vane
OPR ¼ overall pressure ratio

PR ¼ pressure ratio
SLS ¼ sea level static
TIT ¼ turbine inlet temperature (K)
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