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ABSTRACT 
Conventional heat transfer design methods for turbine 

airfoils use 2-D boundary layer codes (BLC) combined with 
empiricism.  While such methods may be applicable in the mid 
span of an airfoil, they would not be very accurate near the end-
walls and airfoil tip where the flow is very three-dimensional (3-
D) and complex.  In order to obtain accurate heat transfer 
predictions along the entire span of a turbine airfoil, 3-D 
computational fluid dynamics (CFD) must be used.  This paper 
describes the development of a CFD based design system to 
make heat transfer predictions.  A 3-D, compressible, Reynolds-
averaged Navier-Stokes CFD solver with k-ω turbulence 
modeling was used.  A wall integration approach was used for 
boundary layer prediction.  First, the numerical approach was 
validated against a series of fundamental airfoil cases with 
available data.  The comparisons were very favorable.   
Subsequently, it was applied to a real engine airfoil at typical 
design conditions.   A discussion of the features of the airfoil 
heat transfer distribution is included.   

NOMENCLATURE 
Lscale Turbulence length scale (as fraction of reference 

length) 
Re Reynolds Number 
S Surface Distance from the Airfoil Geometric Leading 

Edge to the Trailing Edge, at Constant Percent Span, 
Non-Dimensionalized: ( 0 to +1 on the Suction 
Surface, 0 to –1 on the Pressure Surface) 

TI Turbulence Intensity (%) 

y+ Non-Dimensional Near-Wall Distance: 
µ

ρ τ yu
y =+  

INTRODUCTION 
In order to achieve higher performance and efficiency, 

modern gas turbine engines are operating at increasing 
s.asmedigitalcollection.asme.org on 06/29/2019 Terms of Us
temperatures which has a serious impact on turbine durability 
and life.  In addition, the flow field in a turbine passage is 
extremely complex and three-dimensional making it difficult to 
predict the thermal loads, since the local convective heat transfer 
is coupled with the complicated aerodynamics.  Intricate cooling 
schemes in turbine components (film, impingement, etc.) are 
used which further complicate the flow field and, thus, the 
prediction process.   

Numerous papers on turbine heat transfer have been 
published in recent years by both university and industry 
researchers indicating the importance of this subject.  In his 
keynote address in 2001, Dunn [1] presented a very thorough 
review of axial flow turbine heat transfer, including the current 
state-of-the-art.  In the section on external heat transfer without 
film cooling (section 4.1), Dunn reviews how prediction 
techniques have progressed in the past 50 years: from flat plate 
correlations to boundary layer solvers, to coupled 
inviscid/viscous regional solutions, to solution methods for the 
steady and unsteady Navier-Stokes equations, using CFD.    The 
potential advantages of using CFD for turbine heat transfer 
prediction are that heat transfer solutions can be obtained over 
the entire airfoil passage, including the hub, casing, and tip; and 
that the heat transfer in regions of complex flow physics 
(leakage vortex, secondary flows, stagnation point, etc.) can also 
be determined.   

Dunn [1] also reviewed the state-of-the-art in time resolved 
airfoil heat transfer CFD predictions, showing the prediction 
results of Giel, et al. [2,3], Taulbee, et al. [4], Abhari, et al. [5], 
Dunn, et al. [6], and Bergholz, et al. [7].  Dunn concluded that 
turbine airfoil heat transfer predictions using CFD show 
promise, but that considerable effort remains before CFD for 
heat transfer predictions is as common as CFD for turbine 
aerodynamic predictions.   

Since the review by Dunn, more recent work has been 
performed on the subject of turbine heat transfer predictions 
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using CFD. Boyle, et al. [8] studied the effects of free stream 
turbulence on turbine heat transfer. Four different turbulence 
models were evaluated within the framework of NASA’s CFD 
code.  York and Leylek [9] used the Fluent code to make heat 
transfer predictions on a vane configuration for which 
experimental data was obtained by Hylton et al. [10]. The 
special aspect of this analysis was that conjugate conduction 
through the vane solid as well as convection in the internal 
passages were included in the calculation.  Bohn’s group at 
Aachen [11,12] have also been working on the inclusion of 
conjugate blade effects in the presence of film cooling.  Very 
impressive surface metal temperature comparisons have been 
made against thermal index paint measurements.  Heidemann et 
al. [13] also made heat transfer predictions in the presence of 
film cooling using a code from NASA that they adapted.    

The overall objective of this study is to develop a heat 
transfer design system for gas turbine blades and vanes based on 
3-D CFD with wall integration.  Accurate predictions of this 
flow field, as well as the local wall-surface heat transfer 
coefficients, are critically important to the design of components 
that must withstand high temperature conditions.  The CFD 
code used was a modern turbomachinery solver, previously used 
solely for aerodynamic computations, but now applied to predict 
turbine airfoil heat transfer.  The approach used was to first 
validate the predictions against fundamental airfoil data.  When 
comparing with available heat transfer data on a particular 
airfoil at various locations, a +/- 10% deviation on average over 
all the data points between predictions and experiments is 
regarded as being acceptable.  Subsequently, an engine case was 
considered for which the flow characteristics and heat transfer 
results were calculated and described.  All results presented in 
this study are for smooth surfaces only.  Surface roughness has 
the effect of increasing heat transfer but has not been considered 
in this paper. 

BLC BASED HEAT TRANSFER DESIGN SYSTEM 
Traditionally, airfoil external heat transfer design methods 

have used boundary layer codes (BLC).  The industry standard 
code is the STAN5 code [14] that used to be and is still being 
used worldwide for numerical analysis of boundary layers.  The 
advantages of a boundary layer code are speed and simplicity.  
They run very fast and a user can get results in a matter of 
minutes on almost all computers.  If the flow is essentially two-
dimensional and does not separate, this would be the ideal tool 
for a turbine designer.  In addition, any empirical data and past 
experience can be quite easily built into a BLC based heat 
transfer design system.   
 
CFD BASED HEAT TRANSFER DESIGN SYSTEM 

The CFD based heat transfer design system uses the GE 
proprietary CFD flow solver TACOMA ([15], Turbine And 
COMpressor Aero).  TACOMA is a fully 3-D, compressible, 
Reynolds-averaged Navier-Stokes flow solver.  The solver uses 
a Runge-Kutta time marching approach, based on the cell-
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centered, finite volume methods of Jameson [16].  While 
TACOMA is a very well established aerodynamic CFD solver 
within GE, the efforts to use it for heat transfer predictions are 
more recent. 

TACOMA has the capability of applying viscous wall 
boundary conditions using two different approaches: using 
“Wall Functions” or “Wall Integration”.  With wall functions, 
wall boundary conditions are set so as to produce a log-law 
solution at the wall-adjacent cell center.  The term “Wall 
Integration” comes from the cell-centered CFD methodology, 
and refers to the integration of fluxes into and out of the grid 
cells near the wall in the same fashion that cells away from the 
wall are treated.  In order to carry out the integration via finite-
difference approximations, the computational mesh must be 
sufficiently refined near the wall as to resolve the large gradients 
in the viscous sublayer of the boundary layer.  With wall 
integration, wall boundary conditions for momentum, turbulent 
kinetic energy, and mean energy equations become simply no-
slip and fixed temperature, respectively.  For wall integration, 
the grid spacing adjacent to the wall should be maintained such 
that the y+ values are well under unity.  The TACOMA flow 
solver uses the k-omega two-equation turbulence model of 
Wilcox [17] for both wall function and wall integration 
solutions.  Many more details of the numerical approach in 
TACOMA can be found in the paper by Tallman [18]. 

A structured, multi-block mesh generation system called 
“MBGrid” was used to generate all of the computational grids 
for this study.  MBGrid is a general-purpose, scripted grid 
generation tool geared for turbomachinery CFD applications.  It 
is built around two commercially available software packages: 
UniGraphics [19] for geometry generation/manipulation and 
ICEM-HEXA [20] for the grid generation.  MBGrid uses an 
advanced, Quarter-O grid blocking topoplogy that allows for 
reduced grid skewness in the downstream portion of a turbine 
blade-row.  The MBGrid system outputs an elliptically 
smoothed structured hexagonal grid with near-wall 
orthogonality and grid clustering necessary for a Tacoma wall 
integration solution.     

All TACOMA turbine computations were performed in 
parallel over anywhere from 4 to 16 processors (clock speed 2.4 
GHz each) of a linux cluster.  Depending on the case, converged 
solutions were obtained in anywhere from 4 to 12 hours.  
Convergence of the solution was determined by monitoring the 
error in the velocity solution (local, average, and maximum), the 
net mass flow rate through the blade row, and exit mass-average 
total pressure and temperature.  Additionally, changes in the 
airfoil heat transfer solution were also used as an indicator of 
convergence.     

The heat transfer coefficients on the airfoil have to be 
calculated based on some reference temperature.  This reference 
temperature is either the recovery temperature or the adiabatic 
wall temperature.  If the recovery temperature is used as 
reference, one TACOMA solution has to be run with specified 
wall temperature boundary conditions from which the heat flux 
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distribution on the airfoil is obtained.  The recovery temperature 
distribution around the airfoil is calculated in the same solution 
based on a recovery factor (0.8 to 0.9 usually), the inlet total 
temperature and the pressure distribution on the airfoil [21].  If 
the adiabatic wall temperature is used as reference, two 
TACOMA solutions are run: the first run with adiabatic wall 
boundary conditions which provides the adiabatic wall 
temperature distribution around the airfoil and a second run 
with specified wall temperature boundary conditions that 
provides the heat flux distribution.  

RESULTS 
2-D Air Turbine Rotor 

The first airfoil test case considered was a 2-D air turbine 
rotor.  In 1971, a series of heat transfer tests on the rotor blade 
of a single stage turbine was performed in the Advanced Engine 
Air Turbine facility at GE-Aircraft Engines.  While details of 
the experimental setup are given in Zerkle and Lounsbury [22], 
some information will be given here.  This rotor case was 
chosen because it was used previously in [22] for the boundary 
layer code comparisons.  

The heat transfer data was obtained from full scale blades 
of constant cross-section.  Four instrumented blades were placed 
equally spaced around the rotor.  One blade was used to obtain 
data in the stagnation region, two blades in the mid-chord region 
and the fourth blade in the trailing edge region.  All the airfoils 
were electrically heated and had thermocouples at the pitch line.  
The incoming gas was held constant at 90 deg F and the blade 
surface temperature fixed at 145 deg F.  Maximum inlet pressure 
in the facility was 125 psia.  The uncertainty in the heat transfer 
coefficient data has been reported to be +/- 10%. 

The tests were conducted at a series of inlet to exit pressure 
ratios/incoming Reynolds numbers.  The approach free stream 
turbulence intensity (TI) was not measured in the experiment (it 
should be pointed out that the intensity was measured for the 
next two validation airfoils that follow).  Two different test 
cases corresponding to two different inlet Reynolds numbers 
were considered for the TACOMA simulations.  The inlet 
turbulence intensity and length scales were independently varied 
to study their individual impacts on the predicted TACOMA 
heat transfer. 

A two-dimensional wall integration grid for this geometry 
was created that contained a total of about 175,000 cells which 
was sufficiently refined to be grid independent from the 
standpoint of heat transfer predictions.  Figure 1 shows the 
pressure distribution around the airfoil as calculated by 
TACOMA compared to data.  The region XNORMD<0 
indicates the pressure side (PS) of the airfoil and the 
XNORMD>0 region is the suction side (SS) with the stagnation 
point at XNORMD=0.  This is the convention used in all results 
to follow.  The agreement between CFD and data is excellent.  
The data suggests a sharp drop in pressure on either side of the 
stagnation point which is captured by the predictions.  On the 
pressure side, the data suggests an adverse pressure gradient 
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initially followed by a sharp decrease close to the trailing edge 
which has also been well predicted by TACOMA. 

Figure 2 shows the TACOMA predicted HTC (heat transfer 
coefficient) distribution with inlet Re=115,000 by setting a 
varying inlet turbulence intensity from 1-15% and at a fixed 
inlet length scale.  On the suction side of the airfoil, TACOMA 
indicates almost no effect of the turbulence intensity while on 
the pressure side, the HTC’s increase slightly when the TI 
increases from 1% to 8% but subsequently shows no increase as 
TI increases to 15%.  Best overall agreement with the data has 
been obtained in the TI=8-15% range.  It should be pointed out 
that at S=-0.25, the data point is significantly higher than the 
prediction (the prediction is about 40% below the data).  A valid 
explanation could not be found given that the predictions agree 
with the data much better at the other locations.  Excellent 
agreement has also been achieved with the data at the stagnation 
point with TACOMA.  It must be noted that in a 3-D CFD code, 
no special treatment of the stagnation point is required and heat 
transfer predictions are made on both the pressure and suction 
sides of the airfoil together with the stagnation point.  With a 
boundary layer code, however, the pressure and suction sides 
are solved separately with an inherent singularity at the 
stagnation point.  Design practices typically resort to cylinder in 
cross flow and other types of correlations for the stagnation 
region.  When the prediction to data differences in Figure 2 are 
averaged around the entire airfoil, CFD under-predicts the data 
by 9.1%. 

Figure 3 shows the corresponding results for a fixed 
turbulence intensity with varying inlet length scale.  The inlet 
length scale set is a fraction of the upstream chord dimension.  
The length scale does not appear to have much impact on the 
suction side heat transfer but some influence on the pressure 
side heat transfer.  A length scale of 10% gives the best 
agreement of TACOMA with data. 

Figure 4 shows results at a higher Reynolds number.  
Results are similar to the earlier figures.  The suction side 
predictions go right through most of the data points except at 
S=0.4 where the data is significantly higher than the prediction 
and is possibly an outlier.  The pressure side is also in 
reasonably good agreement.  Again, like before, the stagnation 
heat transfer is predicted very well.  When averaged over the 
entire airfoil in Figure 4, CFD under-predicts the data by 5.3%. 
 
Turbine Inlet Nozzle 

The next airfoil case considered was a turbine inlet nozzle.  
This was a linear vane for which data was obtained in a cascade 
test facility described in detail in a paper by Bunker [23].  The 
test section is comprised of five airfoils and four passages 
placed in a linear arrangement.  The center airfoil is the heat 
transfer airfoil (7 cm. chord length and 9.04 cm. span) operating 
under a constant heat flux boundary condition.  The inlet total 
pressure could be varied up to 5 atmospheres, the overall 
pressure ratio was 1.86.  The cascade is transonic operating at 
an inlet Mach number of 0.11 and exit Mach number of 0.98.  
3 Copyright © 2005 by ASME 

e: http://www.asme.org/about-asme/terms-of-use



Down
The heat input to the heaters were measured suitably corrected 
for lateral conduction.  Thermocouples on the airfoil surface 
measured wall temperatures.  The inlet turbulence intensity was 
measured. 

A wall integration mesh for this airfoil geometry was 
generated using MBGRID and contained a total of about 1.6 
million cells.  TACOMA was run at exactly the same boundary 
conditions as the experiment.  The inlet turbulence intensity set 
in TACOMA was precisely the same as the measurement.  
Figure 5 shows the HTC distribution.  This figure also shows 
the heat transfer prediction using TACOMA with wall 
functions.  The wall function grid for this calculation had about 
300,000 cells.  On the pressure side, the wall integration 
solution is just below the data error bands while the wall 
function solution is just above the error bands.  On the suction 
side, the wall integration prediction goes through the data for the 
most part except for a small region near the trailing edge, while 
the wall function calculation significantly over-predicts the data.  
Also, the wall function solution is unable to predict the 
stagnation heat transfer while with wall integration, excellent 
agreement is achieved as seen earlier with the 2-D air turbine 
rotor as well.  Overall, clearly, the use of wall integration 
produces a far more improved heat transfer prediction relative to 
wall functions.  When averaged around the entire airfoil, the 
TACOMA wall integration solution deviates from the data by 
7.6% while the wall function solution deviates by much more 
than 10%. 

 
3-D OSU Turbine 

The next test case considered was a 1.5 stage high-pressure 
turbine investigated experimentally at the Ohio State University 
Gas Turbine Laboratory Turbine Test Facility (TTF) by 
Haldeman and Dunn, et al. [24, 25].  This case is an actual 
engine high-pressure turbine geometry at its correct scale, 
operating at the engine’s design corrected speed and pressure 
ratio.  Additionally, the gas-to-metal temperature ratio in the 
case is appropriately representative of that in the actual engine. 
For a thorough description, the reader is referred to the 
experimentalists’ references listed above.  A short description of 
the TTF facility is also given in [20]. 

The specific turbine geometry is a modern, three-
dimensional geometry and blade row configuration found in a 
current gas turbine engine, without the geometry and flows 
associated with cooling, as well as without surface roughness.  
The scale of all geometry is the same as that in the real engine.  
Three blade rows were included in the experimental turbine: a 
high-pressure vane row with 38 airfoils, a high-pressure rotor 
blade row with 72 airfoils, and a low-pressure vane row with 38 
airfoils.  The high-pressure vane and high-pressure blade rows 
are the focus of the CFD predictions in the current study.  For 
both the high-pressure vane and high-pressure blade, various 
airfoils were instrumented for pressure and heat transfer 
measurements along the airfoil surface at 15, 50, and 90% blade 
span, as well as on the hub, casing, and blade tip. 
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Tallman [18] presents the TACOMA results at mid-span in 
great detail.  Excellent agreement with the data was shown in 
that paper.  Similar results were obtained at the 15% span and 
90% span locations but those results will be presented in a 
future paper.  TACOMA results showed very good agreement 
with the data.  For the blade at mid-span, the deviation on 
average from the data was 2.5% and for the vane at mid-span, it 
was 8.1%. 
 
Engine Analysis 

The air turbine rotor, Turbine inlet nozzle and the OSU 
Turbine cases formed the technical basis for establishing the 
validity of the use of TACOMA for heat transfer predictions.  
They also constituted increasing levels of complexity ranging 
from two-dimensional flow to a full three-dimensional flow.  In 
all instances, TACOMA predicted heat transfer coefficients were 
in good agreement with the available data not just at the mid-
span location where the flow/heat transfer behavior is primarily 
two-dimensional but also near the blade hub and tip where the 
flow is far from two-dimensional.  In fact, in these regions, the 
heat transfer is affected significantly by tip vortices and vortices 
coming off the trailing edge above the hub which makes the 
flow three-dimensional and would be where 3-D CFD would 
have the most impact on the predictions.  

Two examples of the flow field near the blade platform and 
near the blade tip are shown in Figures 6 and 7 that indicate it’s 
extreme three-dimensional nature.  Figure 6 has been generated 
by a suitable post-processing of the TACOMA solution.  A set 
of streamlines are originated just upstream of the stagnation 
point above the tip of the blade.  Due to the lower pressure, the 
flow is having a tendency to accumulate on the suction side of 
the airfoil.  The tip vortex is getting visibly stronger further 
downstream on the suction side.  Figure 7 has been generated by 
starting a rake of streamlines in the circumferential direction all 
of which are at a fixed height above the platform.  The airfoil is 
being viewed from the pressure side looking towards the suction 
side.  The contours on the airfoil are temperature contours.  The 
solid blue streamlines originate in the forward purge cavity 
ahead of the blade.  The red streamlines originate in the hot gas 
stream at the inlet of the CFD domain.  The interaction between 
the cool purge gas and the main hot gas path is highly three-
dimensional in nature as shown in Figure 7.  A portion of the 
purge flow (primarily the blue lines on the pressure side) 
remains close to the hub reducing the platform temperature near 
the leading edge and in the forward portion of the platform in 
general.  Another portion of the purge flow (blue lines on the 
suction side) is lifted off the platform along the suction side 
mixing with the hot gas stream.  The hot gas near the platform 
also has a tendency to lift along the suction side and drop 
towards the rear portion of the platform on the pressure side.  
The latter portion of the hot gas stream that dips towards the aft 
portion of the platform has a tendency to increase the 
temperature in the aft cavity.  It is this complex behavior of the 
streamlines converging to the platform/hub on the pressure side 
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and moving away from the platform on the suction side that 
highlights the importance of using 3D CFD to predict heat 
transfer.  

Figures 8 and 9 show heat transfer coefficient and adiabatic 
wall temperature contours on the un-wrapped blade.  The x-axis 
is the distance around the blade and the y-axis is the span-wise 
dimension going from the hub to the tip.  The left half is the 
pressure side and the right half is the suction side.  It is 
immediately obvious from these figures that the flow is very 
three-dimensional.  With a BLC approach, the temperature and 
HTC distributions on the airfoil would be primarily two-
dimensional whereas CFD indicates otherwise.  The complex 3-
D flow patterns near the hub and the tip (Figures 6 and 7) result 
in the three-dimensionality of the temperature field.  The 
leakage vortex shown in Figure 6 has the effect of increasing 
heat transfer along the path of the vortex i.e. on the suction side 
from near the tip dipping down towards 90% span.  That is the 
streak of high H in the upper right hand corner of the contour 
plot in Figure 8.  The streamline pattern in Figure 7 near the hub 
can explain the temperature contours in Figure 9.  It may be 
recalled in the discussion of Figure 7 that the streamlines 
originating from the purge cavity travel upwards along the 
suction side and mix with the hot gas whereas on the pressure 
side, the cool purge flow remains on the platform.  These two 
flow paths have the effect of reducing the temperature on the 
suction side where the purge flow traverses up the suction side 
of the airfoil (as shown in the lower right-hand side of the 
contour in Figure 9) compared to the pressure side which is 
dominated by hot gas streamlines dipping towards the platform 
and dominating the pressure side of the airfoil (hence the higher 
evenly distributed contours on the lower left hand side of Figure 
9).  With a BLC approach, one would obtain stream-wise 
variations no doubt but there would not be much span-wise 
variation in behavior.  The 3-D TACOMA predictions show 
significant variation in the span-wise and stream-wise directions 
as is to be expected. 

SUMMARY 
The objective of this paper was to develop a gas turbine 

heat transfer design system based on a 3-D CFD code.  A wall 
integration approach was used for boundary layer prediction.  
The code used was an in-house turbo-machinery CFD code 
called TACOMA that has been used for aerodynamic analysis 
and has now been extended to heat transfer as well.  Three 
different airfoil configurations were simulated using TACOMA.  
TACOMA was used to predict the pressure and heat transfer 
distributions which showed good agreement with data both at 
mid-span as well as end-wall locations.  Following the airfoil 
validation, results from a typical engine case were presented and 
discussed. 
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Figure 1: TACOMA predicted airfoil pressure 
distribution vs. data for the air turbine rotor 
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Figure 2: TACOMA predicted HTC’s for air turbine 
rotor, Re=115000, Lscale=10% of upstream throat 
height. Varying inlet turbulence intensity 
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Figure 3: TACOMA predicted HTC’s for air turbine 
rotor, Re=115000, TI=8%. Varying length scale, L 
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Figure 4: TACOMA predicted HTC’s for air turbine 

rotor, Re=129000, TI=8%. Lscale=10% 
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Figure 5: TACOMA predicted HTC’s for turbine inlet 
nozzle (Wall Integ. & Wall Funct), Re=1.1e6, Tu=8.9% 
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Figure 6: Leakage Vortex Prediction in the tip gap of a 
typical gas turbine blade 
 
 

 
 

 
 
Figure 7: Example streamlines near the hub of a 
typical gas turbine blade 
 
 

 
Figure 8: Heat transfer coefficient contours 
(HTC/HTCmax) on an unwrapped gas turbine blade 
 
 
 

 
Figure 9: Adiabatic wall temperature (T/Tmax) 
contours on an unwrapped gas turbine blade 
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