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Anautomated procedure is presented for the conjugateNavier–Stokeswith heat conduction design and analysis of

film-cooled turbine airfoil sections. In this procedure, the internal-cooling plenums inside of the airfoil and the layer

of thermal barrier coating are automatically constructed and computational grids for the main flowpath, cooling

plenums, turbine walls, thermal barrier coating, and cooling tubes are generated. Embedded overlaid grids are used

for the cooling tubes, allowing for any arbitrary placementwithout regridding of themain flowpath, turbinewalls, or

cooling plenums. Themultidisciplinary use of embedded overlaid gridsmakes this approach unique and effective for

automated optimization procedures. The techniques used to construct the geometry and various computational grids

and the treatment of embedded overlaid grids in the Navier–Stokes procedure are described. Demonstration of the

procedure is provided for a transonic turbine vane.

Nomenclature

cp = specific heat at constant pressure
k = thermal conductivity or turbulent kinetic energy
Pr = Prandtl number
T = temperature
t = time
V = velocity magnitude
Vol = cell volume
x = axial Cartesian direction
y = tangential Cartesian direction
�li = spacing across computational cell in i direction
�n = spacing normal to fluid/wall interface
� = molecular viscosity

Subscripts

c = cooling
f = fluid
s = solid
w = wall
1 = freestream

I. Introduction

D ESIGN and analysis of film-cooled turbine blades is a complex
task involving not only the thermal analysis of the airfoil metal

and coatings, but also the fluid dynamic analysis of the cooling-flow
effects on the outer surface heat transfer and aerodynamics. The

mass, momentum, and thermal effects of the cooling flows were first
modeled as surface transpiration source terms in main flowpath
Navier–Stokes simulations by Dorney and Davis [1,2]. This
approach allowed for efficient optimization of the cooling-hole
locations, blowing ratios, and injection angles in two-dimensional
airfoil section analysis or three-dimensional airfoil design. It did not,
however, provide any thermal information regarding the airfoil metal
or the interaction between the airfoil metal and internal, external, or
cooling-tube flowfields. Details of the mixing between the cooling
and main flowpath flows were also absent.

Much research has been ongoing over the past several decades
related to turbine film-cooling using flowfield analysis without
solving the heat conduction in the airfoil material. Navier–Stokes
analyses of the interaction between the cooling flow and main
flowpath were attempted as early as 1978 using parabolized numer-
ical techniques [3]. Since then, time-marching Navier–Stokes
analyses have been increasingly used to analyze the interaction
between the cooling flow and main flowpath, focusing on issues
related to proper grid resolution [4–8], turbulence modeling [9–11],
and accurate prediction of cooling effectiveness [12,13]. Several
other research efforts have focused on predicting the mixing-flow
physics between the injected cooling air and the freestream that are
due to cooling-hole shape [14,15] and entrance effects [16]. Dawes
et al. [17] developed a 3-D automated unstructured-grid generation
procedure using an octree-based cut-Cartesian method with a level-
set geometry representation. Heidmann et al. [18] investigated the
three-dimensional heat transfer of a turbine vane, including the
cooling plenums, cooling holes, and external flowpath. Amultiblock
structured computational grid was used for all regions of the flow in
conjunction with a fixed wall temperature boundary condition. The
disadvantage of these types of flow analyses for heat transfer
prediction lies in the requirement of either a prescribed surface
temperature or heat flux distribution, which is usually unknown to
sufficient detail.

Recent advances have been made in coupling flowfield analysis
with heat conduction analysis for the airfoil materials in conjugate
heat transfer simulations. Several of these efforts have focused on
comparison between traditional heat transferwith conjugate analyses
[19] and the effect of turbulence modeling [20] and geometry [21–
23] on the heat transfer of film-cooled turbines. In several other
efforts, progress has been made in automating the arduous task of
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model construction and grid generation. Dawes et al. [24] recently
extended their octree-based unstructured-grid approach for
conjugate simulations in film-cooled turbines. Goormans-Francke
et al. [25] developed a semi-automated multiblock structured-grid
approach for film-cooled turbine conjugate heat transfer simulations.
Yamane and Yamamoto [26] demonstrated the possibility of using
multiblock overlaid structured grids for these types of conjugate
simulations.

In the current effort, an automated approach for designing and
analyzing the aerothermal fields of a two-dimensional film-cooled
turbine airfoil section is described and demonstrated. The purpose of
this procedure is to provide designers with a single tool to optimize
turbine metal temperature distributions, cooling effectiveness, and
aerodynamic performance early in the design cycle. The procedure
consists of a technique to generate a multiplenum internal-cooling
geometry for a specified airfoil shape and automatically creates the
computational grid in both the solid and fluid domains. Overlaid
grids are used for the film-cooling tubes to allow cooling air to pass
from the internal plenums, through the solid, and into the main
flowpath. This provides a uniquefirst-time demonstration of overlaid
grids in conjunction with multiblock point-matched grids for a
multidisciplinary simulation. A similar approach was recently
suggested by Yamane and Yamamoto [26], but multidisciplinary
overlaid grids and realistic turbine applications were absent in their
investigation. The time-averaged unsteady solutions for the solid and
flowfields are provided using parallel procedures targeted for a desk-
side cluster of CPUs/cores or combined CPUs/GPUs (graphical
processing units). Time-averaged unsteady detached-eddy simu-
lations are preformed for the turbulent flow to provide the effects of
self-excited unsteadiness on aerothermal performance. These numer-
ical techniques are described and the procedure is demonstrated for a
turbine vane with conditions similar to those found in an advanced
low-bypass turbofan engine.

II. Geometry/Grid Generation Procedure

The MBFLO [20] two-dimensional Navier–Stokes procedure
has been the computational platform used for the current
investigation, along with the CASCADE [27] grid generation
procedure. The CASCADE procedure generates an OHHH grid for
any turbomachinery cascade section, where an O-grid surrounds
the airfoil and H-grid blocks are upstream of the leading edge,
downstream of the trailing edge, and through the midpassage.
Further decomposition of these blocks is automatically performed to
enable parallel computing and fast turnaround of Navier–Stokes
solutions. Figure 1a shows an outline of the OHHH grid blocks, and
Fig. 1b shows the resulting grid decomposition for a transonic turbine
vane.

A. Cascade Procedure

During the current investigation, the CASCADE grid generator
was extended to automatically construct cooling plenums, metal
walls, thermal barrier coatings (TBCs), and cooling tubes based on
additional prescribed design information. This information included
the number of interplenum walls, the airfoil wall and TBC
thicknesses, the number of cooling tubes, and the trailing-edge
strategy (plenum or solid). For each interplenum wall, the axial
coordinate of the intersection points with the upper and lower
surfaces of the airfoil are prescribed, along with the interplenumwall
thickness. In addition, the total pressure and total temperature
incoming to that plenum is prescribed (to be discussed further
below). For each cooling tube, the axial coordinate at which the
cooling tube exits into the main flowpath and at which (upper or
lower) side the cooling tube exits are prescribed, along with the
cooling-tube diameter and angle. The cooling-tube angle can be
referenced either to the absolute positive horizontal or relative to the
surface tangent at the injection site. The automated construction of
the cooling plenums, wall, thermal barrier coating, and film-cooling
tubes will now be discussed.

B. Automated Cooling Plenum, Wall, TBC, and Tube Construction

Generation of the cooling plenums, wall and TBC surfaces, and
cooling tubes is performed in eight steps:

1) Create the inner and outer boundaries of the thermal barrier
coating, if it exists. The TBC thicknessmay be added to or subtracted
from the specified airfoil coordinates normal to the surface
depending on if the specified TBC thickness is positive or negative.
Since the TBC is usually very thin relative to the metal wall
thickness, the creation of the appropriate (inner or outer) TBC
boundary is straightforward.

2) Locate the nearest computational point in the main flowpath O-
grid to the prescribed upper and lower interplenum points. This step
essentially divides the area inside of the airfoil into plenum domains.

3) Determine how many computational points will exist along
each interplenum wall. This is determined from the average grid
spacing on the airfoil main flowpath surface used in the O-grid and
the length of any given interplenum wall. Points are evenly
distributed along each interplenumwall. As a result of this step, each
plenum wall has an associated outer discretized boundary.

4) Determine the locus of points that defines the wall inner
boundary (see Fig. 2). Initially, one may take the strategy of
identifying the inner wall boundary by simply projecting the surface
normal by the prescribed airfoil wall thickness. This strategy works
well for thin-airfoil wall thicknesses but is not acceptable for nominal
wall thicknesses, where overlapping occurs in the leading- and
trailing-edge regions, due to high curvature. To avoid this problem
andmake the technique robust, a different approachmust be taken. In
the current scheme, the inner wall boundary is found by scaling the
plenum wall outer boundary about the centroid of the plenum outer
wall. This guarantees a nonoverlappingwallmesh. The scaling factor

Fig. 1 Turbine vane main flowpath blocks. Fig. 2 Metal wall construction.
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is determined from an iterative procedure in which the difference
between the average normal distance between inner and outer walls
and the desired airfoil wall thickness is driven to zero. The result of
step 4 leads to the desired average airfoil wall thickness, but does not
guarantee that the interplenum wall thicknesses are kept at the
prescribed values.

5)Correct the interplenumwall thickness bymoving the innerwall
location along each interplenumwall such that the normal distance is
one-half (due to the O-grid topology) of the prescribed interplenum
wall thickness. The corner regions of the inner wall can sometimes
take on a shape that is not consistent with the outer wall boundary,
requiring some smoothing of those regions. The inner boundary of
the wall also becomes the outer boundary of the plenum.

6) Construct the inner boundary of the plenum, where the flow
enters the plenum, by scaling the outer boundary of the plenum about
its centroid (as shown in Fig. 3). Currently, a fixed scale factor of 0.2
is chosen.

7) If a plenum is desired in the trailing-edge region, then use steps
2–5 to create it. However, if a solid trailing-edge region is desired (as
shown in Figs. 2 and 3), then the outer wall of that region is defined
from the interplenumwall closest to the trailing edge and the points in
the main flowpath along the outer surface of the airfoil.

8) Generate cooling tubes from a fixed generic domain that is
scaled, translated, and rotated appropriately before their placement to
the desired regions.As stated above, the strategy for the cooling tubes
is to use overlaid grids, thereby allowing for arbitrary placement. The
generic domain starts with a 1 � 1 unit model. The length of any
given cooling tube can be determined from a distance that traverses
along the particular cooling-tube angle froman appropriate point into
the main flowpath O-grid to an appropriate point into the desired
plenum grid. The height of the cooling tube is scaled to be the
prescribed effective cooling-tube diameter. Cooling tubes are then
placed at the prescribed locations (see Fig. 4). Upon completing this
step, the computational grids in all regions can be generated. Note
that by constructing the cooling tubes in this fashion, they may be
modified, added, or subtracted easily without affecting the remainder
of the blocks/grids.

C. Automated Grid Generation

The computational grids inside of the airfoil are algebraically
generated initially and then smoothed using a Poisson smoothing
algorithm [28,29]. An O-grid topology is used for the plenums and
walls, with the exception of an optional trailing-edge solid wall grid,
where an H-grid topology is used. Figure 5a shows examples of the
O-grids used for the plenums and walls, and Fig. 5b shows an
example H-grid used for a solid trailing-edge wall. The O-grid
topology used in the plenum allows the grid to be clustered near the
wall and provides accuracy and stability for the turbulence model.

The computational grid for the TBC consists of an O-grid around
the airfoil that is similar to the main flowpath O-grid. The TBC

O-grid is subsequently subdivided in the streamwise direction, just as
with the main flowpath grid, to reduce memory requirements. The
wall and TBC grids are uniformly spaced normal to the wall
boundaries.

The computational grids used for the cooling tubes have anH-grid
topology inwhich the grid is stretched from each cooling-tubewall to
the centerline of the cooling tube. Figure 6 demonstrates how the
cooling-tube grids are placed to connect the internal plenums with
themainflowpath. Asmentioned above, the placement of the cooling
tubes is currently controlled by the user, but could just as easily be
performed using an automated design optimization procedure.

Details of the original grid generation of the main flowpath and
subsequent decomposition are described in [27]. The resulting
overall computational grid produced from the extended CASCADE
procedure for the example turbine is shown in Fig. 7.

III. Flow Solution Procedure

The unsteady Favre-averaged governingflowfield equations for an
ideal compressible gas in the right-handed Cartesian coordinate
system using relative-frame primary variables are used in the
MBFLO code. Additional governing equations are also solved, as
developed by Wilcox [30–32] for the transport of turbulent kinetic
energy and turbulence dissipation frequency in regions of the flow
where the computational grid or global time-step size cannot resolve
the turbulent eddies. In regions of the flow where the larger-scale
eddies can be resolved with the computational grid, techniques
borrowed from large-eddy simulation are used to represent the
viscous shear and turbulent viscosity. The large-eddy subgrid model
described by Smagorinsky [33] is modified according to the
detached-eddy considerations described by Strelets [34] and Bush

Fig. 3 Plenum construction.

Fig. 4 Cooling-tube construction.

Fig. 5 Grids used internal to the turbine airfoil (every other grid point

shown in each direction).
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and Mani [35]. In this model, the turbulent viscosity is determined
with

�t � �lle
���
k
p

(1)

where lle is an eddy length scale, proportional to the grid/time-step
filter width �:
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In addition, the dissipation term ���k! of the Wilcox [30–32]
turbulent kinetic energy transport equation is limited by the eddy
length scale lle, according to
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where Cdes is a proportionality coefficient with a value of 0.65.
The mass, momentum (Navier–Stokes), and energy conservation

equations are solved using a Lax–Wendroff control-volume time-
marching scheme as developed by Ni [36], Dannenhoffer [37], and
Davis et al. [38,39]. Numerical solution of unsteady flows can be

performed with either the explicit [36] or a dual-time-step procedure
[40]. These techniques are second-order-accurate in time and space.
A multiple-grid convergence acceleration scheme [36] is used for
steady Reynolds-averaged solutions and the inner convergence loop
of unsteady simulations using the dual-time-step scheme. MBFLO
has 2-D [27] (shown here), axisymmetric [41] (with and without
swirl), and 3-D [42] versions.

Parallel versions of the MBFLO suite of codes exist in addition to
the serial versions. Parallelization is performed using the message-
passing interface (MPI) library [43] for CPU/core clusters or using
both MPI and CUDA§ libraries for CPU/GPU clusters. Parallel
efficiency using MPI on CPU/core clusters has been benchmarked
[27] at 85%. Speedups from 7 to 10.5 have been benchmarked
[44,45] on CPU/GPU clusters over an equivalent number of CPUs/
cores.

TheMBFLO2 code has been extended to compute overlaid blocks
and point-matched blocks for either fluid or solid domains. This
provides a unique capability that significantly increases the flexi-
bility to model complex configurations without the need to spend
large resources for grid generation. Figure 8 shows a flowchart of the
original (point-matched) solution procedure in solid-line boxes, with
the additional kernels to handle fluid or solid overlaid blocks shown
in dashed-line boxes. Any combination of overlaid grids can be
handled, includingfluid blocks overlaid ontofluid or solid blocks and
solid blocks overlaid onto fluid or solid blocks.

A. Flow Treatment in Cooling Tubes

The cooling-tube blocks are overlaid onto both fluid and solid
blocks, as shown in Fig. 6. The cooling-tube blocks are a unique
application of overlaid grids, in that the values of the primary vari-
ables and their changes at all points along all edges are interpolated
from the underlying fluid and solid blocks as boundary conditions.
These blocks also have greater local grid densities than their
underlying blocks. As such, the solutions in these blocks are consid-
ered to be superior to that of the points in the underlying blocks
containedwithin the boundaries of the cooling-tube blocks. Thus, the
cooling-tube blocks could be considered to be embedded blocks.

In those regions where the cooling-tube blocks are overlaid onto
fluid blocks (in the cooling plenums and main flowpath), the flow
primary variables at the boundaries and ghost nodes are interpolated
from the underlying fluid blocks. In those regions where the cooling-
tube blocks are overlaid onto solid blocks (over the wall and TBC),
the temperature at the tube block boundaries is interpolated from the
underlying solid blocks as an initial step of the conjugate boundary
condition treatment (described below).

After the flow equations are integrated in the cooling tubes and
physical boundary conditions are applied in all blocks before
updating the primary variables, the changes in the flow primary
variables are corrected at the boundaries of the cooling-tube blocks.
This keeps the cooling-tube boundary primary variables consistent
with the underlying block values. In those regions where the fluid
cooling-tube blocks are overlaid onto fluid blocks, the changes of the
primary variables are interpolated from the underlying fluid blocks.
In those regions where the cooling-tube blocks are overlaid onto
solid blocks, the conjugate and no-slip boundary conditions,
described below, are applied.

B. Treatment of Blocks Underlying Cooling Tubes

As previously mentioned, the cooling-tube blocks have overlaid
boundaries on all sides, making them essentially embedded blocks
with greater grid densities and a superior solution. As a result, all
primary variables in regions of fluid blocks that are overlaid by the
cooling-tube fluid blocks are replaced with interpolated values from
the cooling-tube blocks. Interpolation of the solution at points in the
underlying blocks makes the variables consistent and makes
communication between the blocks stronger.

Fig. 6 Embedded overlaid grids used for cooling with internal and

main flowpath O-grid (every other grid point shown in each direction).

Fig. 7 Overall conjugate grid (every other grid point shown in each

direction).

§Data available online at http://developer.nvidia.com/object/cuda_
training.html [retrieved 2010].
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Similarly, the temperature in regions of solid blocks that are
overlaid by the cooling-tube fluid blocks is replaced with the fluid
temperature after each update of the fluid variables. The purpose of
this treatment is to replace the solid with the fluid in those regions. In
essence, the overlaid cooling-tube blocks drill holes through the solid
wall blocks. Again, the advantage of using overlaid grids for this
purpose is that the grids can be arbitrarily placed without the need for
regridding both the cooling plenums and the main flowpath. Thus,
this approach lends itself very well to automated optimization
schemes.

C. Overlaid-Grid Interpolation

Before the conjugate solution procedure begins as a preprocessing
step, the computational points that lie inside any other block in the
domain (either fluid or solid) are identified using an efficient two-
level search routine. In the first level, each point in a given grid block
is first checked to see if it lies within the bounding box of any other
grid block. The block bounding box is defined as the minimum and
maximum grid coordinates of the points that lie along the perimeter
of the block. If a grid point is determined to be within the block
bounding box, then a second-level search is performed through the
cells of that block to see if the point lies within the bounding box of
the cell. The cell bounding box is simply defined as theminimum and
maximum grid coordinates of the four corners that make up the cell.

If the point is determined to bewithin the bounding box of a cell, then
the interpolation coefficients of that point are determined using a
bilinear shape function.

A list is created that consists of the block number, indices of the
point that was found to be in another block, the block number and cell
indices in which the point was found, and the i- and j-wise
interpolation coefficients. The tolerance for the bounding-box
searches is quite small (10�8), since many points could lie in viscous
flow regions, where the grid spacing is very small. Without the
bounding-box filter, the search would be an N2 operation for two
dimensions and would take considerable time. However, with the
block and cell bounding-box filters, the search can be performed in
seconds.

During the conjugate time-marching iteration, the interpolation of
points that lie inside, on the boundary, or in the ghost nodes of an
overlaid grid can be performed very quickly by looping through the
list of points. InMBFLO2, separate interpolation routines are created
to make processing even more efficient. These routines are shown as
dashed-line boxes in Fig. 8.

D. Boundary Conditions

Conjugate boundary conditions are applied at all interfaces
between fluid and solid blocks, as described below. At the inlet to the
cooling plenums, the total pressure and total temperature are held at

Fig. 8 Flowchart of extended MBFLO procedure.
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prescribed values. The flow angle is held normal to the cooling
plenum boundary pointing inward into the plenum block. As a result
of these boundary conditions, the mass-flow rates of the cooling
tubes are predicted rather than prescribed. The boundary conditions
used in themain flowpath are those typically used in turbomachinery
simulations; the total pressure, total temperature, and flow angle are
held at the inlet and the static pressure is held at the exit.

IV. Thermal Solution Procedure

In solid blocks, the solution to the transient heat conduction
equation, given in Eq. (5), is performed using a finite volumemethod
[46] similar to that used for the flow equations:

�s � cps
@Ts
@t
� ks �

�
@2Ts
@x2
� @

2Ts
@y2

�
(5)

The heat conduction equation is integrated around the primary
mesh cell to obtain spatial first derivatives of the temperature at the
cell centers. This step is followed with a second integration around
secondary mesh cells made by connecting the cell centers sur-
rounding any given node to obtain the spatial second derivatives of
the temperature. For unsteady Reynolds-averaged Navier–Stokes
(RANS) or detached-eddy simulations, a dual-time-step approach
[40] is used that is second-order-accurate in both space and time. A
gather–add operation is used to distribute second derivatives to
appropriate nodal points in the grid. This technique eliminates the
need for ghost nodes of temperature and reduces simulation memory
needs. For steady-flow simulations and during the inner iteration of
the dual-time-step scheme, discretization of Eq. (5) is performed
using a simple explicit backward difference in time. The accuracy of
this technique is first order in time and second order in space. This

method is stable, provided the following condition for simulation
time step holds (where CFL is the Courant–Friedrichs–Lewy
number):

�ts 	
CFL � �s � cps

ks

�
Vol2

�x2 ��y2

�
(6)

For fluid blocks adjacent to solid walls, the conjugate no-slip
boundary condition is applied. This boundary condition [46]
maintains a consistent temperature and heat flux between the solid
and fluid interface:

Ti �
�
kf � Tfw�1

�nf
� ks � Tsw�1

�ns

���
kf
�nf
� ks

�ns

�
(7)

The values of ks, cps, and �s are specified for the solid material.
The value of kf is determined from the flow specific heat cpf , local
value of molecular viscosity �, and specified Prandtl number Pr,
according to

kf �
cpf�

Pr
(8)

V. Results: Demonstration of Procedure

The conjugate design/analysis procedure is demonstrated using a
transonic turbine vane tested experimentally (uncooled) byArts et al.
[47], for which the airfoil/cascade geometry is available and the
computational blocks and grid are shown in Figs. 1–7. The geometry
and flow conditions for the simulations shown below are listed in
Table 1. The grid shown in these figures consists of 52 blocks (27
fluid blocks, 12 solid blocks, and 13 overlaid cooling-tube fluid

Table 1 Geometry and flow conditions of a transonic turbine

Parameters Values Parameters Values

Geometry Turbine metal conditions

Interplenum wall thickness 0.02444 cm (0.096 in.) Wall thickness 0.0209 cm (0.072 in.)
Cooling-tube diameter 0.00488 cm (0.0192 in.) Initial metal temperature 763.3 K (1374 R)
Airfoil axial chord 3.698 cm (1.456 in.) Thermal conductivity 15 W=�mK� (1:8735 lbf=�s R�)
Cascade pitch 5.75 cm (2.2638 in.) Specific heat 480 J=�kgK� (2870:55 ft2=�s2 R�)

Main flowpath conditions Density 8000 kg=m3 (15:52 slugs=ft3)
Inlet total pressure 2096 kPa (43,776 psf) TBC conditions

Inlet total temperature 1680.6 K (3025 R) TBC thickness 0.0061 cm (0.024 in.)
Inlet Mach number 0.15 Initial metal temperature 763.3 K (1374 R)
Exit isentropic Mach number 0.875 Thermal conductivity 0:12 W=�mK� (0:015 lbf=�s R�)
Inlet angle (from horizontal) 0 Specific heat 1090 J=�kgK� (6518:54 ft2=�s2 R�)
Exit static pressure 1308.6 kPa (27,330 psf) Density 1420 kg=m3 (2:7548 slugs=ft3)
Inlet axial chord Reynolds number 337,711.00 Plenum 1 conditions

Prandtl number 0.685 Inlet total pressure 2178.7 kPa (45,504 psf)
Turbulent Prandtl number 0.95 Inlet total temperature 818.9 K (1474 R)
Inlet turbulence intensity 6.00% Plenum 2 conditions

Inlet dissipation length scale 0.00093 m (0.003064 ft) Inlet total pressure 2178.7 kPa (45,504 psf)
Ratio of specific heats 1.3 Inlet total temperature 791.1 K (1424 R)

Pressure-side cooling holes a Plenum 3 conditions

Hole-1 axial location 0.0152 cm (0.006 in.) Inlet total pressure 2178.7 kPa (45,504 psf)
Hole-1 relative angle to local tangent 90 Inlet total temperature 763.3 K (1374 R)
Hole-2 axial location .1524 cm (0.06 in.) Suction-side cooling holesa

Hole-2 relative angle to local tangent 90 Hole-1 axial location 0.03048 cm (0.012 in.)
Hole-3 axial location 0.3048 cm (0.12 in.) Hole-1 relative angle to local tangent 70
Hole-3 relative angle to local tangent 90 Hole-2 axial location 0.3048 cm (0.12 in.)
Hole-4 axial location 0.6096 cm (0.24 in.) Hole-2 relative angle to local tangent 50
Hole-4 relative angle to local tangent 50 Hole-3 axial location 0.9144 cm (0.36 in.)
Hole-5 axial location 1.0668 cm (0.42 in.) Hole-3 relative angle to local tangent 50
Hole-5 relative angle to local tangent 30 Hole-4 axial location 1.524 cm (0.6 in.)
Hole-6 axial location 1.6764 cm (0.66 in.) Hole-4 relative angle to local tangent 50
Hole-6 relative angle to local tangent 30 Plenum wall intersection locationsa

Hole-7 axial location 2.1956 cm (0.864 in.) Wall-1 suction side 1.8288 cm (0.72 in.)
Hole-7 relative angle to local tangent 30 Wall-1 pressure side 1.2192 cm (0.48 in.)
Hole-8 axial location 2.5908 cm (1.02 in.) Wall-2 suction side 2.8194 cm (1.11 in.)
Hole-8 relative angle to local tangent 30 Wall-2 pressure side 2.286 cm (0.9 in.)
Hole-9 axial location 2.9261 cm (1.152 in.) Wall-3 suction side 3.2614 cm (1.284 in.)
Hole-9 relative angle to local tangent 30 Wall-3 pressure side 2.8956 cm (1.14 in.)

aMeasured from the leading edge.
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blocks) and 123,014 points. Inflow thermal conditions were
prescribed at actual engine conditions, however, as described below,
to better demonstrate the capability of the current procedure.

Validation of this conjugate film-cooling capability is difficult due
to the lack of experimental data for a real configuration. Simulations
have been performed here using realistic geometry and flow
conditions in hopes of providing benchmark results for comparison.
The flow conditions for the simulations shown here are consistent
with those reported for an advanced low-bypass turbofan engine
[48]. The turbine airfoil was modeled as steel with an initial
temperature of 763.3 K (1374 R), which is similar to the compressor
exit total temperature of 818.9 K (1474 R). The main flowpath inlet
total temperature was 1680 K (3025 R) and the inlet total pressure
was 2096 kPa (43,776 psf), which is the combustor exit temperature.
The cooling plenum inlet total pressures and total temperatures given
in Table 1 are similar to the compressor exit conditions. In the current
simulations, values of the steel and TBC thermal conductivity,
specific heat, and densitywere assumed to be constant, for simplicity.
However, these variables could be made functions of local temper-
ature for general simulations, to improve accuracy. As previously
described, the thermal conductivity of air was computed from the
local coefficient of viscosity, a constant Prandtl number, and the
specific heat. The specific heat was determined from specified values
of the ratio of specific heats and real gas constant for air. Again, the
ratio of specific heats for air could also bemade a function of the local
temperature, to further improve accuracy.

The design/analysis procedure being developed uses time-
averaged detached-eddy simulation (DES), rather than traditional
RANS, to include the effects of self-excited unsteady flows on
aerothermal performance. This strategy is important to improve
prediction accuracy and optimization for modern highly loaded film-
cooled airfoils. During any simulation, steady RANS results are
initially obtained, immediately followed by an appropriate number of
DES time steps to establish the correct aerothermal transients, and

finalized by the time-averaging of the flowfield over an appropriate
number of time steps. This entire process can be executed in
approximately 6 h of clock time using 32 CPUs/cores (3 GHz) in
parallel for the application shown below. Although the current
simulations have not yet been performed on a CPU/GPU cluster, it is
estimated that the turnaround time for this procedure would take
approximately 50 min using 32 combined CPUs/GPUs based on the
benchmarks [44] that showed a speedup factor of 7 over an equivalent
number ofCPUs. The steadyRANSpart of the solutionwas executed
in approximately 90min of clock time using 32 CPUs/cores (3 GHz)
in parallel. The detached-eddy simulations were performed using the
implicit dual-time-step procedure with a time-step size of 2:4�
10�7 s. This time-step size was chosen in order to resolve any self-
excited effects due to trailing-edge shedding. Approximately 100
time steps were performed for each trailing-edge shedding cycle. As
a result, the unsteady simulations were run for a total of 8000 time
steps, which corresponded to approximately 80 trailing-edge
shedding cycles. The flow was time-averaged over the final 4000
time steps, or approximately 40 shedding cycles. The predicted time-
averaged mass-flow, area-averaged exit velocity, and area-averaged
exit temperature of each cooling tube as a percentage of the main
flowpath values are given in Table 2.

Figure 9 shows Mach number contours of the steady RANS,
instantaneous DES, and time-averaged DES simulations. This figure
clearly shows the shedding at the trailing edge in the instantaneous
DES results. Comparison of the steady RANS and time-averaged
DES results shows that Mach number contours are similar, except in
thewake,where the temperature and velocity diffusion is greater, due
to the trailing-edge shedding and mixing for the DES.

The temperature contours in the flow and solid domains are shown
in Fig. 10. The temperature contours are smooth and continuous
across the wall block boundaries, demonstrating that the multiblock
solution procedure works properly. The contours in Fig. 10 can be
used to quickly see where the temperature of the solid domains is

Table 2 Predicted cooling-flow statistics of time-averaged DES solutiona

Blowing (mass-flow) ratio Area-averaged velocity ratio Area-averaged temperature ratio

Pressure side (from leading edge)

Hole-1 0.011 0.846 0.459
Hole-2 0.008 0.598 0.512
Hole-3 0.014 1.065 0.451
Hole-4 0.008 0.544 0.462
Hole-5 0.009 0.630 0.467
Hole-6 0.010 0.738 0.474
Hole-7 0.011 0.793 0.474
Hole-8 0.009 0.704 0.489
Hole-9 0.013 1.057 0.486

Suction side (from leading edge)

Hole-1 0.003 0.362 0.681
Hole-2 0.009 0.723 0.462
Hole-3 0.019 1.444 0.450
Hole-4 0.019 1.478 0.456

aMain flowpath mass-flow rate is 11.88 kg/s (0:814 slugs=s), velocity is 118.58 m/s (389:04 ft=s), and temperature is
1674.9 K (3014.83 R).

Fig. 9 Mach number contours of flow.
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high and close to the melting point. For instance, the temperature of
the steel in the trailing-edge region is near the melting point in this
configuration. Aswill be demonstrated below, the designer can easily
addfilm-cooling to this region to alleviate this problem. The region of
cooling effectiveness of each cooling flow in both the flow and solid
domains can also be easily seen in Fig. 10, allowing the designer to
either optimize the cooling flow by hand or through an automated
optimization procedure [49].

Figure 11 shows the outer surface (main flowpath side) temper-
ature of the thermal barrier coating, the metal (steel) surface
temperature (at TBC/metal interface), and the outer surface pressure
distribution on the vane from the time-averaged detached-eddy
simulation. The temperature distribution shows that the thermal
barrier coating has done a good job of isolating the high temperature
from the metal. The outer surface temperature of the thermal barrier
coating is close or at the melting temperature of the steel in several
locations. However, the metal surface temperature is well below this
critical temperature throughout the vane. The pressure distribution
shows the surface pressure on the outer surface of the thermal barrier
coating as well as through the exits of the film-cooling holes.
Uncooled experimental data corresponding to the MUR46 test point
[47] are shown in this figure as a baseline comparison. The time-
averaged detached-eddy pressure distribution has the same trend as
the experimental data, but with less loading, due to the additional
mass flow from the film-cooling. The jumps in the pressure
distribution result from the underexpanded flow from the cooling
plenums. The pressure on the suction surface is at the same level as
the experimental data; however, the pressure on the pressure surface
is lower, due to the additional blockage and greater velocity of the
film-cooling flows.

The current two-dimensional procedure can be used to design
film-cooled turbine airfoil sections that can be optimized to provide
acceptable wall temperature distributions and heat transfer

Fig. 10 Temperature contours of flow and solids; the melting temperature of steel is 1670 K (3006 R).
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Fig. 12 Effect of adding a cooling tube through the trailing edge

(contour variation is the same as those shown in Figs. 9 and 10).
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coefficients along with aerodynamic performance. The advantage of
the current procedure is the ability to add, modify, or subtract film-
cooling tubes without the need for regridding or computing solutions
each time from scratch. For instance, the temperature in the trailing
edge of the vane, as shown in Fig. 11, is higher than in most other
regions of the solid domain. In addition, the unsteady effects due to
the trailing-edge shedding shown in Figs. 9 and 10 are quite high. It is
well known that trailing-edge blowing can be used to reduce both of
these effects. In the current system, it is simple to add another cooling
tube through the trailing-edge region exiting at the trailing edge
without regenerating and regridding the rest of the domain. Figure 12
shows the results of adding the trailing-edge cooling tube on the
instantaneous and time-averagedMach numbers and temperatures. It
is clear through comparison between Figs. 9, 10, and 12 that the
trailing-edge blowing has reduced the temperature in the trailing-
edge portion of the vane as well as the unsteady shedding down-
stream of the trailing edge.

VI. Conclusions

A two-dimensional conjugate Navier–Stokes procedure has been
developed to automatically generate internal-cooling plenums and
cooling tubes based on user-specified parameters and airfoil
geometry. Multiblock point-matched structured grids are used
everywhere, except for the cooling tubes, where embedded overlaid
grids are used to provide maximum flexibility and computational
efficiency. Both heat conduction and Navier–Stokes solutions are
provided simultaneously for the prediction of the aerothermal fields.
A detached-eddy simulation approach is typically used for the
flowfield to provide the effects of self-excited unsteadiness. The
procedure is targeted for an automated optimization procedure that
runs on parallel CPU/core clusters or combined CPU/GPU clusters.

Because of the lack of experimental and simulation results for
film-cooled turbine geometry, it is hoped that the current simulation
results will serve as a baseline for future comparisons. The current
procedure has been demonstrated on a transonic turbine vane for
which the geometry is publicly available. Information regarding the
flow, metal, TBC, and film-cooling flow characteristics has been
provided.

Finally, it is recognized that three-dimensional effects are very
important for accurate prediction of turbulence effects with the
detached-eddy modeling and of turbulent mixing of the cooling jet
flows with the main flowpath. Integration of the current procedure
into an automated design optimization procedure and extension to
three-dimensional configurations and flows have been considered
and are both currently being pursued. Although it was not stated, the
current procedure will also be useful in exploring blowing/suction
flow-control strategies in the future.
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