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MODELING FILM COOLING IN TURBINE BLADE DESIGN

Maximum cycle efficiency and high-work turbine in modern engines require turbine inlet temperatures that exceed the material 

melting point. Trade-offs between aerodynamics, heat transfer, stress and materials are necessary for optimal design and to avoid 

failures caused by thermo-mechanical fatigue, stress rupture or oxidation. 

In order to mitigate high temperatures, thermal barrier coating with a higher melting point and lower thermal conductivity is applied 
to the high-pressure turbine (HPT) blade and vane surfaces. Moreover, advanced cooling systems are also used to cool the blade or 
vane from inside and outside. External cooling consists of injecting cooler air into the boundary layer through small holes to create a 
protective film between the blade surface and the hot gases. Cooling air is extracted from the compressor and represents a significant 
percentage of the total inlet core flow (approximately 25%). Cooling flow impacts the aerodynamic and thermodynamic performance 
of the turbine; designers are careful not to wipe out the cycle efficiency gain from the higher turbine inlet temperature by increasing 
chargeable flow.

Turbine designers have the challenging task of getting the external and internal blade aerodynamics right while minimizing the 
use of cooling air. They need to accurately determine the location, the density, the pattern, the shape and the size of cooling holes 
to maximize blade life. Hole placement must be optimized to minimize the negative impact on aerodynamic efficiency while 
maximizing cooling efficiency. This task takes place early in the airfoil design when detailed CAD models are either not yet available 
or the generation of detailed meshes with cooling orifices slows down the iterative design process significantly. The designers want 
to separate the geometry (airfoil shape) from the mesh (typically hexahedral) and from the cooling flow distribution. They model a 
reduced number of passages for a single stage and make small changes to the airfoil without changing the hole position; conversely, 
they move the holes and change their sizes without modifying the airfoil geometry. This process is repeated for many airfoils and 
cooling holes configurations as part of an optimization loop. There are several approaches to account for cooling holes in CFD 
simulations, which vary by order of complexity and the sought accuracy.

Schematic of a cooled turbine blade.

Schematic of a cooled turbine blade cross section.
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/ Ideal Approach
The ideal solution is to resolve the injection holes and associated internal cooling 
channels and cavities. This approach is more commonly used during the detailed 
design phase when all geometric details are captured, meshed and resolved using 
a full conjugate heat transfer simulation. The solution is accurate but remains 
computationally expensive and slow for early design where the main objective is 
to perform many iterations to finalize the airfoil aero design while accounting for 
the cooling flow impact on turbine efficiency.

Conjugate heat transfer simulation 
of a cooled turbine blade.

/ Injection Approach
The approach consists of defining virtual or mesh 
independent inlets on the wall boundaries to 
characterize the cooling flow injection locations. 
The objective is to dissociate the geometry and the 
mesh from the holes to allow for rapid and easy 
design modifications. The designer can define 
multiple injection regions for each domain or mesh 
zone. Each injection region consists of multiple hole 
definitions with corresponding inflow conditions 

that are typically available in a mass flow inlet boundary. The hole locations are entered manually in a GUI or specified via profiles using 
CSV (ASCII) files. Either way, the hole lands on the surface if the location is specified within a given tolerance. There are two options 
for specifying the mass injections: Mapped Face Injection (multiple boundary faces) or Volume Injection with Distribution Function 
(multiple volume elements).

/ Injection Region Specification
The injection region definition file consists of injection points defined within a CSV data file. It leverages a profile format where 
each row represents an injection point and, the columns are used to specify the hole location, diameter, injection direction vector 
components and cooling flow properties such as temperature and turbulence parameters. The format allows for Cartesian or 
curvilinear turbo coordinates. It is possible to build multiple files or multiple sections within a single file to represent different hole 
regions. CSV files can also be exported from Ansys CFD-post.

Injection panel example. Example of injection CSV file.
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/ Injection Region Implementation
The injection method is compatible with all turbomachinery solution methods. It works in parallel and can be used for steady or 
transient simulations with all blade row models and harmonic analysis. It is compatible with conjugate heat transfer analysis where 
the cooling flow is injected from the fluid-solid interface. It also works seamlessly with rotational periodicity where any change in the 
periodic boundary position does not affect the injection setup. The holes can be stationary or move with the mesh, which enables 
blade flutter calculations.

Cooling holes straddling periodic boundaries.

/ Surface Injection

Surface injection involves a mesh-independent virtual inlet that has no underlying wall treatment. The 
hole’s cross section that defines the inlet can overlap multiple boundary faces. The injection conditions 
are hole specific and can be defined as a line item in the CSV file. The flow directions are specified with 
respect to local angles (azimuth and inclination). The injection surface can either inject (inlet) or extract 
(outlet) mass from the domain.

The surface shape can be specified as circular holes, elliptical holes, axisymmetric slots or rectangular 
slots. The hole shape determines the overlap fractions with each boundary face that intersects it. It is not 
sensitive to the geometry as the hole surface is projected onto the wall within a given tolerance. It is also  
scalable with mesh resolution as it applies to coarse and fine meshes alike.

Surface injection virtual inlet.

Surface Injection direction and 
mesh resolution.
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/ Volume Injection

The volume injection provides added jet penetration modeling fidelity since the surface injection might lack the required fine mesh 
resolution to accurately capture the jet penetration and the secondary flow patterns along the jet.  

The volume injection approach captures the influence of the injection on the surrounding region over multiple control volumes. 
It consists of replicating the shape of the jet along its trajectory and modeling its impact on the main flow. The correlation of the 
jet’s shape is defined by the core trajectory and the evolution of the jet cross section. These two parameters define the distribution 
of source term quantities in the vicinity of the hole, which allows for a “true” jet direction and secondary flow patterns. Distribution 
functions of mass, momentum and temperature are required inputs.

Volume injection definition.

The cooling flow trajectory and cross sections are calculated based on input parameters and pre-established correlations. The 
distribution functions determine the source for all transport variables in each control volume that the trajectory crosses. The velocity 
can, therefore, follow complex flow patterns based on the predicted path. 

/ Example: GE Energy Efficient Engine

The GE Energy Efficient Engine (E3) is used to compare the 
surface injection, and the resolved hole injection approaches. 
The two-stage HPT consists of four rows of cooled vanes 
and blades; here we assess only a single vane model with 
198 cooling holes. The holes have different diameters, flow 
directions and temperatures. 

Two meshes are generated: an unstructured hole-resolved 
mesh and a structured aero mesh without hole imprints. These 
meshes are used to compare three configurations:

1. Resolved mesh with holes imprinted and cooling flow injected from inlets.

2. Resolved mesh with holes imprinted and cooling flow injected via surface injection (virtual inlet). 

3. Structured mesh without holes imprinted and flow injected via surface injection (virtual inlet).

GE E3 vane geometry.
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GE E3 resolved and structured aero mesh.

Temperature-based streamlines along the vane 
pressure side wall are compared for the three 
configurations. The streamlines are qualitatively 
similar and show little difference among the flow 
paths.

The temperature contours on the pressure side 
for the same three configurations also show 
agreement. The very close match between cases 
(1) and (2) attests to the accuracy of the surface 
injection method when the underlying orifice mesh 
is the same. 

Temperature colored streamlines on GE E3 pressue side.

Whether an inlet boundary condition or a virtual 
surface injection is used, the results are the same. 
The temperature contours on the structured mesh 
(3) also match the baseline case (1) and show that 
the surface injection method captures the effect of 
individual cooling holes on the thermal boundary 
layer composition. The accuracy of the cooling 
jet penetration and the film cooling effectiveness 
depends on the mesh resolution, which can be 
improved with global or local mesh refinement of 
the structured mesh.

GE E3 pressure side temperature contours with cooling flow.

/ Concluding Remarks

The surface and volume injection cooling flow methods are useful in early aero designs where frequent geometry changes occur. 
They are compatible with steady, transient and harmonic analysis, including blade row interaction. Cooling holes are uniquely defined 
and modified without impact on the geometry or mesh. Hole patterns can be easily modified and applied in batch on existing aero 
meshes, which makes optimization loops faster and streamlined. Automatic mesh refinement could be applied around the hole 
position to increase the accuracy. Ultimately, once the CAD geometry is available, a model with resolved holes and internal cooling 
passages will allow the verification of the solution.  
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