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ABSTRACT
Recent evidence suggests that film cooling flows with engine

realistic mainstream Mach number have declined performance
in comparison to those with conventional low-speed laboratory
conditions. Consideration and understanding of these effects are
fundamental to improving film cooling research. The proposed
computational study investigates the film cooling performance of
a 7-7-7 shaped film cooling hole with respect to varying main-
stream Mach number, with constant Reynolds number. The cases
studied include mainstream Mach numbers from 0.15-0.75, with
a fixed, engine realistic, hole Reynolds number of 𝑅𝑒𝑑 = 10, 100.
Significant results are then evaluated against varying stagnation
temperature ratio and blowing ratio. The results showed that
at a blowing ratio of 1.75, the adiabatic effectiveness declines
significantly with high mainstream Mach number. The decreased
performance is due to supersonic flows and shocks in the film
cooling hole that disrupt flow in the diffuser section of the hole.
These characteristics are observed across all stagnation temper-
ature ratios considered. In addition to these insights, the study
discusses the importance of proper thermal scaling and defini-
tion of adiabatic effectiveness when operating at high mainstream
Mach number. It is demonstrated that the effects of high-speed
flow challenge the efficacy of the conventional parameters used
to characterize film cooling performance.

Keywords: film cooling, shaped holes, transonic, compressible,
Mach number, heat transfer, fluid mechanics, numerical, RANS,
gas turbine engines

NOMENCLATURE
Roman Alphabet
𝐶 Concentration
CFD Computational Fluid Dynamics
𝑃 Pressure
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RANS Reynolds-Averaged Navier-Stokes
𝑇 Temperature
𝑈 Velocity Magnitude
𝑟 Recovery Factor
Greek Alphabet
𝜂 Adiabatic Effectiveness
𝛾 Specific Heat Capacity Ratio
𝜌 Density
𝜒 Mixture Fraction
Dimensionless Groups
D Density Ratio
I Momentum Flux Ratio
M Blowing Ratio
𝑀𝑎 Mach Number
P Pressure Ratio
𝑅𝑒 Reynolds Number
T Temperature Ratio
V Velocity Ratio
Superscripts and Subscripts
∞ Mainstream Property
𝑎𝑤 Adiabatic Wall
𝑐 Coolant Property
𝑑 Hole
𝑟 Recovery
◦ Stagnation Condition
𝑠 Static Condition

INTRODUCTION
The gas turbine industry has continuously raised the op-

erational limits within their power turbines over the years, as
new manufacturing, materials, and analysis empower engineers
to push further. Modern gas turbines operate with gas velocities
inside the turbine near the speed of sound, and gas temperatures
well in excess of the thermal limits of the metal components. To
enable these conditions, turbines have long been actively cooled,

1 Copyright © 2023 by ASME



using bleed air from the compressor to reduce the temperatures
of the turbine components, extending their lifetime.

Film cooling is a technique for cooling components by ex-
hausting this bleed gas out through holes in the surface, in the
hope that the cooler gas forms a protective film of cold air over
the surface. Cooling holes are shaped in order to diffuse the gas
across the surface evenly, and to decelerate it to ensure the layer
of cool gas mixes out slowly. Understanding the mechanisms
of this mixing is key to the understanding of film cooling as a
whole. The hole shape has a large impact on the distribution and
mixture of coolant, it should be expected that the flowrate, ther-
modynamic properties, and interactions between the coolant and
hot gas layers also has a large impact on the cooling effectiveness.

Studies on Compressible Film Cooling
While many of the other effects on film cooling have been

extensively studied, there is a very small set of studies that inves-
tigate shaped film cooling holes under compressible conditions.
Before the turn of the century, studies that investigated high Mach
number film cooling did so with only cylindrical film cooling
holes. Liess [1] is a commonly cited study which investigated film
cooling up to Mach 0.9, showing very little variation between the
different Mach numbers tested. Bauldauf and Scheurlen [2] repli-
cated and extended the results of Liess in a RANS CFD study,
confirming that there was little variation in the cases tested.

In the context of shaped film cooling holes, most of the
flat plate, compressible film cooling data was performed by the
Karlsruhe Institute of Technology. Wittig et al.[3], Gritsch et
al.[4, 5], and Ligrani et al.[6], all performed various experiments
at 𝑀𝑎∞ up to 1.2. From these studies, they found that a higher
Mach number flow had higher adiabatic effectiveness when other
parameters like blowing ratio were matched. They also observed
the generation of weak and strong shock wave patterns through
shadow-graphs, even with a weakly supersonic mainstream flow.
More recently, further experiments were performed at mainstream
Mach numbers up to 0.45. Saumweber and Schulz [7] showed
that there is a strong impact of Mach number for shaped film
cooling holes. The performance decreased substantially for the
highest blowing ratio case when the Mach number increased to
0.45, but the behavior was reversed for low blowing ratio, with a
smaller but consistent increase in performance.

Separately, Zhou et al. [8] investigated multiple density ra-
tios and blowing ratios, and mainstream Mach numbers up to
0.7. They also present the definition of effectiveness with coolant
total temperature, relying on pressure sensitive paint (PSP) to
make film cooling adiabatic effectiveness measurements. The
film cooling holes in this study were cylindrical, rather than
shaped. They noted marginal increases in adiabatic effectiveness
when going from very low to very high Mach number. Density
ratio made a much bigger difference to the behavior of the adi-
abatic effectiveness, increasing the effectiveness with increasing
density.

A final flat plate study of particular note is the computational
study by Oliver et al. [9]. This was a Large-Eddy Simulation, a
model with higher fidelity of capturing turbulence than Reynolds-
Averaging provides. This simulation showed a major decrease in
the adiabatic effectiveness when raised to a 𝑀𝑎∞ = 0.5, from the

baseline case of 𝑀𝑎∞ = 0.25. This was demonstrated to be due
to a tendency for the cooling jet to bias to a single side of the
hole, poorly distributing the coolant as it exited. The centerline
contours clearly show how the film cooling hole reaches super-
sonic speeds in the high Mach number case, with the indication
of shockwaves inside the diffuser.

Present Study
The present study builds on the results of prior compress-

ible flow simulations and experiments, investigating the flow
physics within the film cooling hole as the Mach number is raised
from incompressible subsonic (𝑀𝑎∞ = 0.25) to nearly transonic
(𝑀𝑎∞ = 0.75) mainstream speeds. Several cases are performed
at 𝑀𝑎∞ = 0.75 with varying blowing ratio M. The blowing
ratios chosen are based on those typically observed in low speed
shaped film cooling hole studies such as [10–12]. Note that
achieving these same blowing ratios at higher 𝑀𝑎∞ necessitates
higher pressure ratio and coolant mass flux, as a result of the
increase in mainstream mass flux. As such, the simulation results
demonstrate shockwaves are induced within the film cooling hole
at even moderate mainstream speeds, and their impact on the flow
field and adiabatic effectiveness is discussed. Additionally, the
scaling of adiabatic effectiveness and other common film cooling
parameters is discussed in the context of compressible flows.

NUMERICAL METHODS
The RANS simulations geometrically consist of a fluid do-

main, including regions for the mainstream, film cooling hole,
and coolant plenum. This domain can be seen in Figure 1. The
mainstream domain extends 10 hole diameters upstream and 20
hole diameters downstream of the exit of the film cooling hole,
and in the wall-normal direction 15 diameters. The plenum ex-
tends five diameters upstream and downstream of the entrance to
the film cooling hole, and is 10 diameters long. The entire domain
is 6 hole diameters wide, with imposed symmetry conditions at
the boundaries to mimic the periodicity of normal film cooling
hole arrangements.

The grid was generated within the Fluent meshing tool. Var-
ious sizing parameters were applied to different regions of the
flow in order to accurately capture the region near the wall, and
within the film cooling hole. A cross section of the baseline mesh
is shown in Figure 2.

The largest cells of the mesh were in the free stream and
coolant plenum, far from the film cooling hole itself. These were
set to a size of 2 [mm]. A medium refinement region above
and below the film cooling hole was created, and set to a size of
0.1 [mm]. Within the film cooling hole, the cells were further
shrunk, to a size of 0.025 [mm]. In addition, a prism layer
was created to capture the refinement for the boundary layers
near the mainstream and film cooling hole walls. This near wall
refinement increased in size exponentially, starting from a first
cell height of 2 [𝜇m] until it reached the size of the surrounding
cells.

RANS Fluid Dynamic Modelling
The modelling of turbulent kinetic energy in these simu-

lations was based around the realizable k-𝜖 model, originally
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FIGURE 1: PERSPECTIVE VIEW OF FLUID DOMAIN

developed by Shih et al. [13]. This model improves the mix-
ing of turbulent jets over the standard k-𝜖 model, modifying the
turbulent viscosity model to ensure the kinetic energy remains
always positive. Enhanced wall treatment, a scheme developed
by Ansys, was used to model the flow near stationary walls [14].
It uses a blending approach, which changes between the usual
law of the wall and a linear viscous sub-layer, depending on how
thin the first cell is. This enhanced wall treatment works best
if the 𝑌+ of the first cell off the wall is no more than 10. In
these simulations, it was verified that 𝑌+ remains less than 4.1
everywhere in the domain. The peak values, near four, are mostly
beneath the coolant jet immediately downstream of the exit of the
film cooling hole.

Since the flows in film cooling involve mixing streams with
significant temperature differences, it is insufficient to model the
fluid properties, like viscosity and thermal conductivity, as con-
stants. Viscosity in these simulations is calculated with Suther-
land’s law, an empirical correlation for the viscosity of air given a
temperature. Since this was a density based simulation, density is
one of the fundamental variables in the solution. The constitutive
relation between density and pressure used was the ideal gas law.
The thermal conductivity was assumed a function of temperature,
based on kinetic theory.

The models for discretizing the fluxes between cells have a
large impact on the accuracy and simulation time of the RANS
simulations. While first order discretization schemes are quick
and stable, higher order schemes bring better accuracy. To assist

FIGURE 2: MIDPLANE DETAIL OF SIMULATION GRID

with stability, the simulations were begun with a first order up-
winding scheme, running for 250 iterations. Then, the simulation
is brought to a second order upwinding scheme and run a further
250 iterations. Finally, the simulation was changed to a so-called
MUSCL scheme, which is a blend of a second order upwind-
ing and second order central differencing scheme. The MUSCL
scheme helps to suppress oscillations near discontinuities in the
flow field (like shock waves). This scheme was used for the final
750 iterations of the simulation.

These simulations are initialized with constant velocities,
temperatures, and pressures, split into two separate zones. The
mainstream is initialized to zero gauge pressure, the mainstream
static temperature, and the mainstream velocity. The film cooling
hole and plenum are all initialized to the plenum pressure, coolant
temperature, and a small upward velocity. While fluent has a
hybrid initialization which is typically used, it was found that
hybrid initializing left residual mainstream temperature values
in the plenum, which are very slow to rectify due to the slow
speed and recirculating regions in the corners of the plenum. It
was found that constant value initialization helped reduce these
spurious artifacts in the plenum without harming convergence or
stability.

Grid Independence and Convergence
In order to determine that the film cooling solution was not

dependent on the mesh, a series of three different grids were tested
on the same 𝑀𝑎∞ = 0.5, M = 1.75 case. The low and high reso-
lution cases scaled each of the mesh refinements described in the
previous section by a fixed value. The relative size between each
grid and the next is 1.5. This resulted in a low resolution mesh
of approximately 500,000 cells, the baseline mesh of 1,200,000
cells, and a high resolution mesh of 2,800,000 cells.

The error was determined by Richardson extrapolation [15].
This method involves varying the mesh size by a fixed ratio,
recording the quantity of interest at every size, and extrapolating
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FIGURE 3: VARIATION OF AREA AVERAGED EFFECTIVENESS
WITH GRID RESOLUTION

the “exact” value by assuming a error function of the form:

𝑞ℎ − 𝑞𝑒𝑥𝑎𝑐𝑡 = 𝐶ℎ𝑝 (1)

Where 𝐶 and 𝑝 are model parameters, 𝑞ℎ is the quantity of
interest at mesh resolution ℎ, and 𝑞𝑒𝑥𝑎𝑐𝑡 is the extrapolated exact
value. If the ratio between the mesh resolutions tested is a fixed
value 𝑟 , 𝑞𝑒𝑥𝑎𝑐𝑡 can be extrapolated by:

𝑞𝑒𝑥𝑎𝑐𝑡 =
𝑞0𝑞2 − 𝑞2

1
𝑞0 + 𝑞2 − 2𝑞1

(2)

For this group of simulations, the quantity of interest used was
the average stagnation temperature adiabatic effectiveness of the
mainstream wall, 𝜂◦. The details of this definition of effectiveness
are discussed later within this paper. The deviation in effective-
ness of the baseline grid from the exact solution due to grid
resolution was 𝛿𝜂◦ = 0.0082, which is a percent uncertainty of
3.7% of the baseline 𝜂◦. This error was deemed acceptable, and
the baseline mesh was used for the remaining presented cases.
The convergence in 𝜂◦ plotted as the grid resolution increased
can be seen in Figure 3.

Two convergence criteria were used to assess the number
of iterations necessary for a properly converged RANS simula-
tion. Both residuals of the transport equations as well as surface
monitors were used to asses the convergence of the simulation.

The residuals for each transport equation were monitored
as the solution iterated. For all simulations, the solution was
accepted when the residual (iteration-to-iteration change) was on
the order of 10−5. All of the simulations reached this, with the
residual values generally plateauing between 5 ·10−5 and 1 ·10−5.
A representative plot of the residuals can be seen in Figure 4a

A surface monitor was also used to verify the stability of the
quantities of interest. Namely, the average surface temperature

(a) Residual Convergence

(b) Surface Temperature Monitor

FIGURE 4: REPRESENTATIVE CONVERGENCE CRITERIA

on the film cooled wall was monitored at every time step. The
plot of this average quickly stops changing, reaching a consistent
value. A plot of the temperature versus the number of iterations
can be seen in Figure 4b.

Simulation Conditions
The mainstream inflow condition was a turbulent boundary

layer, generated by a secondary simulation run for each Mach
number condition. The development distance for this secondary
simulation was 40 [mm], intended to match that of the experi-
mental facility. Since the simulations were at fixed hole diameter
Reynolds number, the boundary layer thicknesses matched, with
a value of approximately 1.05 𝛿/𝑑, or 1.05 [mm].

The mainstream boundary in both the film cooling simula-
tion and the secondary simulation are zero shear conditions with
no outflow. This causes the flow to accelerate slightly from the
entrance to the exit of the domains, as the growth of the bound-
ary layer displaces the inviscid flow above. In the film cooling
simulation case, the flow is further accelerated by the injection
of coolant. The velocity boundary condition at the inlet to the
secondary simulation was deliberately reduced to account for this
acceleration, with the intent that the average mainstream Mach
number on the zero shear boundary would match the targeted
value.

The mainstream outflow is a fixed pressure condition, held
at a different pressure for each Mach number simulated. These
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pressures varied from 57 [kPa] to 327 [kPa], for the highest Mach
number case and the lowest Mach number case, respectively.
This was done deliberately so that the Reynolds number would
remain constant while varying the Mach number. The pressure
is modified in inverse proportionality to the velocity, so that the
density variation exactly cancels the velocity variation.

Unless otherwise specified, all cases had a mainstream 𝑅𝑒𝑑 =

10, 100. This 𝑅𝑒𝑑 was chosen to match the operation of future
experimental work. To vary blowing ratio M and stagnation
temperature ratio T𝑜, a mass flow inlet boundary condition with
specified temperature was applied to the entrance of the plenum.
Further discussion of the relevance of M and T𝑜 appears in later
sections.

To assess the validity of the RANS solutions, two baseline
cases are compared directly to the LES predictions of Oliver et
al. [9] in Figure 5. From the figure it may be noted that Mach
numbers within the film cooling holes are similar, with large inlet
separation regions, peak Mach numbers reached near the entrance
to the diffuser, and coolant jetting along the upper interior wall of
the hole. At 𝑀𝑎∞ = 0.5, the RANS also demonstrates the oblique
shock train that is observable in the corresponding LES case. A
notable feature the RANS is missing is the slight detachment of
the film cooling jet from the top surface in the higher Mach case.
However, this behavior is observed in the RANS simulations
as blowing ratio and mainstream Mach number are increased
further. With these differences considered, the authors recognize
that there are limitations in the accuracy of RANS, notably when
modeling high speed flows with known transients [9]. However,
the RANS results of this study prove useful in assessing the
validity of the following definitions of effectiveness, as well as
provide some baseline for expected behavior.

NUMERICAL RESULTS: FILM COOLING ANALYSIS
Several important characteristics of the film cooling problem

become more difficult to analyze when observed in a compress-
ible context. The following sections will discuss the behavior of
film cooling flow analysis under transonic conditions, using ob-
servations from the RANS simulations at varying Mach numbers.

Definitions of Effectiveness
In a normal, incompressible setting for film cooling, the def-

inition of adiabatic effectiveness is straightforward and intuitive:

𝜂 =
𝑇∞ − 𝑇𝑎𝑤

𝑇∞ − 𝑇𝑐
(3)

This can be viewed simply as a normalization of the difference
between the mainstream temperature and adiabatic wall tempera-
ture, by the maximum possible difference. This has the property
that the value of adiabatic effectiveness is constrained to be be-
tween zero and one, where one means that the wall temperature
matches that of the coolant, and zero means that it matches the
mainstream. In this scenario, the mainstream and coolant tem-
peratures are fixed values that are simple to define and measure,
and the overall understanding of the effectiveness is without am-
biguity.

However, the transition to compressible flow regimes adds
additional energy to the flow field, in the form of the kinetic energy

of the fluid. The stagnation temperature is used to account for
this additional flow energy at high Mach numbers:

𝑇◦ = 𝑇 𝑠

(
1 + 𝛾 − 1

2
𝑀𝑎2

)
(4)

When considering incompressible flows these two quantities are
indistinguishable, as there is no significant kinetic energy to the
flow, hence the portion of Equation (4) in parentheses is effec-
tively unity. With this modification, the temperature now rep-
resents the sum total of internal and kinetic energy. Another
interpretation of this definition is that the stagnation temperature
is a fixed upper bound on what the given temperature of a fluid
can possibly be. This lends itself to the same idea of normaliza-
tion that the static temperature was used for in the incompressible
scenario.

This then implies that the simplest adjustment to adiabatic
effectiveness for compressible flows is to replace the normalizing
temperatures with their stagnation quantities:

𝜂◦ =
𝑇◦
∞ − 𝑇𝑎𝑤

𝑇◦
∞ − 𝑇◦

𝑐

(5)

This adjustment should account for the extra kinetic energy of
the flow, as mentioned previously. However, viscous dissipation
occurs in wall bounded flows of sufficient velocity, diffusing en-
ergy within the boundary layer in an irreversible manner, leading
to a wall temperature that is not equal to the stagnation tempera-
ture. This imperfect temperature recovery can be captured in the
recovery factor, 𝑟 , and used in defining the recovery temperature
𝑇𝑟 :

𝑇𝑟 = 𝑇 𝑠

(
1 + 𝛾 − 1

2
𝑟𝑀𝑎2

)
(6)

𝑇𝑟 = 𝑇◦

(
1 + 𝛾−1

2 𝑟𝑀𝑎2
)(

1 + 𝛾−1
2 𝑀𝑎2

) (7)

Through empirical measurements and analysis [16], it has been
shown that the recovery factor for a standard, flat-plate turbulent
boundary layer is the cube root of the Prandtl number, which here
is taken to be a constant 𝑟 = 0.89. Modifying the effectiveness to
incorporate recovery factor, several issues become obvious that
must be addressed to implement a definition that is both usable
and clear. To begin to apply the recovery factor to a film cooling
problem, equation (7) indicates that three pieces of knowledge are
necessary for the recovery temperature, those being the stagnation
temperature, the recovery factor, and the Mach number. For lack
of a better alternative, the recovery factor is assumed to be that
of a boundary layer, and the mainstream stagnation temperatures
can be adjusted into recovery temperatures:

𝜂𝑟 ,∞ =
𝑇𝑟
∞ − 𝑇𝑎𝑤

𝑇𝑟
∞ − 𝑇◦

𝑐

(8)

The question of the coolant is much more complex. The coolant
stagnation temperature should be a fixed quantity. It might be
argued that the boundary layer recovery factor is sufficient for the
coolant, but determining the appropriate reference Mach number
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𝑀𝑎∞ = 0.50𝑀𝑎∞ = 0.25

ℳ = 2.00

𝒯𝑜 = 0.67

𝑅𝑒𝑑 = 5,500

RANS

𝑅𝑒𝑑 = 5,500

LES
ℳ = 2.00

𝒯𝑜 = 0.67

𝑀𝑎

FIGURE 5: COMPARISON OF RANS AND LES [9] MID PLANE MACH NUMBER DISTRIBUTION

of the coolant is difficult. Unlike in the mainstream’s case, there
is no over-flowing, invisicid stream of coolant that can be treated
as a reference value for the computation. Indeed, equation (8)
is often the definition that experimental film cooling research
arrives at [1, 7, 8, 17–19] for lack of a better option.

While discussing results from experimental facilities, it is
important to note the widespread use of mixture fraction as a
proxy for the adiabatic effectiveness. The mixture fraction, 𝜒, is
a measure of the relative concentration of coolant and mainstream
gas:

𝜒 =
𝐶∞ − 𝐶𝑎𝑤

𝐶∞ − 𝐶𝑐

(9)

The heat/mass transfer analogy implies that the transport equa-
tions for heat and species have the same form, and differ only
in the rate of diffusion. The diffusivity of heat is related to the
Prandtl number, 𝑃𝑟, and the diffusivity of species is related to
the Schmidt number, 𝑆𝑐. However, in a turbulent flow field the
action of the turbulent eddies acts as a diffusive force in both
cases, and generally dominates whatever molecular diffusivity
there is. Therefore, it can be reasonable to treat measurements of
concentration as though they were measurements of temperature,
and the mixture fraction is treated as the adiabatic effectiveness:

𝜂𝜒 = 𝜒 =
𝐶∞ − 𝐶𝑎𝑤

𝐶∞ − 𝐶𝑐

(10)

However, in compressible flows the analogy is less direct, due
again to the viscous dissipation action within the boundary layer.
Kinetic energy is dissipated as heat, and causes the recovery tem-
perature phenomenon discussed previously. However, there is no
source of “kinetic concentration” or “concentration dissipation”

in the equations or reality of mass transport. Since the initial val-
ues of concentration can only be mixed, not dissipated away, the
mixture fraction can be interpreted as to an effectiveness based
entirely on stagnation temperatures:

𝜂𝜒 =
𝑇◦
∞ − 𝑇◦

𝑎𝑤

𝑇◦
∞ − 𝑇◦

𝑐

(11)

Where the “wall stagnation temperature” is simply a mixture of
the mainstream and coolant stagnation temperatures:

𝑇◦
𝑎𝑤 = 𝜒𝑇◦

∞ + (1 − 𝜒) 𝑇◦
𝑐 (12)

This is subtly different from the stagnation temperature definition
of (5), in what the wall value is meant to represent. Whenever
there is a statement of effectiveness based upon concentration
data - like PSP and other techniques - Equation (11) is being
represented.

Returning to temperature-based definitions of effectiveness,
an attempt has been made in this analysis to rectify the mainstream
recovery temperature definition of effectiveness in equation (8).
In attempting to account for recovery effects of the coolant, it
was mentioned that a Mach number that represents the coolant
is difficult to identify. It would be erroneous to assume that the
mainstream and coolant share a reference Mach number. There
is no guarantee that a hypothetical inviscid reference point would
match either the velocity or the temperature of the mainstream. In
general, these quantities are completely independent from those
of the mainstream.

However, an attempt to determine the reference Mach num-
ber a priori can be made with a few assumptions and the isentropic
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Mach relations from inviscid compressible theory. The isentropic
Mach number relations are analogous to the Bernoulli equation,
but for compressible flow. Under the assumption of an ideal,
isentropic flow with an ideal gas, the ratio between the gas’ total
pressure and static pressure can be determined from its Mach
number:

𝑃◦

𝑃𝑠
=

(
1 + 𝛾 − 1

2
𝑀𝑎2

) 𝛾

𝛾−1

(13)

This is the same analysis that the stagnation temperature definition
of equation (4) is based upon. Now, in a film cooling scenario, the
stagnation-to-static pressure ratio of the coolant is closely linked
to the pressure ratio P, which is the ratio between coolant and
mainstream pressures. If it is assumed that the coolant expands
isentropically from the plenum through the film cooling hole,
then these two ratios are equivalent. Then, this pressure ratio
is treated as the driving pressure for the isentropic expansion of
equation (13), and the formula can be rearranged to calculate an
isentropic Mach number, 𝑀𝑎𝑖𝑠𝑒𝑛 from a given pressure ratio:

P =
𝑃◦

𝑃𝑠
=

(
1 + 𝛾 − 1

2
𝑀𝑎2

𝑐

) 𝛾

𝛾−1

P
𝛾−1
𝛾 = 1 + 𝛾 − 1

2
𝑀𝑎2

𝑐

P
𝛾−1
𝛾 − 1 =

𝛾 − 1
2

𝑀𝑎2
𝑐

2
𝛾 − 1

(
P

𝛾−1
𝛾 − 1

)
= 𝑀𝑎2

𝑐

𝑀𝑎𝑖𝑠𝑒𝑛𝑐 =

√︄
2

𝛾 − 1

(
P

𝛾−1
𝛾 − 1

)
(14)

Using this Mach number, the assumed recovery factor of 𝑟 = 3√
𝑃𝑟,

and the coolant stagnation temperature, the adiabatic effective-
ness can be adjusted to use recovery temperature for each scaling
variable:

𝜂𝑟 =
𝑇𝑟
∞ − 𝑇𝑎𝑤

𝑇𝑟
∞ − 𝑇𝑟

𝑐

(15)

Where 𝑇𝑟
𝑐 is:

𝑇𝑟
𝑐 = 𝑇◦

𝑐

1 + 𝛾−1
2 𝑟𝑀𝑎2

𝑐

1 + 𝛾−1
2 𝑀𝑎2

𝑐

(16)

This is a straightforward analysis, but has not previously
been developed within the film cooling literature. There are also
a number of inherent issues with the assumption of an isentropic
expansion. First, this study has already clearly demonstrated
the formation of shock waves within the film cooling holes at the
higher Mach conditions, which immediately breaks the isentropic
assumption for those cases. There is no way to know beforehand
whether there will be a shock or not, so that cannot be included
in the coolant temperature analysis. Even if the coolant never
shocked, a fixed coolant Mach number is only valid in the case
of a flat plate, zero-pressure gradient flow. On actual engine
components like blades and vanes, the acceleration and decelera-
tion of the mainstream flow around the blade implies the coolant
should also accelerate and decelerate, and it would be necessary
to track a profile of the coolant Mach number distribution along
the surface.

Using all the definitions of effectiveness above, a comparison
of the resulting adiabatic effectiveness contour at 𝑀𝑎∞ = 0.75
is shown in Figure 6. Inspection of the stagnation temperature
definition immediately shows the issue in not accounting for re-
covery temperature, in the non-zero effectiveness outside of the
path of the jet. The mainstream recovery temperature definition
is more like a “normal” contour of adiabatic effectiveness. The
adjustment to coolant recovery temperature reduced the apparent
effectiveness at the center of the jet in the highest Mach num-
ber cases, mimicking the results of the mixture fraction contour.
This similarity occurs despite the mechanism for the reduced ef-
fectiveness being different. In the mixture fraction, the apparent
effectiveness is reduced because the surface temperature is actu-
ally a mixture of the stagnation values, so no viscous dissipation
has affected the value. In the recovery temperature definition,
the coolant temperature used to normalize the effectiveness has
decreased, which has the effect of reducing the apparent value of
effectiveness within the jet.

Further comparison can be made across the range of oper-
ating conditions by taking a spatial average of the effectiveness,
over a downstream distance that starts 5 hole diameters down-
stream and ends 20 diameters downstream. This is shown in
Figure 7. In the low Mach number range, the different definitions
cluster more closely together. There is still minor variation, with
the mixing fraction definition the lowest of the four. The defi-
nitions diverge as mainstream Mach number increases, with the
stagnation temperature definition being significantly higher than
the other three definitions at 𝑀𝑎∞ = 0.75. The mixing fraction
and recovery factor definitions remained the most consistent with
each other at high Mach numbers, as supported by Figure 6. The
mainstream recovery factor definition has a consistent trend but
higher average effectiveness than the definition that uses coolant
recovery factor, as should be expected.

Density and Temperature Ratio Scaling
While the blowing ratio, M, is widely used for scaling film

cooling and remains well defined in compressible scenarios, the
velocity ratio V and momentum flux ratio I are also widely used
in incompressible film cooling literature, but become difficult
to quantify in transonic film cooling. The crux of the issue is
knowledge of the density of the coolant involved in these scal-
ing parameters. Incompressible film cooling has constant density
from the entrance to the exit of the film cooling hole, and thus can
use observations of the temperature and pressure in any location
within the coolant supply to define the density of the coolant. In
compressible film cooling, the density can be seen widely vary-
ing as the coolant accelerates and decelerates. As a comparison,
Figure 8 shows how the different Mach numbers, with a fixed
blowing ratio and coolant stagnation temperature ratio, vary in
exit plane density. The local density ratio relative to the main-
stream gas at the exit of the holes at different Mach numbers
indicate a widely varying density for the same nominal operating
conditions, from approximately 1.2 to nearly 1.4. This variation
is the difficulty in defining and using density ratio as a scaling
parameter.

Oliver et al. [9] adopted an alternative parameter to use when
matching between low and high Mach number cases, which is the
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stagnation enthalpy or stagnation temperature ratio.

T◦ =
𝑇◦
𝑐

𝑇◦
∞

(17)

Discussion of this scaling parameter is rare in the literature, but
exists in some other studies such as that of Ornano & Povey [20].
The authors of that study evaluate T◦ under incompressible flow
conditions, but stress the importance of studies which examine

𝑀𝑎∞ = 0.25𝑀𝑎∞ = 0.15

𝒯𝑜 = 0.83,ℳ = 1.75 𝒟

𝑀𝑎∞ = 0.75𝑀𝑎∞ = 0.50

FIGURE 8: EFFECT OF Ma∞ ON EXIT PLANE DENSITY RATIO

the compressible flow regime. As such, for constant specific
heat and incompressible flows, the stagnation temperature is the
same as the static, and thus the stagnation temperature ratio is
equivalent to the density ratio under these conditions. However,
when they diverge they have differing meaning. While the density
ratio is obviously the relative density of the two gas streams, the
temperature ratio is a representation of the relative energy content
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convected by the gases. For this study, the stagnation temperature
ratio is used to scale cases due to its consistency of definition at
high Mach number.

NUMERICAL RESULTS: FLOW FIELD OBSERVATIONS
This section of the results describes the flow behavior ob-

served while varying mainstream Mach number, blowing ratio
and stagnation temperature ratio.

Mach Number Contours
Cross sections of Mach number at the midplane are shown in

Figure 9. In this figure, the blowing ratio and stagnation temper-
ature ratio are held constant. The contours of Mach number for
𝑀𝑎∞ = 0.15 and 𝑀𝑎∞ = 0.25 in Figure 9 can be taken as typical
incompressible shaped film cooling hole flow fields at the mid
plane. A film cooling hole with a sharp inlet will nearly always
create a separation region, as seen in the low Mach number region
near the entrance to the hole. The main body of the film cooling
jet rises over this region, accelerating due to the restriction in
area imposed by the separation. Once the jet enters the diffuser
section, the flow reduces in speed, spreading outward into the
larger area of the diffuser. This speed reduction minimizes the
shear between the mainstream and the film cooling jet, which
should minimize the mixing rate of the coolant as it travels down-
stream. The forward expansion angle of the diffuser also induces
the jet to turn downward slightly, causing the jet to become more
parallel with the mainstream flow as it exits the hole. However,
as the mainstream Mach number increases, the character of the
flow inside the film cooling hole shows distinct differences. In
the 𝑀𝑎∞ = 0.5 case in Figure 9, the jet accelerates, as before, but
reaches much higher Mach numbers. This may be expected as
for constant blowing ratio, an increased mainstream Mach num-
ber implies an increased coolant Mach number. However, the
𝑀𝑎∞ = 0.5 case crosses the sonic velocity threshold, rising to a
peak Mach number at the entrance to the diffuser of 𝑀𝑎 = 1.5.
It is key to recognize the transition from subsonic to supersonic
flows as a key shift in the behavior of the jet with relation to the
diffuser. In a subsonic scenario, an area increase like the diffuser
causes the film cooling jet to decelerate, as mentioned before.
However, a supersonic flow accelerates as area increases. This
acceleration is seen immediately as the jet enters the diffuser, and
is not observed in the subsonic cases. Further complicating the
flowfield inside the diffuser is, immediately after the entrance,
there is an abrupt deceleration to subsonic velocities. This is
indicative of a normal shock wave. After the shock, the subsonic
flow decelerates within the diffuser as in the subsonic cases, and
meets the mainstream at a relatively sedate velocity, at least com-
pared to that seen within the film cooling hole itself.

The Mach number field of the 𝑀𝑎∞ = 0.75 case further com-
plicates the supersonic interactions of the jet. Seen in Figure 9,
the main body of the jet accelerates to even higher Mach numbers,
reaching as high as 𝑀𝑎 = 2. With the enhanced acceleration, the
jet shows indications of an even stronger shock pattern. Imme-
diately after the first shock, a pattern is visible, reminiscent of a
shock diamond exiting a rocket nozzle. The strength of the shock
in this case has detached the jet from the upper wall, causing it to
deflect toward the center of the diffuser, and giving rise to a new

separation region above the jet, in addition to the separation be-
low the jet present in every simulation. This separation region is
reducing the effectiveness of the diffuser in decelerating the flow,
and the net effect is that the jet exits the hole at a shallower angle
and higher velocity than the rest of the cases. Furthermore, as the
jet remains supersonic at the exit of the hole, a weak expansion
fan is predicted at the trailing edge, limited by a separation region
on the mainstream surface.

Additional Mach number distributions within the hole are
shown in Figure 10, using the highest Mach number tested of
𝑀𝑎∞ = 0.75 and varying the blowing ratio. The development
of a shock wave may be observed with increasing blowing ratio,
where it is shown that flow is supersonic at blowing ratios as low
as M = 1.00. As the blowing ratio increases, the standing shock
wave moves further into the diffuser and encompasses a larger
area, displacing the separation region beneath the jet at the highest
blowing ratio shown in the figure of M = 2.00. Although not
shown for brevity, as the blowing ratio is increased to M = 2.50
and M = 3.00, the shock wave begins to encompass the majority
of the diffuser.

Contours of the Mach number distribution spanwise across
the hole at the entrance and exit of the diffuser section are shown
in Figure 11. The progression of coolant Mach number within
the hole may be observed as blowing ratio increases. At the
lowest blowing ratio case, the flow remains subsonic throughout
the diffuser. At M = 1.00, the flow transitions to supersonic
speeds entering the diffuser, but decelerates to subsonic speeds
by the end of the diffuser. Finally, at M = 2.00, the flow remains
supersonic through the entire diffuser, leaving a separated jet
core. Although again not shown for brevity, it is noteworthy that
for M > 1.25, the Mach contour at the entrance to the diffuser
becomes choked, or area limited. This effect is supported by
comparison of Figures 9 and 10, where it may be observed that for
M = 1.75 and M = 2.00, the Mach contours are approximately
the same up until the diffuser. Consequently, the increase in mass
flux through the hole at these higher blowing ratios is due to
increasing coolant density, made possible by increased coolant
supply pressure.

These distinct flow features at high Mach number have large
impacts on the downstream effectiveness of the film cooling holes
under these conditions, which will be shown in the area averaged
plots in the next section.

Adiabatic Effectiveness
The following comparisons of area averaged effectiveness

will be presented using the recovery temperature definition of
adiabatic effectiveness, 𝜂𝑟 . Although all definitions scale simi-
larly with the conditions tested, 𝜂𝑟 was best bounded between 0
and 1 among the thermal forms of effectiveness. Figure 12 shows
the variation of area averaged 𝜂𝑟 for all blowing ratios simulated,
at two different stagnation temperature ratios. All cases in this
comparison were at the highest Mach number of 0.75. While the
trend between cases is similar when scaling with blowing ratio,
it can be seen that P more closely aligns the effectiveness from
different temperature ratios.

Further, a large decrease in the effectiveness is seen at
P = 2.50, which is due to the jet seperation induced by the
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FIGURE 9: CONTOURS OF MID-PLANE MACH NUMBER FOR M = 1.75 AND T◦=0.83

ℳ = 0.50 𝑀𝑎

𝑀𝑎∞ = 0.75, 𝒯𝑜 = 0.83

ℳ = 1.00

ℳ = 2.00

FIGURE 10: EFFECT OF M ON MIDPLANE Ma DISTRIBUTION

ℳ = 0.50

ℳ = 1.00

𝑀𝑎End of metering hole Hole exit

𝑀𝑎∞ = 0.75, 𝒯𝑜 = 0.83

ℳ = 2.00

FIGURE 11: EFFECT OF M ON Ma DISTRIBUTION THROUGH
THE FILM COOLING HOLE

10 Copyright © 2023 by ASME



𝑀𝑎∞ = 0.75, Τ𝑥 𝑑 = 5 − 20Blowing Ratio Pressure Ratio

FIGURE 12: SCALING ηr WITH VARYING T◦

shockwaves that were observed in the previous Mach number
contours. The jet separation propagates downstream, leading to
a drastic decrease in effectiveness. It is also worth noting the
large pressure ratios required to achieve combined high stagna-
tion temperature ratio and high Mach number. As the stagnation
temperature ratio decreases (i.e., coolant temperature decreases
relative to mainstream) the static pressure ratio required for a
given blowing ratio decreases, due to the requisite mass flowrate
increase from the increased density of cooling gas. This in turn
results in a higher peak performing blowing ratio for T0 = 0.50,
with a drop off in performance at M > 2.0, vs at M > 1.5 when
T0 = 0.50

Interestingly, there is a noticeable increase in performance
at P ≈ 5. The behavior of the jet at these high pressure ratio
conditions was significantly different from the other cases due to
strength of the associated shock train. However, as these results
are at a pressure ratio far exceeding that of a typical gas turbine
cooling scheme, detailed investigation is left for future studies.

CONCLUSION
An investigation into transonic, compressible film cooling

was performed with RANS simulations. These high Mach num-
ber flows are common in modern gas turbines operating near the
speed of sound, but relatively little investigation has been made
into the related physics involved in film cooling.

In the definition of adiabatic effectiveness, an extension from
the incompressible definitions of adiabatic effectiveness is nec-
essary to account for several inconsistencies in compressible film
cooling. The viscous dissipation and kinetic energy contained
in the flow mean that the wall temperature will be somewhere
between a stagnation and static state, but not at either end. The
recovery factor accounts for this, and the commonly used defi-
nition with mainstream recovery temperatures solves several of
the problems introduced by the stagnation temperature definition.

While the mixing fraction definition implied by PSP and other
concentration based techniques does not account for the viscous
dissipation, it tracks closely with the recovery temperature based
definitions introduced here, at least within the four cases tested.
Using a coolant recovery temperature reduced the apparent adia-
batic effectiveness for all cases, but had a larger effect for higher
mainstream Mach number. Indeed, the observed effectiveness
when accounting for coolant recovery is similar to the mixing
fraction definition until 𝑀𝑎∞ = 0.75.

Observable effects of high Mach number can be seen in the
midplane contours and adiabatic effectiveness averages shown.
Once the flow reaches high Mach number, the coolant jet will
generally shock, resulting in a separated jet and poor diffusing
performance. These behaviors This poor performance also af-
fected the flow downstream effectiveness of the hole, resulting in
stark decreases in adiabatic effectiveness at high pressure ratio.

A great deal of effort is necessary to investigate the scaling
and performance of film cooling at high Mach numbers. Further
studies must seek to understand the effect that stagnation temper-
ature ratio plays in the scaling of effectiveness, as well as the use
ofP for the scaling of compressibility effects. Future film cooling
hole designs should mitigate the shockwave phenomena observed
within this study, and to improve high Mach performance for film
cooling of transonic turbine components.
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