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and temperature Tc, travels along the internal surface of the airfoil, with temperature

Tw,i. In addition to the internal convection and external convection, there is convec-

tion within the cooling holes, conduction within the surface, and radiation exchange

between the surface and its surroundings.

Figure 2. Modes of heat transfer in a cooled engine component.

To capture these additional heat transfer paths, a commonly used measurement

of film cooling performance is the overall effectiveness, φ, as seen in Equation 4,

φ =
T∞ − Ts
T∞ − Tc,i

(4)

where Tc,i is the temperature of the coolant before entering the film-cooling holes.

The overall effectiveness, also referred to as the nondimensional surface tempera-

ture, takes into account all three cooling methods: external cooling, internal cooling,

and convection within the cooling holes [7]. The overall effectiveness normalizes the

difference between the freestream temperature and the surface temperature by the

difference between the freestream temperature and the internal coolant temperature.

Using the internal coolant temperature acknowledges the fact that the coolant enter-

ing the coolant hole is not at the same temperature as the coolant exiting the coolant
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hole.

The surface temperature of the airfoil is a function of both the external convective

boundary conditions and the internal cooling arrangement [8]. As a result, an energy

balance between the convective heat flux and the conduction through the material

is required to properly analyze the surface temperature. Following the derivation

found in Rutledge et al.[8], an alternate expression for the overall effectiveness can

be developed:

φ =
χη(Bi+

hf
hc

) + 1
hf
hc

+Bi+ 1
(5)

This version takes into account the Biot number, Bi, the adiabatic effectiveness, the

coolant warming factor, χ, and the ratio of external to internal heat transfer coeffi-

cients,
hf
hc

. This equation shows that the overall effectiveness will be matched between

experimental and engine conditions if the Biot number, adiabatic effectiveness, and

the ratio of external to internal heat transfer coefficients are also matched [9]. This

can be used to predict how a cooling scheme, tested at low freestream temperatures,

will perform at engine conditions. The Biot number is shown in Equation 6

Bi =
hfL

Kw

(6)

where L is the thickness of the wall, and Kw is the thermal conductivity of the wall.

2.2 Film Cooling Parameters

The high temperatures that are experienced at engine conditions make it difficult

to investigate the effectiveness of film cooling techniques. This has led to experiments

being conducted at lower temperatures, with the results being scaled up to engine

conditions with the use of non-dimensional parameters. The first important param-
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eter to mention is the mass flux ratio, M , also referred to as the blowing ratio. The

blowing ratio is shown in Equation 7, where ρc is the coolant density, Uc is the coolant

velocity, ρ∞ is the freestream density, and U∞ is the freestream velocity.

M =
ρcUc
ρ∞U∞

(7)

It should be noted that the blowing ratio is the product of the density ratio (DR)

and the velocity ratio (V R), shown in Equations 8 and 9, respectively.

DR =
ρc
ρ∞

(8)

V R =
Uc
U∞

(9)

Another common parameter is the momentum flux ratio, I, shown in Equation 10.

The momentum ratio has a strong effect on the effectiveness because it determines

whether or not the coolant jet will fully separate from the surface.

I =
ρcU

2
c

ρ∞U2
∞

(10)

Coolant jets tend to separate from the surface downstream of the cooling holes, and

then either reattach or stay separated. A study by Thole et al.[10] measured the

thermal profiles along the centerline of cooling jets to examine the coolant distribution

along the surface. For I < 0.4, the jets stayed fully attached to the wall. For

0.4 < I < 0.8, the jets initially separated and then reattached further downstream.

For I > 0.8, the jets separated and then never reattached [10].

Jet separation and cooling effectiveness are also effected by the density ratio.

Eberly and Thole [2] conducted film-cooling studies at low and high density ratios.

While both the high density ratio and low density ratio jets both detached as the
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blowing ratio and momentum ratio increased, the low density ratio tests showed more

blowoff than the high density ratio tests [2]. Their study also showed that for a given

blowing ratio, test cases with higher density ratios resulted in increased spreading of

the coolant. As a result of the increased spreading, the adiabatic effectiveness tended

to increase. In a typical turbine engine, the density ratio is usually around two [3].

It is important to note that if the density ratio is not matched, the blowing ratio

and momentum ratio cannot be simultaneously matched. Matching the density ratio

that is typically found at engine conditions is often hard to achieve in an experimental

setting, meaning that a choice between matching I and matching M has to be made.

Previous experiments have put much effort into matching density ratio to scale

results from experimental conditions to engine conditions, but matching density ratio

may not be the answer to scaling. Rutledge and Polanka [11] studied the effects of

matching the Reynolds Number Ratio and a new parameter defined by the authors

as the Heat Capacity Ratio, now known as the Advective Capacity Ratio (ACR).

The Advective Capacity Ratio, shown in Eq. 11, includes the ratio of specific heats

between the coolant and the freestream. Results showed that thermal properties can

play an important role in matching film cooling results. While they showed that

density effects still dominate film cooling performance, variations in conductivity and

heat capacity, cp, resulted in changes in excess of 10% in the heat flux to the surface

when scaling from experimental conditions to near-engine conditions [11].

ACR =
cpcρcUc
cp∞ρ∞U∞

(11)

Wiese et al. [12] compared φ distributions for different coolant gases with a variety

of different properties and found that the heat capacity of the coolant influenced the

temperature distribution of the coolant. This affected the adiabatic effectiveness and

set the driving temperature for the heat transfer into the surface. They also showed
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that the thermal conductivity of the external coolant influenced the amount of heat

that was transferred into the surface from the freestream [12].

Fischer et al. [13] measured adiabatic effectiveness on a flat plate with a single 7-

7-7 hole and used several coolant gases to obtain a wide range of property variations.

Results showed that ACR scaled adiabatic effectiveness results for cases when the

coolant jet was fully attached (I < 0.5). For larger values of I, ACR became less

effective at scaling η due to coolant jet separation. The inclusion of cp allows ACR to

account for the coolant’s ability to cool the surface, and was what resulted in matched

η profiles [13]. This is significant due to the fact that in a real engine, the specific

heat of the coolant is significantly lower than that of the freestream gas.

Contour plots of η for a blowing ratio of 0.25, shown in Figure 3, reveal noticeably

different levels of effectiveness for each gas. Using Helium, the gas with the highest

specific heat, as a coolant produced higher η values than the other three gases, with

Argon, the gas with the lowest specific heat, performing the worst. This reinforces

the need to account for the specific heat of the coolant.

Figure 3. Contours of η at M = 0.25, Tu = 0.67% [13]

Contour plots of η for the four gases with a matched ACR are shown in Figure 4.

Comparing the contours to Figure 3 reveals the superiority of the scaling capability

13



of ACR compared to M [13]. Even though each gas had a different specific heat,

matching ACR resulted in matched adiabatic effectiveness contours for the four gases.

Figure 4. Contours of η at ACR = 0.50, Tu = 0.67% [13]

Further tests revealed that ACR will almost exactly scale adiabatic effectiveness

results for cases when the coolant jet is fully attached (I < 0.5). Figure 5 shows area-

averaged adiabatic effectiveness plotted against ACR for all data points collected by

Fischer et al. [13]. For the low ACR values, all of the data points followed the same

curve until the effectiveness values for each gas started to stray from the trend. The

dashed arrows indicate the momentum ratio where each gas started to deviate from

the trend. For larger values of I, ACR became less effective at scaling η due to

coolant jet separation. These results showed that accurate predictions of η can be

made for low values of I without matching the density ratio [13].

2.2.1 Scaling Overall Effectiveness

As mentioned in Section 2.1, overall effectiveness will be matched between test and

engine conditions if the Biot Number, adiabatic effectiveness, and ratio of external

to internal heat transfer coefficients are matched. Polanka et al. [14] measured the

overall effectiveness on a full-scale metallic vane ring at low temperatures, and cor-
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rected the data to engine conditions. The data showed that the expected φ values at

engine-representative temperatures were within 3% of the experimental φ values when

the Biot numbers were matched within 25%. This result shows that the Biot numbers

do not have to be exactly matched to accurately simulate an engine’s environment at

experimental conditions [14].

Figure 5. Area-averaged adiabatic effectiveness vs. ACR for all test cases [13].

2.3 Effects of Hole Geometry

The geometry of the cooling hole is a factor that affects the film cooling effec-

tiveness. Gritsch et al. [15] measured the film cooling effectiveness for a cylindrical

hole, a fanshaped hole, and a laidback fanshaped hole. The three hole geometries

are shown in Figure 6. The study revealed that the two fanshaped holes provided

significantly more thermal protection of the surface downstream of the hole exit [15],

shown by the η contours in Figure 7. The contours show that the laidback fanshaped

hole provided more lateral spreading of the coolant jet than the fanshaped hole. As

a result of the increased spreading, the laidback fanshaped hole resulted in increased
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laterally averaged adiabatic effectiveness [15].

Figure 6. The three hole shapes studies by Gritsch et al. [15]: cylindrical, fanshaped,
and laidback fanshaped.

Figure 7. Adiabatic effectiveness contours for the cylindrical, fanshaped, and laidback
fanshaped hole [15].

Schroeder and Thole [16] offered the film cooling community a shaped hole design

to serve as a baseline hole shape. With a widely accepted baseline hole, future

experiments would have the same reference to compare data to. The baseline hole,

referred to as the 7-7-7 hole, is shown in Figure 8 and is expanded seven degrees

in each lateral direction and laidback seven degrees. A full description of the hole

geometry is shown in Table 1.

Two issues with standard hole geometries are the liftoff that occurs as the coolant

jet exits the cooling hole and the formation of vortices that entrain the hot freestream
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gas along the airfoil surface [17]. These kidney-shaped vortices, shown in Figure

9, rotate in such a way that one vortex lifts the other off the surface [18]. The

combination of the coolant liftoff and the gas entrainment degrades the effectiveness

of a cooling scheme. Shaped holes and multi-hole designs are used to reduce the

strength of the vortices and decrease the coolant jet velocity out of the hole by

increasing the exit area, reducing the jet liftoff [17].

Figure 8. Baseline 7-7-7 hole design [16].

Table 1. Geometric parameters for 7-7-7 hole [16].

Hayes et al. [17] investigated the effectiveness of a multi-hole concept, the anti-

vortex hole (AVH). The AVH, shown in Figure 10, consists of a main cooling hole with

two sister holes that branch out from the main hole [17]. Heidmann and Ekkad [19]
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Figure 9. Kidney-shaped vortices that form as a result of the interaction between the
coolant jet and the freestream gas [18].

computationally compared heat transfer coefficients and film effectiveness values for

the AVH and cylindrical hole configuration. The AVH configuration showed improved

film-cooling performance for a blowing ratio of 1.0 on a flat plate compared to a

standard cylindrical hole. Computational fluid dynamics predicted an improvement

in area-averaged film effectiveness of about 0.2 and a net heat flux reducion (NHFR)

of about 0.2 for the AVH when compared to the round hole for density ratios of 1.0

and 2.0 [19].

Figure 10. Example drawing of an AVH configuration [20].
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2.4 Effects of Freestream Turbulence on Film Cooling Effectiveness

Freestream turbulence is one of the most dominating effects on film-cooling per-

formance [3]. The source of the freestream turbulence is the combustor, with the

turbulence level and turbulent eddy size varying with the turbine operating condi-

tion. The turbulence level of the freestream is quantified by the root-mean-square

velocity, urms, divided by the magnitude of the mean velocity, U .

Tu =
urms
U

(12)

Representative turbulence intensities for gas turbine engines are around twenty per-

cent [3]. Several studies have been conducted with non-reacting and reacting com-

bustors to investigate the freestream turbulence characteristics exiting the combustor.

Ames and Moffat [21] experimentally studied turbulence in a non-reacting combustor

simulator and measured turbulence intensity levels up to 19%. Cameron et al. [22]

studied swirl-driven inlet flow in reacting combustors and measured turbulence levels

near 25%.

The turbulent length scales are quantified by measurements of the integral length

scale, which is a measure of the largest turbulent length scale. A common way to cal-

culate the integral length scale is to first calculate the integral time scale, the interval

between statistically uncorrelated samples, and then use Taylor’s frozen hypothesis

to switch from a time scale to a length scale. The integral time scale can be computed

from the autocorrelation function, shown in Equation 13:

ρ(s) =
< u(t)u(t+ s) >

< u(t)2 >
(13)

where u(t) = U(t)−U is the fluctuation, < u2 > is the variance, and < u(t)u(t+s) >

is the autocovariance [23]. The autocorrelation function, the correlation coefficient
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between a function at times t amd t+ s, starts at a value of one and diminishes. The

autocorrelation function usually decreases rapidly enough that the integral converges

and the integral time scale, τ , is [23]:

∫ ∞
0

ρ(s)ds (14)

The effect of freestream turbulence on film cooling effectiveness depends on the

momentum flux ratio of the coolant. Schmidt and Bogard [24] ran experiments with

a DR of two, typical of a real turbine engine, and measured heat transfer coefficients

and adiabatic effectiveness for freestream turbulence levels of 0.3%, 10%, and 17%.

They found that for low to moderate momentum flux ratios, 0.1 < I < 0.5, high

freestream turbulence reduced the adiabatic effectiveness by more than 50% at the

cooling hole. The decrease in effectiveness was worse as the downstream distance

from the hole increased. This decrease in adiabatic effectiveness at the cooling hole

was a result of the increased external heat transfer coefficient, which increased the

heat flux to the airfoil, and the increased lateral dispersion of the coolant. Figure

11 shows lateral effectiveness values at three downstream distances for I = 0.5. At

zero lateral distance from the hole, z/D = 0, the adiabatic effectiveness decreased as

Tu increasesd for each downstream distance. At x/D = 10, the increase in lateral

dispersion due to increased Tu is indicated by the increase in η away from the jet

center [24].

For large momentum flux ratios, I > 1, Schmidt and Bogard observed that the

trend reversed and the high freestream turbulence levels caused the adiabatic effec-

tiveness to increase [24]. Figure 12 shows laterally averaged adiabatic effectiveness

versus momentum flux ratio at three downstream distances from the cooling hole. The

laterally averaged values of η are higher for the high freestream turbulence cases when

I > 1. The coolant jets normally detach for these momentum flux ratios, so the high
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Figure 11. Freestream turbulence effects on lateral adiabatic effectiveness at I = 0.5,
M = 1.0 [24].

freestream turbulence levels either resulted in less detachment of the jet or caused the

detached coolant to move back to the surface [24]. The optimum range of momentum

flux ratio for the low freestream turbulence levels was found to be 0.1 < I < 0.5,

while the optimum range of momentum flux ratio for the high freestream turbulence

levels was found to be 1 < I < 2 [24].

Hayes et al. [17] studied the film cooling effectiveness by varying blowing ratio

and freestream turbulence intensity for a conventional straight hole and an AVH. The

data showed improved cooling performance for the AVH compared to the straight hole

at low levels of freestream turbulence intensity. The data also showed that high levels

of freestream turbulence intensity improved the cooling performance of the AVH. For

all turbulence levels tested, increasing the blowing ratio resulted in improved film

cooling effectiveness [17].

Schroeder and Thole [16] measured adiabatic effectiveness at different levels of

freestream turbulence for a laidback fanshaped hole and found that increasing the

21



Figure 12. Freestream turbulence effects on laterally averaged adiabatic effectiveness
as a function of I [24].

freestream turbulence from 0.5% to 5% resulted in an approximate 50% widening of

the coolant jet for blowing ratios of 2.0 and 3.0. They also found that area-averaged

adiabatic effectiveness decreased as much as 10% for blowing ratios of 0.5 and 1.0.

[16].

2.5 Grid-Generated Turbulence

High levels of freestream turbulence are guaranteed to be present in a real en-

gine, resulting in a desire to produce realistic levels of freestream turbulence in lab

environments. There are many ways of generating freestream turbulence. In most
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experimental configurations, freestream turbulence is generated using a biplanar grid

of bars, where the eddies are on the order of the size of the bars [3]. Various lev-

els of Tu, including low levels, must be generated to effectively study the effects of

freestream turbulence.

A common way of generating different levels of freestream turbulence is by using

a combination of screens and honeycombs. Screens can be used for the production of

high Tu levels and low Tu levels [25]. The geometry of the screen can be modified

by changing the pattern of the screen or by changing the dimensions of the pattern

elements. Screen dimensions are normally defined by the solidity ratio, S, shown in

Equation 15

S = 1 − Ao/At (15)

where Ao is the open area of the screen and At is the total area of the screen. A

solidity ratio of zero corresponds to no screen at all, while a solidity ratio of one

corresponds to a solid plate. Two common types of screens are the square mesh

array of square bars (SMS), and the square mesh array of round bars (SMR). Two

important characteristics of the grids, shown in Figure 13, are the rod size, b, and the

space between the rod centers, M .

In their investigation of flow through screens, Baines and Peterson [25] studied

the characteristics of screen-generated turbulence. They examined seven SMS screens,

each with different values of M and b. They found that the flow downstream of a

screen displayed a region of flow establishment and a region of established flow. In the

region of flow establishment, the anisotropic turbulence generated from each grid cell

diffused inward toward the centerline and outward toward the neighboring jets. In the

next region, the flow was established and exhibited isotropic turbulence decay. Figure

14 is a plot of turbulence intensity versus downstream distance from the screen and
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Figure 13. Example square-mesh array of round bars.

shows the two regions mentioned. The turbulence intensity rose in the region of flow

establishment, labeled region A, and then decayed in the region of established flow,

labeled region B. These results are in line with jet diffusion theory because screens are

modeled as a series of neighboring jets [25]. Another useful takeaway from Figure 14

is the curve fit for the region of established flow. The curve fit is a powerful tool that

allows the turbulence intensity downstream of a screen to be estimated if b and the

downstream distance, x, are known. This is useful when designing ways to generate

various levels of freestream turbulence intensity for an experimental setup.

Roach [26] conducted a similar experiment with several types of grids, including

SMS grids and SMR grids. The SMS data, shown in Figure 15, closely lined up with

Baines and Peterson. The difference between the two curve fits is the constant in

front of the exponential term, which is less than one percent different. This reinforces

the idea that these curve fits can be used to predict Tu downstream of screens.

Roach conducted the same experiment with SMR grids and compared the gener-

ated turbulence to that of the SMS grids. Figure 16 shows that Tu decayed at the

same rate for both types of grids. The difference in the curve fits is the constant in
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front of the equation.

Figure 14. Decay of turbulence intensity downstream of SMS grids. Adapted from
Baines and Peterson [25]. Curve fit: Tu = 1.12(x/b)−5/7

Figure 15. Decay of turbulence intensity downstream of SMS Grids. Curve fit: Tu =
1.13(x/d)−5/7 [26].
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Figure 16. Decay of turbulence intensity downstream of SMR grids. Curve fit: Tu =
0.8(x/d)−5/7 [26].

2.5.1 Honeycombs

Honeycombs are useful devices that straighten the incoming flow, suppress the

intensity of incoming turbulence, and generate new turbulence with length scales

characteristic of the shear layers present in the near wake [27]. The suppression

of the incoming turbulence is due to the constraint of the lateral components of

the fluctuating velocity, while the new turbulence is due to shear layer instabilities

and growing turbulent Reynolds stresses. Loehrke and Nagib [27] used hot wire

anemometry to study the effects of honeycombs of different lengths on freestream

turbulence. They determined that the turbulence generated by honeycombs dissipates

rapidly, resulting in a net suppression of the freestream turbulence intensity. They

also showed that ”the level, structure, and decay of the turbulence downstream of the

honeycomb can be easily modified by placing a fine mesh screen in close proximity

downstream of it” [27]. Their results showed that the optimum way to suppress

freestream turbulence levels is by using a combination of honeycombs and screens,

with the first screen positioned near the downstream end of the honeycomb [27].
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2.6 Measurement Techniques

This section discusses measurement techniques that have been used in FCR re-

search. Infrared thermography, discussed in Section 2.6.1, is a useful non-intrusive

technique for measuring surface temperatures and determining φ. Hotwire anemom-

etry, discussed in Section 2.6.2, was used to measure the intensity and length scales

of the freestream turbulence.

2.6.1 Infrared Thermography

Infrared Thermography is an important meaurement technique because it allows

a temperature measurement to be taken without being intruding into the test en-

vironment. Whereas thermocouples must be physically touching the target object

and can affect the conduction heat transfer, Infrared Radiation (IR) cameras mea-

sure temperature without ever touching the target object. This is important in film

cooling because any disturbance to the freestream flow or coolant flow can affect the

film cooling effectiveness.

2.6.1.1 Basics of Infrared Thermography

Infrared radiation is not visible to the human eye and covers the portion of the

electromagnetic spectrum from wavelengths of about 0.9 µm to wavelengths of about

14 µm. IR cameras convert infrared radiation to a visible image that depicts thermal

variations across an object or scene [28]. Any object that has a temperature above

absolute zero emits thermal radiation. As seen in Eq. 16, the amount of radiation

emitted increases as the temperature of the object increases. Eb is the blackbody

emissive power, σ is the Stefan-Boltzmann constant and has a value of 5.67∗10−8 W
m2K4 ,

and n is the refractive index of the medium. The refractive index of the medium is very

close to one for air and is oftentimes left out of the equation when air is considered.
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Eb(T ) = n2σT 4 (16)

A blackbody is an ideal object for several reasons. Blackbodies absorb and emit

radiation diffusely, meaning that the amount of thermal energy released and absorbed

by a blackbody is independent of direction. The radiation absorbed by a blackbody

is also independent of the wavelength of the absorbed radiation. Finally, due to the

combination of these aspects, no object can emit more energy than a blackbody for

a specified temperature and wavelength [29]. This is an important idea when taking

thermal measurements with an IR camera and is discussed in more depth later this

section.

By the definition of a blackbody, real surfaces always have a lower emissive power

than blackbodies. For a real surface, the Stefan-Boltzmann law becomes:

E(T ) = εEb(T ) (17)

where ε is the emissivity of a real body, or the ratio of the total emissive power of a

real surface to the total emissive power of a blackbody at the same temperature [6].

When a surface is impacted by thermal radiation, the irradiation can be reflected,

absorbed, or transmitted by the surface. The reflectance, ρ, is the ratio of the reflected

part of the incoming radiation to the total incoming radiation. The absorptance, α,

is the ratio of the absorbed part of the incoming radiation to the total incoming

radiation. The transmittance, τ , is the ratio of the transmitted part of the incoming

radiation to the total incoming radiation. As seen in Eq. 18, the above definitions

and the conservation of energy dictate that the sum of these parts be equal to unity.

ρ+ α + τ = 1 (18)
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