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ABSTRACT
The design of gas turbine blades and vanes is a challenging task. The nature of the problem calls
for high speed, high temperature, turbulent flows to be predicted accurately. The conventional
technique for solving such flows neglects conduction through the blade material and relies on
turbulence models to predict the film-cooled flow. This results in errors as large as 14% when predicting
the wall temperature for internally cooled turbine blades. A loosely coupled conjugate heat transfer
method called Iterative Conjugate Heat Transfer (ICHT) was developed to incorporate conjugate effects.
A Reduced-Order Film Model (ROFM) was also developed to use experimental data or empirical
correlations in place of turbulence models for solving film-cooled flow.
ROFM automates the process of setting up and solving CFD solutions. The development and a
demonstration of this technique is presented. A CFD solution of a film-cooled C3X blade was obtained to
determine the influence of conjugate effects and the accuracy of ROFM. Results show a maximum
deviation for wall temperatures of 3.33%, which was roughly 2.5% of the initial total gas temperature,
and equivalent to 18 °C, showing good agreement with experimental results. The change in wall
temperature due to conjugate effects was a maximum of 40 °C, which is considered very significant in
gas turbine design.
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Chapter 1: Introduction
1.1 Background
Airlines and air framers continue to push gas turbine technology in hopes of improving efficiency,
increasing thrust specific fuel consumption and lowering weight. For the power output of an engine to
double, the rotor inlet temperature would have to increase from 2500 to 3500 F [1]. At such elevated
temperatures, multiple modes of structural failure are present include creep, cracking, oxidation, and
melting. Keeping the metal components from failing in the turbine requires constant cooling. There are
various cooling technologies that allow the blades to operate in temperatures hundreds of degrees
above their melting temperatures. The most common techniques used today are convection cooling,
impingement cooling and film-cooling. A general sense of the expected temperature range for a given
technology is shown in Figure 1.

Rotor Inlet Gas
Temperature (°F)

Cooling Effectiveness

Figure 1: Pictures of Film-Cooling Technology with Graph of Effectiveness [2]

Convection cooling refers to bleeding air from the compressor stage and passing it through
cavities in the blade material. The cooling air is fed through the root of the blade. Often times
turbulators, or "trip strips", are used to enhance mixing and increase the heat transfer in serpentine
channels passing through the blade, such as in Figure 2. Convection cooling is very common, and is often
combined with other cooling techniques, such as impingement or film-cooling.

1

Figure 2: Schematic of Typical Film-Cooling Design [3]

Impingement cooling refers to cooling the back side of shell airfoil by directing jets. The shell is
fabricated like sheet metal and offset from the rest of the blade material. Figure 2 shows impingement
cooling at the leading edge of the blade. This method of cooling is very effective and is often utilized on
early stage blades and vanes, where temperatures of the gas stream are the highest, in combination
with other cooling schemes.
Film-cooling refers to jets of coolant air that are injected into the boundary layer through
discrete holes in the blade. This cooling technique is very effective and provides protection by using the
2

coolant air to displace the hot exhaust gases and insulate the blade material from excessive heat
transfer. Oftentimes, film-cooling is used in concert with other cooling techniques. It is not uncommon
for the cooling jets to be fed from a convective cooling serpentine or for discrete cooling holes to be
drilled into the shell of an impingement cooled airfoil.
The focus of this paper will be flows with film-cooling. The purpose of this study is to further the
development and validation of a model for performing film-cooling calculations while including the
thermal resistance of the metal, known as conjugate heat transfer effects.
1.2 Experimental Studies on Film-Cooling
Goldstein [4] summarized various geometry and flow related effects on film-cooling flows. Ekkad
et al. [5] published a study measuring effectiveness and heat transfer data using transient liquid
crystallography. They showed how utilizing a compound injection angle can increase film effectiveness.
The study was performed on a flat plate. Baldauf et al. [6-9] gathered film effectiveness and heat
transfer augmentation data for various blowing ratios and injection angles. The data was later put into
the form of empirical correlations. Yuen & Martinez-Botas [10-13] published round hole effectiveness
and augmentation data with various array configurations. Both authors provided span-wise averaged
and two-dimensional contour plots of their data sets. Gritsch et al. [14-15] performed high speed
experiments with diffuser holes on a flat plate. Data was reported for Mach numbers up to 0.6 and
blowing ratios up to 2.0. The blowing ratio is defined by Eq. (1).
𝑀=

𝜌𝐶 𝑈𝐶
𝜌𝐺 𝑈𝐺

(1)

All of the studies mentioned reported non-conjugate results. Hylton et al. [16-17] performed
high speed, high temperature studies on a C3X vane in a linear cascade. The blade material chosen was
stainless steel, allowing for conduction effects to play a prominent role in heat transfer and resulting in
conjugate data. The data reported in this study is much more representative of what occurs in an engine
as a result. Both experimental data and numerical results were reported in this study.
1.3 Numerical Studies on Film-Cooling
There are many numerical studies available for film-cooling. The numerical prediction of filmcooled flows with reasonable results is limited to the recovery region. Yavuzkurt & Habte [18] reported
that Reynolds Averaged Navier-Stokes (RANS) models under predict mixing in the near field resulting in
higher film effectiveness values. RANS models varied in their results, but ranged from under predicting
effectiveness by as much as 80% to over predicting by as much as 200%. The best performance was by
the epsilon model, which stayed around 20% error for its effectiveness prediction. Figure 3 is a plot of
these results. It can be seen that predicted values do not become reasonable until x/D > 3. The location
x/D > 3 represents the exit region of the near field of the injection site and entrance into the wake
region. Azzi and Lakehal [19] showed that RANS models under predict lateral spreading of the film. The
result of such studies is that RANS models are inadequate in the near field. This currently holds true for
all turbulence models. Figure 4 is of a typical film-cooling geometry for a first stage blade likely to be
seen in a high temperature gas turbine. Turbulence models would be very unreliable for predicting such
3

a flow because by the time one film jet leaves the near field and settles down in the wake region, the
solution enters the near field of the next cooling hole. It should also be noted that a first stage vane
would have even more film-cooling holes on the airfoil surface than shown in Figure 4 as it is a half stage
closer to the combustor outlet which would cause larger discrepancies in predictions of film
effectiveness and heat transfer augmentation for film-cooled flows solved using turbulence models.

Figure 3: Numerical Prediction of Film-Cooling Effectiveness Using Fluent Compared with Experimental Data [18]
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Figure 4: Typical Film-Cooling Configuration for a First Stage Blade [20]

1.4 Conjugate Film-Cooling Studies
Metal conduction through the blade material is also important when determining correct wall
temperature values for a blade. Silieti et al. [21] showed that conjugate heat transfer models have
significantly improved temperature prediction results. They found that a full conjugate solution couples
fluid flow and heat transfer, providing a significant improvement in near field effectiveness results. Bohn
et al. [22] reported an 8% difference in temperature results for conjugate and non-conjugate solutions
for a film-cooled blade.
1.5 Conclusions
The literature shows multiple gaps in the predictive capabilities of conventional Computational
Fluid Dynamics (CFD) programs for film-cooled flows. Turbulence models are incapable of providing
satisfactory results in the near field, making them unacceptable for predicting wall temperatures for
early stage turbine vanes and blades. Turbulence models have fallen behind experimental findings. An
alternative method for solving near-field film-cooled flows is needed. Further, any film-cooled airfoil
should be solved in a manner that includes blade conduction in the solution, successfully resolving
conjugate effects. Given the low thermal conductivity of the blade material and thermal barrier coatings,
such effects can have a large influence on the final wall temperature value predicted. Reports with
conjugate and non-conjugate data are necessary for a complete understanding of the problem, but
cannot be readily found. An additional complication is that although there have been numerous studies
performed, many experimental studies do not include sufficient data on film effectiveness, heat transfer
augmentation or geometries.
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1.6 Objectives of Research Project
The main objective of this study is to develop a conjugate heat transfer model called the
Reduced-Order Film Model (ROFM) which replaces turbulence models with experimental data or
empirical correlations for solving the film-cooling flow phenomena. To achieve this objective, the
following must be accomplished:










Validate the Reduced Order Film Model and a proprietary empirical film-cooling model using
Hylton et al. [16] experimental data. The author reported conjugate wall temperatures, allowing
the method to be benchmarked.
Increase the accuracy of ROFM through with addition of local reference temperatures. Currently
a constant reference temperature from the inlet is used. The temperature of the free stream gas
changes significantly as it goes past the airfoil. Including local variation is important for
developing the model to solve flows with work extraction and is a necessary step for preparing
ROFM as a design tool.
Expansion of ROFM to include treatment of two-dimensional data, allowing for threedimensional blade temperature distributions by mapping surface boundary conditions instead of
span wise averaged boundary conditions. This is necessary for solving the complex threedimensional airfoil shapes currently employed by the industry.
Expansion of ROFM to the near field to be able to apply it to full coverage film-cooled blades.
Accurately solving the near field in film-cooling flows is crucial to improving the design of early
stage vanes and blades.
Report on temperature variation between conjugate and non-conjugate solution approaches for
the Hylton case [16]. A better understanding of the changes associated with a conjugate
solution for an airfoil in a gas turbine engine is necessary and this a step towards that goal.
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Chapter 2: Conjugate Heat Transfer Theory
2.1 Physical Explanation of the Difference between Conjugate and Non-Conjugate Approaches
Understanding the difference between conjugate and non-conjugate solutions is easier with
diagrams. Figure 5 is a diagram of both solution approaches. The non-conjugate approach places the
heat flux at the interface between the metal and the fluid. This is done because a non-conjugate
solution assumes that the metal is negligible. This would result in a constant temperature distribution
throughout the solid. The conjugate solution approach places the heat flux below the metal to allow for
conduction resistance to influence the temperature distribution.

Figure 5: Heat Flux Placement for Conjugate and Non-Conjugate Solutions

Figure 6 shows the difference between non-conjugate and conjugate solutions. The nonconjugate solution has a constant metal temperature since there is no thermal resistance through the
metal surface. The gas temperature varies from the metal temperature to the free stream value through
the boundary layer, creating a gradient. The conjugate solution has a variable temperature through the
metal due to thermal resistance. Here, the temperature rises from the metal temperature, TM, to some
interface temperature TI. The gas temperature varies from the interface temperature to the free stream
value through the boundary layer, creating a different gradient than seen in the non-conjugate case.
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Figure 6: Temperature Assignment and Gradients for Conjugate and Non-Conjugate Solutions

Comparing the gradients of the non-conjugate and conjugate cases, shown in Figure 7, reveals that the
slope of non-conjugate gradient is not as large. This is caused by the higher temperature at the interface.
The difference between these two approaches is that the inclusion of thermal resistance for the solid
forces the interface temperature to change. The interface temperature TI causes the gradient and
corresponding heat flux at the surface to change. Whether or not this change in the gradient is
significant depends on the relative importance of the thermal resistance of the solid to that of the flow.

Figure 7: Gradient Comparison for Non-Conjugate and Conjugate Cases

2.2 The Brun Number
The Brun number is a dimensionless parameter that provides a measure of the relative
importance of thermal resistances in a problem with a gas flowing over a surface. It can be thought of as
a ratio of the thermal resistances of the gas in the boundary layer to the wall over a given length, x, of
the surface. This determines whether the resistance of the plate must be considered in order to arrive at
an accurate solution. In general, a Brun number over 0.1 requires a conjugate solution. The Brun
number definition is given by Eq. (2). The parameters used in Eq. (2) are illustrated in Figure 8.
(2)
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Figure 8: Geometry Example for Brun Number Variable Definitions

The Brun number for the Hylton case [16] is approximately 5.86, well above the 0.1 threshold that
requires a conjugate solution. Such high Brun numbers are typical of gas turbine flows.
2.3 Benefits and Limitations of Full Conjugate Analyses
Full conjugate analyses allow for the user to easily define the problem. This is because the
interface boundary condition is to force the same heat flux for both domains. Using this condition is
especially helpful because it is not possible to accurately specify the wall temperature prior to solving
the flow field, which depends in part on the wall temperature. This frees the user to define any external
boundary conditions necessary, such as free stream gas temperatures and pressures, and avoid having
to enforce a value at the interface. Here, all the temperatures are solved for. As a result, full conjugate
analyses are useful for any problem that can be resolved satisfactorily using available turbulence models.
A consequence of this dependence is that whenever turbulence models are inaccurate, full conjugate
analyses are unreliable. Film-cooling flows are such a case.
Turbulence models are incapable of accurately predicting the flow field near injection sites,
termed the near field. Predictions are better after the near field, in the recovery region, however this
limits the applicability of conventional CFD. The first vane in a turbine is an example of a problem that
turbulence models are incapable of solving accurately. The solid is exposed to extremely high gas
temperatures, upwards of 3200 ℉ for military applications, and is covered with film-cooling holes. Were
a turbulence model to be applied to such a problem the results would be inaccurate because the
entirety of the blade is near field. This is termed full coverage film-cooling. At present, full conjugate
analyses are currently incapable of generating an accurate prediction for such a problem. As a result of
these limitations, this method was not used for calculating film-cooled flows.
2.4 Benefits and Limitations of Loosely Coupled Conjugate Analyses
Loosely Coupled Conjugate methods employ mapping of boundary conditions to allow the user
to separate the two computational domains at the interface, in this case the airfoil and the gas region.
CFD is used to solve the flow field around the profile of the airfoil and heat transfer coefficients are
obtained based on a chosen initial temperature. These values are mapped as an external boundary
condition imposed on the airfoil, along with any internal boundary conditions necessary to fully define
the problem, and the second computational domain is solved. This allows for a wall temperature to be
determined. Further, these results ignore any secondary effects associated with the conduction
resistance of the blade and thermal barrier coatings. These are not yet conjugate results. To incorporate
9

conjugate effects requires iterating until the wall temperature converges, while enforcing continuity of
heat flux between the two computational domains. This allows for the domains to interact despite being
calculated separately.
A loosely coupled conjugate analysis was chosen for calculating film-cooled flows because it
meets the requirements for flexibility needed in the model. Using a loosely coupled method allows for
the heat transfer coefficients to be modified prior to being mapped onto the solid surface. This
modification can be based on empirical film-cooling models or experimental data. This ability to modify
values in-between solving domains is a requirement for ROFM.
2.5 Development of Iterative Conjugate Heat Transfer Method
Developing ICHT was rather straightforward. The design required loosely coupled conjugate
heat transfer to be automated in a CFD package. ANSYS' Fluent was ideal for this project for multiple
reasons. The program is capable of understanding Scheme, a programming language, and allows for
various calculations or macros to control a solution through text based commands. Fluent is also capable
of executing Unix and Linux command line prompts, allowing for other programs to be called by the
Scheme code while running Fluent. In this case, the desired program is MATLAB, which allows for the
mapping of boundary conditions as well as any transformations that may become necessary. MATLAB
can also be used to check if the interface temperature has converged and stop Fluent from executing
further iterations. A graphical overview of the process in shown in Figure 9 and a flow chart of the
process is shown in Figure 10.

Figure 9: Graphical Representation of ICHT and ROFM[23]
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Figure 10: ICHT Flow Chart Showing Matlab Controls

Validation of the method was completed by Dhiman [24]. Luikov [25] published an analytical solution to
laminar flow over a flat plate with Br = 1.91. The problem was modeled and solved in Fluent using ICHT.
ICHT results, shown in Figure 11, were in good agreement with approximately 1% deviation from the
analytical solution.
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Figure 11: ICHT Results Compared to Conjugate Analytical Solution [23,24]
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Chapter 3: Film-Cooling Theory
3.1 Derivation of Important Film-Cooling Parameters
Dimensionless parameters are often desired for studying fluid mechanics and heat transfer.
Film-cooling flows are no exception. Deriving the dimensionless film-cooling parameters requires a
definition of the heat flux to the surface with and without the presence of a film and those heat fluxes
are given below:
𝑞𝑓" = 𝑓 𝑇𝐺 − 𝑇𝑊

(3)

𝑞𝑜" = 𝑜 𝑇𝐹 − 𝑇𝑊

(4)

The film temperature, TF, is defined as the temperature after the injected coolant mixes with fluids in
the boundary layer. This is shown in Figure 12.

Figure 12: Injection of Film and Definition of the Film Temperature

A dimensionless quantity can be defined by taking the ratio of these quantities.
𝑞 𝑓"
𝑞 𝑜"

=

 𝑓 𝑇𝐹 −𝑇𝑊
 𝑜 𝑇𝐺 −𝑇𝑊

(5)

After some minor manipulations, the standard parameters used in analyzing film-cooled problems can
be derived from Eq. (5):
𝑞𝑓"
𝑞𝑜"
𝑞𝑓"
𝑞𝑜"

=

=

𝑓 (𝑇𝐹 − 𝑇𝑊 + 𝑇𝐺 − 𝑇𝐺 )
𝑜
𝑇𝐺 − 𝑇𝑊

𝑓 𝑇𝐺 − 𝑇𝑊 𝑇𝐺 − 𝑇𝐹
𝑇𝐺 − 𝑇𝐶
−
∗
𝑜 𝑇𝐺 − 𝑇𝑊 𝑇𝐺 − 𝑇𝑊
𝑇𝐺 − 𝑇𝐶
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𝑞𝑓"
𝑞𝑜"

=

𝑓
𝑇𝐺 − 𝑇𝐹
1−
𝑜
𝑇𝐺 − 𝑇𝐶
𝑞 𝑓"
𝑞 𝑜"

=

𝑓
𝑜

𝜂 =
𝜃=

𝑇𝐺 − 𝑇𝐶
𝑇𝐺 − 𝑇𝑊

1 − 𝜂𝜃

(6)

𝑇𝐺 −𝑇𝐹
𝑇𝐺 −𝑇𝐶
𝑇𝐺 −𝑇𝐶
𝑇𝐺 −𝑇𝑊

(7)
(8)

Consider the terms that appear in Eq. (6). The heat transfer augmentation term, 𝑓 𝑜 , is
important. This parameter indicates that it is possible for film-cooling to cause a net heat flux increase to
the surface. Injecting coolant into the flow results in a large amount of turbulence production and
enhanced mixing. The boundary layer energy level is disturbed and as a result heat transfer coefficients
change from what would be observed in the case without film-cooling. It is possible for a reduction or
increase in the heat flux, although generally the value increases in design problems because of the need
to avoid backflow. Based on this, the domain for the augmentation term would be, 0 < 𝑓 𝑜 < ∞. For
practical purposes 1 ≤ 𝑓 𝑜 ≤ 2 should be expected.
Equally important is the film-effectiveness parameter, 𝜂, defined in Eq. (7). This provides a
method for analyzing how much protection is being provided by gauging how close the film temperature
is to the coolant temperature. Generally at an injection site it is possible for this value to be one. As the
effectiveness decays due to mixing with the free stream gas, the decrease in the protection provided by
the film is seen in a corresponding decrease in 𝜂. For any film-cooled problem, 0 ≤ 𝜂 ≤ 1.
The last term is the dimensionless wall temperature, 𝜃, defined in Eq. (8). This value gives a
sense of what the surface temperature is with respect to the coolant temperature. It should be noted
that if the film effectiveness at an injection site is 1, then the dimensionless wall temperature is as well.
For cases with no internal cooling, it is not possible for the wall temperature to go below the
temperature of the coolant at the injection site, so 1 ≤ 𝜃 < ∞. For cases with internal cooling this
condition is no longer valid, so 0 < 𝜃 < ∞. A high 𝜃 value can occur towards the trailing edge of the
airfoil. While it is possible that this is caused by an error in the problem setup, the product 𝜂𝜃 should be
used to determine if this is the case. If 𝜂𝜃 > 1, and 𝜃 is high, then there is an error present in the
problem setup.
It is important to note that in design problems, the only value that would be considered
constant is the coolant temperature at the inlet to the blade, 𝑇𝐶 . In any film-cooled problem 𝑓 𝑜 , 𝜂, 𝜃,
𝑇𝑊 , and 𝑇𝐹 are all functions of space. In many problems, such as in gas turbines, the gas temperature, 𝑇𝐺 ,
is also a function of space. If a more complex analysis were necessary for resolving trailing edge wakes
or gas migration, these variables would also be a function of time.
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3.2 Development of Reduced-Order Film Model
ICHT was designed as a loosely coupled solution method to allow for incorporating ROFM. By
combining both models, the final temperature results represent both film-cooling and conjugate heat
transfer effects. This requires combining the change in heat flux associated with film-cooling with those
caused by conjugate effects. The change in heat flux associated with film-cooling, as derived above, is
not quite as useful in this regard. Instead, both effects are considered to be modifiers of a baseline heat
transfer value, chosen to be the non-conjugate, non-film-cooled heat transfer coefficient. Let 𝜃 be
defined as a film-cooled, conjugate heat transfer coefficient:
(9)

𝜃 𝑇𝐺 − 𝑇𝑊,𝑐𝑜𝑛𝑗 = 𝑓,𝑐𝑜𝑛𝑗 𝑇𝐹 − 𝑇𝑊,𝑐𝑜𝑛𝑗 = 𝑞𝑓"
𝑇𝐹 −𝑇𝑊 ,𝑐𝑜𝑛𝑗

𝜃 = 𝑓,𝑐𝑜𝑛𝑗

𝑇𝐺 −𝑇𝑊 ,𝑐𝑜𝑛𝑗

𝜃 = 𝑓,𝑐𝑜𝑛𝑗 1 − 𝜂𝜃𝑐𝑜𝑛𝑗

(10)

The problem is that most experimental film-cooling data does not account for conjugate effects.
Typically the metal used in the apparatus is copper, which has a very high thermal conductivity. The
reason for using copper is that it allows the researchers to ignore conduction through the metal. For this
model to be useful, a method has to be found for converting between conjugate and non-conjugate
heat transfer coefficients. The transformation assumed for this research is that the heat transfer
augmentation for conjugate and non-conjugate cases will be the same.
𝑓
𝑜

=
𝑐𝑜𝑛𝑗

𝑓
𝑜

(11)
𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

This assumption is based on film-cooling parameters being solely dependent on the flow field,
an assumption already made in the literature. Baldauf et al. [6] define the Stanton number for a filmcooled flow as in Eq. 12.
𝑥

𝑠 𝛿1 𝐿
,
𝐷 𝐷

𝑆𝑡𝑓,𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗 = 𝑓 𝜃 , 𝑀, 𝑃, 𝑇𝑢, 𝐷 , ∝, 𝐷 ,

(12)

The temperature dependence of in Eq. (12) is not of particular interest, because it limits the range of
applicability of the values. Dividing the film-cooled Stanton number by the non-film-cooled Stanton
number removes the temperature dependence while preserving the effects of geometry and injection
parameters. The temperature dependence is divided out because the non-film-cooled Stanton number
is only dependent on the temperature effects.
𝑆𝑡 𝑓,𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗
𝑆𝑡 𝑜 ,𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

=

 𝑓,𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗
 𝑜 ,𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

𝑥

𝑠 𝛿1 𝐿

= 𝑓 𝑀, 𝑃, 𝑇𝑢, 𝐷 , ∝, 𝐷 ,

,

𝐷 𝐷

(13)

Given that the temperature dependence associated with the heat transfer coefficient can be divided for
a non-conjugate case, the same assumption should hold for a conjugate solution.
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𝑆𝑡 𝑓,𝑐𝑜𝑛𝑗
𝑆𝑡 𝑜 ,𝑐𝑜𝑛𝑗

=

 𝑓,𝑐𝑜𝑛𝑗
 𝑜 ,𝑐𝑜𝑛𝑗

𝑥

𝑠 𝛿1 𝐿

= 𝑓 𝑀, 𝑃, 𝑇𝑢, 𝐷 , ∝, 𝐷 ,

,

(14)

𝐷 𝐷

Further, since temperature dependence has been removed from the augmentation functions, it makes
sense that that the values would be equal for conjugate and non-conjugate analyses as there are no
changes to the film-cooling geometry or fluid injection properties. This leads to Eq. (11). Solving for the
film-cooled, conjugate heat transfer coefficient yields,

𝑓,𝑐𝑜𝑛𝑗 = 𝑜,𝑐𝑜𝑛𝑗

𝑓
 𝑜 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

(15)

Substituing Eq. (15) into Eq. (10),

𝜃 = 𝑜,𝑐𝑜𝑛𝑗

𝑓
 𝑜 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

1 − 𝜂𝜃

(16)

Equation (16) determines the film-cooled, conjugate heat transfer coefficient. The non-film-cooled,
conjugate heat transfer coefficient is augmented using empirical or experimental values for heat
transfer augmentation and film-effectiveness. The non-film-cooled, conjugate heat transfer coefficient
and 𝜃 are found through the output of ICHT. This modified heat transfer coefficient is used as the
external boundary condition for the solid solution. As a result, film-cooled physics replaces a turbulence
model for solving the near field flow.
It is worth noting that it is currently not possible to prove Eq. (11). Doing so would require a data
set reporting conjugate and non-conjugate data for film-cooled and non-film-cooled conditions on the
same experimental rig. This data set does not exist. It is possible that the augmentation terms are not
entirely independent of the temperature, however, it is likely that any temperature dependence is a
second order effect.
Now that the model has been defined, some physical understanding of what is occurring is
necessary. Substituting the definition for the heat transfer coefficients in terms of heat flux and
temperatures into Eq. (10) gives,
𝑞𝑓"

𝑇𝐹 − 𝑇𝑊

𝑞𝑜"

𝑇𝐺 − 𝑇𝑊

𝑞𝑓"
𝑞𝑜" 𝑐𝑜𝑛𝑗
𝑞 𝑓"
𝑞 𝑜" 𝑐𝑜𝑛𝑗

=

=
𝑐𝑜𝑛𝑗

𝑞𝑓"

=

𝑞𝑜" 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗
𝑞 𝑓"
𝑞 𝑜" 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

𝑞𝑓"

𝑇𝐹 − 𝑇𝑊

𝑞𝑜"

𝑇𝐺 − 𝑇𝑊

𝑇𝐺 − 𝑇𝑊
𝑇𝐹 − 𝑇𝑊

𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

𝑇𝐺 −𝑇𝑊 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗
𝑇𝐺 −𝑇𝑊 𝑐𝑜𝑛𝑗

𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

𝑇𝐹 − 𝑇𝑊
𝑇𝐺 − 𝑇𝑊

𝑐𝑜𝑛𝑗

𝑇𝐹 −𝑇𝑊 𝑐𝑜𝑛𝑗
𝑇𝐹 −𝑇𝑊 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

(17)

Depending on the location, the wall temperature of an airfoil could increase or decrease due to
conduction through the metal being considered. Conduction through the metal would reduce the effects
of internal cooling. Many airfoils have thermal barrier coatings with very low thermal conductivities. This
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would reduce external heating. It is unknown if the temperature will increase or decrease at any given
point, however the change can be modeled as an unknown function.
(18)

𝑇𝑤,𝑐𝑜𝑛𝑗 = 𝑇𝑤,𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗 + 𝑐1 𝑥, 𝑧

In gas turbine engines, it is known that 𝑇𝐺 > 𝑇𝐹 , however both are functions are space. At the surface,
(19)

𝑇𝐺 = 𝑇𝐹 + 𝑐2 𝑥, 𝑧

Substituting Eq. (18) and (19) into Eq. (17) transforms to non-conjugate temperatures and the defined
constants,
𝑞𝑓"
𝑞𝑜" 𝑐𝑜𝑛𝑗
𝑞𝑓"
𝑞𝑜" 𝑐𝑜𝑛𝑗

=

=

𝑞 𝑓"
𝑞 𝑜" 𝑐𝑜𝑛𝑗

𝑞𝑓"
𝑞𝑜" 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗
𝑞𝑓"
𝑞𝑜" 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

=

𝑞 𝑓"
𝑞 𝑜" 𝑐𝑜𝑛𝑗

𝑇𝐺 − 𝑇𝑊
𝑇𝐺 − 𝑐2 − (𝑇𝑊 + 𝑐1 )
𝑇𝐺 − (𝑇𝑊 + 𝑐1 )
𝑇𝐺 − 𝑐2 − 𝑇𝑊

𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

𝑇𝐺 − 𝑇𝑊
𝑇𝐺 − 𝑇𝑊 − 𝑐1 + 𝑐2
𝑇𝐺 − 𝑇𝑊 − 𝑐1
𝑇𝐺 − 𝑇𝑊 − 𝑐2

𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

𝑞 𝑓"
𝑞 𝑜" 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

𝑇𝐺 −𝑇𝑊 2 − 𝑐1 +𝑐2 𝑇𝐺 −𝑇𝑊
𝑇𝐺 −𝑇𝑊 2 −(𝑐1 +𝑐2 ) 𝑇𝐺 −𝑇𝑊 +𝑐1 𝑐2 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

= 𝜑 𝑇𝐺 , 𝑇𝐹 , 𝑇𝑊,𝑐𝑜𝑛𝑗 , 𝑇𝑊,𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

𝑞 𝑓"
𝑞 𝑜" 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

(20)

(21)

While heat fluxes are temperature dependent, in this non-dimensional form it can be seen that a large
amount of the dependency is removed. A functional form has been found for the change in heat flux
due to film cooling in conjugate and non-conjugate solutions. For the heat fluxes to be the same, 𝜑 = 1
or 𝑐1 𝑐2 = 0 in Eq. (20). To determining whether or not this makes sense involves examining the
constants more closely.
1. 𝑐1 = 0; 𝑇𝑤,𝑐𝑜𝑛𝑗 − 𝑇𝑤,𝑛𝑜𝑛𝑐𝑜𝑛𝑗 = 0
This would be realistic in the event that the metal had a very high thermal conductivity, such as
copper. Gas turbine airfoils are made from low thermal conductivity metals protected by low
thermal conductivity coatings. A high thermal conductivity assumption is not valid for this
problem.
2. 𝑐2 = 0; 𝑇𝐺 − 𝑇𝐹 = 0
This is valid where there is no film-cooling, and consequently is not very useful for a film-cooling
model. It is possible for there to be regions without film-cooling on late stage vanes and blades,
but this would likely not occur on first stage vanes and blades, which often have full coverage
film-cooling.
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For a full coverage blade, it can be seen from Eq. (21) that the heat flux will change due to film-cooling
and conjugate effects. Without allowing for the internal resistance of the metal to be accounted for
these effects would be neglected, and it is possible for there to be too little or too much cooling. Too
little cooling could result in blade failure or shorter part life. Too much cooling results in lower turbine
efficiency or less thrust. Both cases are undesirable.
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Chapter 4: ROFM Analysis of an Airfoil in a Cascade
4.1 Description of Experiment
The experiment chosen for validation of ROFM was performed by Hylton et al. [16]. It involves
an airfoil cascade and includes film-cooled and non-film-cooled test runs. All cases have internal cooling.
The metal used, 310 stainless steel, has a low thermal conductivity which allows conjugate effects to be
resolved in the experiment. The C3X vane used in the experiment, shown in Figure 13, was chosen as the
test airfoil. The vane was cut in-between the film-cooling cavities and the internal cooling holes,
numbers one and eleven on the suction side and four and nineteen on the pressure side in Figure 13.
The vane was welded back together with a 0.254 mm air gap while maintaining the profile to avoid
disturbing the flow path. The gap was intended to act as a thermal barrier, isolating the effects of filmcooling on the surface from the influences of the injection site and feed cavities. In Figure 13, numbers
one through ten refer to internal cooling holes, and numbers eleven through nineteen to film-cooling
holes. For this study, holes thirteen through seventeen were not considered.

Figure 13: Geometry of Film-Cooled C3X Airfoil [16]

Hylton et al. [16] provided much of the necessary data for generating a model of their modified C3X
blade. The exact position of the thermal barrier and internal boundary conditions were not included in
the final report. Positioning the thermal barrier was overcome by using a data extraction program to
determine its position relative to other geometric points for which positions were given. Using the
known values as a reference point, the thermal barrier was properly placed. Once a model of the blade
was generated, two meshes were created. The first mesh, shown in Figure 14, used the profile of the
blade to create a gas domain to be used for determining external heat transfer coefficients on the airfoil
surface. Figure 15 shows a close up of the boundary layer mesh attached to the solid wall and the
unstructured mesh used for the bulk of the flow field. The second mesh, shown in Figure 16, is the
internally cooled region of the airfoil after the thermal barrier. The leading edge is not of interest for this
study because Hylton et al. [16] did not report data for this region. The solid mesh uses the heat transfer
coefficients from the flow solution as an external boundary condition and generates wall temperature
values that can be compared to the reported measurements. Figure 17 shows a close up of one of the
internal cooling holes. A boundary layer mesh was placed around all of the internal cooling holes to
properly resolve gradients. An unstructured mesh was used for the bulk of the solid region.
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Figure 14: Mesh for Gas Domain For Hylton C3X Blade

Figure 15: Boundary Layer and Surrounding Unstructured Mesh For Hylton C3X Blade
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Figure 16: Mesh of Solid Domain For Hylton C3X Blade

Figure 17: Boundary Layer and Unstructured Mesh Surrounding an Internal Cooling Hole For Hylton C3X Blade

Once the meshes had been established1, it was decided to use run 440002 for validating ICHT on a nonfilm-cooled case, followed by run 44308 for validating ROFM on a film-cooled case. This solution
strategy insures that the physics of the problem have been modeled correctly before adding the
1

A mesh independence study was performed. Results are provided in Appendix A.
The run numbers refer to specific test cases performed by Hylton et al. [16]. Information of these cases can be
found in Appendix B.
2
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additional complication of an empirical film model, effectively narrowing the potential sources of error
when comparing the final results to reported experimental data.

4.2 Results of Gas Solution
The first benchmark used with the Hylton case entailed comparing the pressure distribution for
the flow solution to experimental data. CFD generally provides good pressure results, especially for twodimensional solutions. The Hylton case is more complicated than the standard two-dimensional flow
because it is transonic which can cause problems in terms of the solution accuracy. The exit mach
number for these cases is 0.9, however the peak mach number is 1.04, as shown in Figure 18.

Figure 18: Mach Number Contour For Hylton C3X Blade

High values of the Mach number occur around mid-span and towards the trailing edge of the
suction side, as well as the trailing edge of the pressure side. Consider the total pressure, shown in
Figure 19, where tail shocks can be identified in the flow leaving the trailing edge of the airfoil and
impinging on the suction side at mid-span.
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Figure 19: Computed Total Pressure Contour For C3X Blade

Matching the experimental data for the C3X blade was rather problematic. After using two CFD
codes, two RANS models, two gas meshes, and two solvers, the experimental pressure distribution data
for the case with an exit mach number of 0.9 still could not be met. In an attempt to diagnose the
problem, the exit mach number was reduced to 0.75 in an attempt to compare to the second data set
measured in the experiment without the potential complication of shocks. Results are shown in Figure
20. The pressure side showed relatively good agreement, but the suction side showed larger than
expected deviations, especially around 40% span. Y237 is a proprietary CFD code and V310 an
automated meshing program owned by Pratt & Whitney. It should also be noted that the spike at the
end of the pressure distribution results is caused by Fluent failing to properly resolve the wake region
after the trailing edge of the vane.
Initial trouble shooting involved checking the airfoil geometry, all boundary conditions, and any
other user input that could have resulted in an error in the pressure distribution. No problem were
found. At this point, the geometry of the airfoil was rotated in an attempt to see if the data points
provided by Hylton et al. [16] were slightly skewed. After rotating the airfoil one degree clockwise,
improvements were seen in the results for the suction side, however a three degree rotation showed
deviations from the data trend. The rotation had no effect on the pressure distribution near the trailing
edge of the airfoil. Results are shown in Figure 21.
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Fluent V310 and Gambit Mesh Solutions and
Y237 Solution vs. Hylton Ps/Pt Data
1.1

Code / Mesher / Solver

Fluent V310 PBNS KWSST PS

1

Fluent V310 PBNS KWSST SS
0.9

Fluent Gambit PBNS KWSST PS
Fluent Gambit PBNS KWSST SS

Ps/Pt 0.8

Fluent Gambit PBNS RKE PS
0.7

Fluent Gambit PBNS RKE SS

0.6

Y237 V310 DBNS KWSST PS
Y237 V310 DBNS KWSST SS

0.5

Hylton PS
0

0.2

0.4

0.6

0.8

1

Hylton SS

span

Figure 20: Pressure Distribution for Various Cases vs. Hylton 1988 Data [16]

Fluent Rotated Ps/Pt Predictions vs Hylton Data
1.1
0 Deg SS
1

0 Deg PS
.25 Deg SS

0.9

.25 Deg PS
0.8

.5 Deg SS

Ps/Pt

.5 Deg PS

0.7

.75 Deg SS

0.6

.75 Deg PS

0.5

1 Deg SS
1 Deg PS

0.4
0

0.2

0.4

0.6

0.8

1

span

Figure 21: Pressure Results for Rotated C3X Blade vs Hylton 1988 Data [16]
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3 Deg SS
3 Deg PS

After finding no error in the setup for the case with an exit mach number of .9, results were
compared with experimental pressure distribution data from Hylton et al.'s 1983 experiment [17]. The
comparison is shown in Figure 22. The suction side showed better agreement with the older data set,
although a larger deviation was seen in the pressure side. From this point a brief literature survey found
computational results published by Leylek et al. [26] for the Hylton's 1983 [17] C3X blade, shown in
Figure 23. Predicted results agreed very well with Leylek's, matching the trend almost identically. It was
determined that there was likely some error in the measurement or blade profile reported by Hylton et
al. in 1988 [16].

Results for 1988 C3X Case vs. Hylton 1983 and
1988 C3X Ps/Pt Data for MA2 = 0.9
1.1
1
0.9
1988 CFD PS

0.8

1988 CFD SS

Ps/Pt

1983 Hylton PS

0.7

1983 Hylton SS
0.6

1988 Hylton PS
1988 Hylton SS

0.5
0.4
0

0.2

0.4

0.6

0.8

1

span

Figure 22: Pressure Distribution vs. Hylton 1983 and 1988 Data [16,17]
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𝑃𝑠
𝑃𝑡

𝑠𝑝𝑎𝑛
𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑎𝑛
Figure 23: Comparison to Leylek Computational Result for 1983 C3X Blade [26]

4.3 Description of Film Model
Pratt & Whitney, the sponsor of this research project, has an empirical film model used in
testing ROFM. The model is designed to predict the initial values and decay of film-cooling effectiveness
and local heat transfer augmentation for airfoils. The model is proprietary in nature and so cannot be
reported in any detail, however, a prediction of values for the Hylton experiment were generated.
Predicted values for the suction side are shown in Figure 24. Values for pressure side are shown in
Figure 25. Both figures are plotted against the span of the airfoil. It should be noted that there are two
peaks in the heat transfer augmentation and film effectiveness predictions because there are two
cooling holes.
The blue line refers to the local heat transfer augmentation. The value is set as one prior to
reaching a cooling hole, then increases due to the first injection. This value starts to decay until it
reaches the second hole, at which point it increases again. Then the augmentation value decays,
eventually reaching its baseline value of one. Local film effectiveness follows the same trend.
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𝑓
, 𝜂, 𝜃
𝑜

𝑠𝑝𝑎𝑛
𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑎𝑛
Figure 24: Suction Side Film Effectiveness and Heat Transfer Augmentation
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Figure 25: Pressure Side Film Effectiveness and Heat Transfer Augmentation

4.4 Non-Film-Cooled Results
Run 44000 was used for the non-film-cooled case. Hylton et al. [16] neglected to report a large
amount of data that would have been useful in determining boundary conditions. This includes
thermocouple data taken inside the thermal barrier and the mass flow rates and temperatures for the
internal cooling holes. As a result, a the values used in for the boundary conditions had to be found
elsewhere or improvised based on an understanding of the physics involved.
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The internal boundary conditions were found in a report by Laskowski et al. [27]. An inverse
process was used to determine these values based on matching reported data using full conjugate CFD
analyses on cases without film cooling, shown in Table 1.

Table 1: Mass Flow Rate and Inlet Temperature for Hylton C3X Internal Cooling Holes [27]

These values were then used in a full conjugate three dimensional model created and analyzed by
Dhiman [24] to arrive at average heat transfer coefficients and bulk temperatures. This was done to
create boundary conditions for the internal cooling holes of a two-dimensional model. Results are
reported in Table 2.

Table 2: Average Heat Transfer Coefficients and Bulk Temperatures for Internal Cooling Holes [24]
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The thermal barrier posed problems as well. The first guess for a boundary conditions was
adiabatic, however when the blade profile was restored with the air gap in place, an insulating material
was not used. Hylton's report describes welding the blade together, indicating heat transfer would occur
across the thermal barrier at the boundaries. Without the temperature data taken from thermocouples
along the thermal barrier, it was not possible to impose these values on the solid mesh and use the
resulting heat fluxes as a boundary condition. The final boundary condition used was an extrapolated
wall temperature at the edge, based on reported values, and an adiabatic condition elsewhere along the
thermal barrier.
With approximate values for the missing boundary conditions, it became possible to solve the
problem. Because of the boundary conditions are not exact, they are the main source of error in the
solution. Results of the first analysis, with these conditions applied, are illustrated in Figure 26.

Figure 26: Wall Temperature Results with Initial Internal Cooling Boundary Conditions

Results showed very good agreement in the region directly after the thermal barrier, however
the prediction towards the trailing edge of the airfoil was less accurate, showing deviations as large as
6%. The error was associated with the fact that a steady state solution was assumed. The result was that
the average heat transfer coefficients were unrealistically high. With the amount of data missing 6%
29

error is reasonable. While this solution is acceptable, it showed that the boundary conditions needed
further iteration. This was necessary because the film-cooled solution is to be used for validation, and
any source of error that could be removed from the baseline case does not have to be considered in the
film-cooled results. The value of the internal heat transfer coefficients for the last few holes were
reduced until the predicted temperature distribution was more accurate. The adjusted values are
reported in Table 3.

Table 3: Adjusted Internal Heat Transfer Coefficients

Results from the analysis using the adjusted heat transfer coefficients are shown in Figure 27.
Temperature predictions were brought in line with reported experimental data, with deviations
reappearing around 85% span. The maximum deviation was reduced from 6% to 2.4%, very close to the
2.0% experimental error reported for the study. The remaining error in the solution is associate with the
trailing edge wake. It is not properly resolved, and the internal heat transfer coefficients are directly
affected by this phenomena.
Based on the temperature distribution, it is clear that the majority of the physics in the flow are
being properly resolved. This can be seen by how well the wall temperature trend matches that of the
data, showing that the internal cooling holes and flow are being modeled accurately. The results were in
good agreement with experimental data and further refinement of the baseline boundary conditions
would be less valuable, so it was decided to move on to the film-cooled case.
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Figure 27: Final Wall Temperature Results for the Non-Film-Cooled Run

4.5 Results for the Film-Cooled C3X Vane
For the case of a modified C3X vane a version of the Matlab script containing decay curves
produced from Pratt & Whitney's film-cooling model was used. These curves were specific to the Hylton
test case. Given the empirical nature of the model, it is important to check key values to insure that the
solution is behaving as expected. Figures 28 and 29 show the product 𝜂𝜃 from the first iteration and
sixth iteration, respectively. The first iteration plot represents non-conjugate results, whereas the sixth
iteration plot has conjugate effects incorporated in the solution. Neither plot shows 𝜂𝜃 greater than one,
indicating that the solution was well behaved. This product is important in that 𝜂𝜃 above one would
result in the airfoil heating the external gas, and be a sign that something is wrong.
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Figure 28: Product of Eta and Theta for Iteration 1 for Film-Cooled C3X Solution
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Figure 29: Product of Eta and Theta for Iteration 6 for Film-Cooled C3X Solution
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Another gauge for determining whether the solution is physically realistic is to determine
whether the assumption made while developing ROFM is reasonable. Consider Eq. (17), which is
reproduced here,

𝑞𝑓"
𝑞𝑜"

=
𝑐𝑜𝑛𝑗

𝑞𝑓"
𝑞𝑜"

𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

𝑇𝐺 − 𝑇𝑊 2 − 𝑐1 + 𝑐2 𝑇𝐺 − 𝑇𝑊
𝑇𝐺 − 𝑇𝑊 2 − (𝑐1 + 𝑐2 ) 𝑇𝐺 − 𝑇𝑊 + 𝑐1 𝑐2

𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

It is already known that the gas temperature is above the film temperature everywhere in the problem.
This means that the function 𝑐2 (𝑥) is not of concern. Therefore if 𝑐1 (𝑥) = 𝑇𝑊,𝑐𝑜𝑛𝑗 − 𝑇𝑊,𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗 ≠ 0
where the model is being applied, i.e. where 𝜂 > 0, then a nonzero value means that there is a change
in heat flux associated with conjugate effects. This is shown below in Figure 30.

Pressure Side

Suction Side

𝑐1 𝑥 = ∆𝑇, (𝐾)

𝑠𝑝𝑎𝑛
𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑎𝑛

Figure 30: Temperature Difference between Conjugate and Non-conjugate Solutions

Interestingly the value of 𝑐1 (𝑥) changes from positive to negative at roughly 50% span for the
pressure side and 60% span for the suction side. These likely correspond to the regions where the
internal cooling begins to dominate over the effects of film-cooling. From Figure 29, it can be seen that
this switch occurs when 𝜂𝜃 is less than 0.1, when the film-cooling has largely mixed out. Further, looking
at the final temperature distribution in Figure 31, the predicted conjugate and non-conjugate
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temperatures were equal at the same location where 𝑐1 𝑥 = 0, as expected from the model. All of the
important parameters are behaving as expected so the solution is physically relevant.
Despite using entirely empirical values for film-cooling parameters, the predicted wall
temperature was within 3.33% of experimental data. The wall temperature measurements performed
by Hylton et al. were within ± 2% experimental error (black lines in Figure 31). If the experimental error
associated with the film-model were to be considered in this value, the prediction would likely fall
within the expected range. Unfortunately these values are proprietary and were not provided.

Figure 31: Final Wall Temperature Results for Film-Cooled C3X Vane

These results are sufficiently good to validate both ROFM and Pratt & Whitney's empirical film
model, and provides evidence that the underlying assumption for ROFM is reasonable. The slope of the
predicted values reasonably match that of the reported data, showing that ROFM is resolving the
physics of the problem accurately. The largest deviations occur in the film-cooled region of the vane,
and this is likely error that can be associated with the empirical film model. However, 3.33% error for a
film-cooled flow is a much better result than could be expected from current turbulence models. This
solution also shows the need to use a conjugate approach when solving gas turbine blades and vanes. A
temperature difference of 40 K is significant for such a design problem, and could result in part failure.
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Chapter 5: Improvements and Modifications to ICHT and ROFM
5.1 Local Reference Temperature
In internal flows such as gas turbine blade passages, the main stream gas temperature changes
in the flow direction. In order to enhance the capabilities of ROFM and to better match film-cooling
definitions with those at Pratt & Whitney, a local reference temperature was introduced to the θ
calculation in place of the inlet total gas temperature. It should be noted that the Hylton et al. case [16]
was calculated before and after this change was made, with very little deviation in the results. This was
expected as the experiment used a cascade. As a result, no work was extracted from the flow, so the
total temperature of the free stream gas remained relatively constant.
The value chosen as the local reference temperature was the recovery temperature, 𝑇𝑅 , defined
as,

𝑇𝑅 𝑥 = 𝑇𝐺 𝑥 +

𝑃𝑟 𝑇

1

3 𝑈𝐺 𝑇 2

2𝑐𝑝 𝑇

(22)

Values for the local gas temperature and velocity were taken from the periodic boundary condition
imposed in the flow solution, shown in Figure 32. The temperature values were used with curve fits for
the Prandtl number and specific heat of air to determine the local recovery temperature. It is important
to note that Pratt & Whitney defines their adiabatic wall temperature as the recovery temperature,
leading to:
𝑇𝐴𝑊 𝑥 = 𝑇𝑅 𝑥

Periodic Boundary Condition

Figure 32: Periodic Boundary Condition in Gas Mesh Used For Local Temperature and Velocity Values
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As a result of this change, 𝜃 =

𝑇𝐺 − 𝑇𝐶
𝑇𝐺 − 𝑇𝑊 (𝑥)

was redefined as 𝜃 =

𝑇𝑅 (𝑥)− 𝑇𝐶
.
𝑇𝑅 (𝑥)− 𝑇𝑊 (𝑥)

The new definition

for 𝜃 is more appropriate for usage with high speed flow and flows that have work extraction. It also is
consistent for any calculation based on data from the empirical film model. The results for 𝑇𝑅 calculation
are shown in Figure 33. It can be seen that variation in the local gas temperature is as large as 100 K. The
recovery factor reduces this variation to 30 K, however local variation is still present.
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Figure 33: Variation in Inlet Gas Total Temp, Adiabatic Wall Temp and Local Static Temp for Hylton Case

As expected, the predicted wall temperature did not change greatly due to the lack of work extraction,
shown in Figure 34. Red lines show the updated wall temperatures based on the new definition of θ. The
old values, shown with green and purple lines, fall directly behind the new results. Were this analysis
being applied to a blade instead of a vane, the changes in wall temperature would have been significant
due to the fact that the flow loses energy. This particular case has no work extraction, so it is expected
that the results would be this close.
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Figure 34: Predicted Wall Temperature Distribution Using Adiabatic Wall Temperature As Reference For Hylton Film-Cooled
C3X Vane Solution

5.2 Use of Surface Distribution of η and 𝒉𝒇 𝒉𝒐 for Three-Dimensional Blade Temperature Calculations
Updating the film-cooling script to handle two-dimensional input instead of one-dimensional
input greatly enhances the method's capabilities. In this case, ROFM uses surface contour data, from
either experiments or film-cooling models. Utilizing two-dimensional data allows ROFM to modify heat
transfer coefficients as a surface corresponding to a three-dimensional model, instead of a line
corresponding to a two-dimensional model. Further, two-dimensional data allows for capturing more
complex phenomena such as second order convective effects that are lost when data is averaged. Figure
35 shows experimental results reported by Yuen et al. [10-13] for local heat transfer augmentation and
film effectiveness downstream of three cooling holes. The lateral variation, especially in the near field,
was a driving factor in pursuing the capability of using data sets such as this. With one dimensional
correlations, the near field data would be span wise averaged, and local variations would be lost entirely.
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Figure 35: Yuen Film Effectiveness and HT Augmentation Contours [10-13]

5.3 Application of ROFM to Full Coverage Region
The main difference between a code capable of modeling full coverage film-cooling and one that
is not is the capability to account for the near field. Modeling the near field requires having a data origin
at the start of the cooling hole, shown in Figure 36.

Figure 36: Diagram Depicting Change in Origin Change for Full Coverage Film-Cooling

Changing ROFM to be capable of solving in the full coverage region requires modifying the
Scheme code and meshes. The meshes have to be altered to add distinct regions in the place of filmcooling holes. These regions require a temperature boundary condition based on an approximation of
the local coolant temperature. The Scheme code is changed to apply additional convective boundary
conditions to model heat transfer in the cooling holes prior to injection, shown in Figure 37, and
replacing the metal temperature with a constant value equal to the coolant temperature at the injection
site.
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Figure 37: Use of Pipe Flow Nusselt Number Correlations with Full Coverage Film Cooling

These modifications are necessary for ROFM to be used for analyzing blades and vanes in a gas turbine
engine. In more demanding engine designs, the entire first stage vane is covered by film-cooling, and as
technology continues to evolve this could become the case for other airfoils in the engine. As gas
temperatures continue to increase in designs, film-cooling will spread to cover increasingly larger
amounts of the surface area, necessitating the ability to solve for accurate wall temperatures near
injection sites.
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Chapter 6: Summary and Conclusions
The Reduced-Order Film Model was used in conjunction with an empirical film-cooling model
provided by Pratt & Whitney to predict wall temperatures of a C3X vane using Fluent. The film-cooling
model was used to provide film-cooling effectiveness and heat transfer augmentation values for the
geometry and flow conditions reported in Hylton et al. [16-17]. Once these values were obtained, a
systematic approach to modeling the Hylton test case was employed. The pressure distribution obtained
from the gas solution was compared to reported values and was found to be in good agreement with
the Hylton pressure distribution data set [17] as well as Leylek's computational pressure distribution [25]
for the same problem.
After matching the pressure distribution, the non-film-cooled case was ran. Wall temperatures
were found to match very well with Hylton's experimental data, with the largest deviation being 2.4%.
The boundary conditions determined for use on the non-film-cooled case were modified and applied to
the film-cooled case. The predicted wall temperature distribution showed a maximum deviation of
3.33%. Given that the experimental error for the wall temperature measurements were ±2%, without
calculating any additional error associated with the film-cooling parameters generated with the
empirical film model, the results are promising. Further, conjugate heat transfer effects were shown to
be significant in the solution, causing local temperature variations as large as 5.6% of the inlet total gas
temperature. This value corresponds to a 40°C difference which is quite significant in gas turbine design.
Such promising results show that ROFM is capable of accurately solving film-cooled flows and implies
that the underlying assumption in ROFM is accurate.
ICHT was expanded to manipulated two-dimensional data, allowing for it to be used for solving
for a three-dimensional temperature distributions. ROFM was modified to use a local gas temperature
as a reference for calculating film-cooling parameters. The change used the recovery temperature as the
reference value in film-cooled flows rather than the inlet total temperature. This is more accurate in
instances with work extraction and high speed flow, where the main stream gas temperature varies
across the span of the airfoil. ROFM was also extended for use in the near field of a discrete cooling hole.
This change allows the method to be used in solving a full coverage film-cooled surface.
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Chapter 7: Future Work
Validating ROFM for a three-dimensional case is the most important piece of work that has yet
to be done. This is in the process of being completed. Pratt & Whitney will be providing pyrometry data
for a V2500 vane. The problem will be solved using Pratt & Whitney's film-cooling correlations to build a
surface for film-effectiveness and heat transfer augmentation values. These would then be used to
correct the boundary conditions as described herein.
There is currently development on film-cooling and heat transfer augmentation correlations.
The correlations calculate span wise decay and lateral spreading values for individual cooling holes.
These decay predictions result in two-dimensional film effectiveness predictions that can be turned into
a surface. These are than superimposed to generate a single surface. An example for a single hole is
shown in Figure 38. These surfaces can be represented as contours for publication or can be handed to
ROFM for use in a problem solution. The completion and validation of these correlations increases the
value of ROFM as a design tool because it is no longer reliant on a specific experimental data set.

Figure 38: Example of Single Hole Output of Correlations Under Development

A schematic of an experiment, shown in Figure 39, for producing a data set capable of validating
the main assumption used in ROFM, that

𝑓
 𝑜 𝑐𝑜𝑛𝑗

=

𝑓
 𝑜 𝑛𝑜𝑛 −𝑐𝑜𝑛𝑗

, may be conducted. The information

required includes film-cooled and non-film-cooled results for conjugate and non-conjugate cases. The
left side of Figure 39 shows two flat plate experiments with no film-cooling. The position of the heater,
used to provide a constant heat flux, is changed. In the first trial, the heater is above the low
conductivity plate, removing conjugate through the metal as a source of resistance to heat transfer. In
the second trial, the heater is placed below the low conductivity plate, allowing conjugate effects to be
captured. This is repeated with film-cooling added to the experiment. With these results, the
assumption could be checked directly by using the experimental data to determine the conjugate and
non-conjugate heat transfer augmentation. Currently validation cases have to be used as a source for
gauging the accuracy of ROFM. The problem with this is that solving for a correct wall temperature does
not prove that the augmentation ratios are equal, it merely implies that it is likely the case. As a result,
until this data set is available it is impossible to prove the accuracy of ROFM's underlying assumption.
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This experiment would be useful even if it showed that the current assumption is incorrect, but allowed
for second order effects to be modeled.

Figure 39: Experiment for Validating ROFM Assumption
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Appendix A: Mesh Independence Study
The first mesh generated used more elements, creating a more dense mesh. The grid statistics
are provided in Table 4, and a picture of the mesh showing the periodicity is provided in Figure 40.
During construction, the grid was divided into three regions. The square region at the inlet contains the
front interior line, the front periodic boundary condition and the inlet itself. The square region at the
outlet contains the back interior line, the back periodic boundary condition and the outlet. The middle
region contains the middle periodic line, as well as the pressure side and suction side of the airfoil.
Equiangle and equivolume skew are statistics offered in Fluent for measuring how close the grid
elements are to regular shapes. A value of zero would mean every shape is regular, and a value of one
refers to highly skewed elements that could result in a solution failing to converge.

Table 4: Grid Statistics for Fine Mesh
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Figure 40: Fine Mesh Showing Periodicity

The second grid generated was much more coarse. The number of faces and nodes was reduced
to approximately 33% of the value for the fine mesh. This was done largely in the free stream. The
boundary layer mesh density was reduced, but the initial y+ value was held constant. The grid statistics
for the coarse mesh can be found in Table 5. Figure 41 shows a picture of the mesh, including the
periodicity.
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Table 5: Grid Statistics for the Coarse Mesh

Figure 41: Coarse Mesh Showing Periodicity
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Generally phenomena at the wall are used to determine grid independence. In this case, the
heat transfer coefficient at the wall was calculated using a second order solution. Figure 42 shows the
heat transfer coefficients for the fine mesh while Figure 43 reports values for the coarse mesh. Both
meshes reported the same values, concluding that either was sufficient for accurately modeling the
problem. The coarse mesh was used for further modeling to achieve quicker run times.

Figure 42: Surface Heat Transfer Coefficient for Second Order Solution Using Fine Mesh

Figure 43: Surface Heat Transfer Coefficient for Second Order Solution Using Coarse Mesh
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Appendix B: Information Pertaining to the Hylton et al. [16,17] Experiments
Table 6 provides the vertex data for the C3X vane.

Table 6: Vertex Data for C3X Vane [16]

Table 7 provides inlet and cooling conditions for the cases ran in the validation study. A subscript of one
refers to an inlet value whereas a subscript of two refers to an outlet value.
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Table 7: Inlet and Cooling Conditions for Hylton Cases Used in Validation [16]

Figure 44 provides the normalized pressure distribution for a C3X vane reported by Hylton et al. [17] in
1983. This is the pressure data set used by Leylek [25], Laskowski [26] and this paper for comparison.

Figure 44: Pressure Distribution for C3X Vane from Hylton 1983 Data Set [17]
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Table 8 provides the heat transfer data reported by Hylton et al. [16] for run case 44000. This was the
case used for the non-film-cooled analysis.

Table 8: Heat Transfer Data for Non-Film-Cooled Test Case, Run Code 44000 [16]
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Table 9 provides the heat transfer data reported by Hylton et al. [16] for run case 44308. This was the
case used for the film-cooled analysis.

Table 9: Heat Transfer Data for Film-Cooled Validation Case, Run Code 44308 [16]
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