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Abstract

Adiabatic and Overall Effectiveness in the Showerhead of a Film Cooled
Turbine Vane and Effects of Surface Curvature on Adiabatic
Effectiveness
by
Marc Louis Nathan, M.S.E.
The University of Texas at Austin, 2011

Supervisor: David G. Bogard

Two sets of experiments were performed on a simulated turbine nozzle guide
vane. First, adiabatic and overall effectiveness measurements were taken in the
showerhead region of the vane using adiabatic and matched Biot vane models,
respectively. Measurements of overall effectiveness in the showerhead region are not
found in the literature, and are a useful baseline for validating the results of
computational fluid dynamics (CFD) simulations. Overall effectiveness is useful because
it shows the results of combining film cooling, internal convection, and surface
conduction to provide a more complete picture of vane cooling than adiabatic
effectiveness. An impingement plate was utilized to generate internal jet cooling.
Momentum flux ratios were matched between the models and ranged from I*SH = 0.76 to
6.70, based on showerhead upstream approach velocity.
The second set of experiments used a different model to examine the effects of
surface curvature on adiabatic effectiveness. Results in open literature are found by
vi

varying the radius of curvature of a fixed setup, so the current approach was novel in that
it looked at adiabatic effectiveness at locations of various curvature around the same
vane. Blowing ratios from M = 0.4 to M = 1.6 were tested at a density ratio of DR = 1.20
for two locations on the suction side of the vane. Results were presented in terms of
laterally averaged adiabatic effectiveness and contour plots of adiabatic effectiveness,
and were compared to literature.
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Tu = turbulence intensity level
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Greek Symbols
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= or, ratio of pipe diameter to orifice plate diameter
η = adiabatic film cooling effectiveness =
xvi

 = overall film cooling effectiveness =
θ = nondimensional surface temperature =
Λ = turbulence length scale
ρc/ρ∞ = coolant density / mainstream density

xvii

Chapter 1: Introduction
1.1 OVERVIEW OF GAS TURBINE COOLING
As designers strive to increase the efficiency of gas turbine engines, turbine inlet
temperatures and pressures continue to rise. Designers have two main options to mitigate
the thermal load imparted on early stage turbine parts by hot combustion gases. The first
approach is the addition of a thermal barrier coating (TBC), a ceramic layer deposited on
top of the turbine part during manufacturing. These ceramic compounds introduce an
additional resistive element into the heat transfer circuit and allow an increase in
operating temperatures. However, once the layers have spalled or degraded, they no
longer provide thermal protection and can actually lead to the formation of a local hot
spot and potential failure point.
The second option available to turbine designers is to cool the turbine parts by
bypassing air from the compressor. There are three primary ways to utilize bypass air, as
seen in Figure 1.1. Bypass air can circulate within a part through serpentine passages to
create an internal convective cooling circuit. An internal impingement plate creates an
annular space between the core coolant passage and the inner section of the blade/vane
exterior wall. Bypass air can also be used for film cooling, where holes are machined into
the part to allow coolant to spill out onto the exterior surface of the part. Modern turbine
blades often integrate all three methods of cooling to help reduce thermal stresses that can
significantly shorten the lifespan of a part.
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Figure 1.1: Modes of gas turbine part cooling (from Han (2000))

There were two cooling designs used for the two portions of the current study.
The first design combines internal impingement cooling and film cooling. There was no
serpentine passage present for through-flow, so all flow that entered the model had to exit
through the film cooling holes. The second design did not have internal impingement
cooling. Instead, a simplified serpentine passage consisted of a single U-bend channel in
the front of the model and through passage in the aft section. This setup allowed a
through flow whereby a substantial amount of coolant passed through the model without
exiting the film cooling holes. Further details are given in chapter 2.

1.2 BACKGROUND THEORY:
The conventional analysis of film cooling performance incorporates the concept
of adiabatic effectiveness. Often, film cooled vane models are constructed of very low
conductivity materials, which can be treated as adiabatic. Adiabatic effectiveness, η, is a
nondimensional representation of surface temperature that represents coolant efficiency
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and varies between 0 and 1. A definition is found in Bogard (2006) in terms of coolant
hole exit temperature as:
(1.1)
Where Taw is the adiabatic wall temperature, which is equivalent to the
temperature of the gas immediately above the surface of the model. Tc is the coolant
temperature, and T∞ is the mainstream temperature. An adiabatic effectiveness of 0
represents a surface at mainstream temperature, while an adiabatic effectiveness of 1
represents a surface at the coolant temperature. In a very-low conductivity model,
adiabatic wall temperatures are measured on the surface to determine the coolant
distribution over the surface downstream of a film cooling hole. While this is a useful
representation of coolant distribution, the adiabatic wall temperature is not equivalent to
the metal temperature that would be seen on an in-service part.
Heat transfer coefficients also provide an important understanding of the surface
temperature of a film cooled blade or vane. External convective heat transfer will serve to
warm the surface, while internal convective heat transfer will cool the inner wall. Each
coefficient is defined in terms of a driving temperature, and are referred as

and

,

respectively.
The actual metal temperature of the turbine part, Tm, is also influenced by
conduction through the thickness of the metal, which is neglected for a model which is
assumed to be adiabatic. The traditional analysis used by designers takes adiabatic
effectiveness as well as the ratio of external to internal heat transfer coefficients as
boundary conditions for a finite element analysis. Designers also use internal boundary
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conditions to model the internal heat transfer, and use all of these values to solve for the
heat flux corresponding to the metal temperature:
(

)

(1.2)

The method employed by the current study is to measure overall effectiveness,
defined by Bogard (2006) as:
(1.3)
The coolant reference temperature,

, is measured at the entrance of the film

cooling plenum. This measurement is in contrast to the adiabatic model coolant reference
temperature, which is taken at the entrance of the film cooling hole. The overall
effectiveness reflects actual in-service coolant performance, and is very useful for
designers to determine surface hot-spots correlating to areas of high thermal stress. The
overall effectiveness, when taken together with adiabatic effectiveness and measurements
of internal heat transfer coefficients, can be used to validate CFD calculations available in
the literature or performed by the designer. Once this code is shown to accurately predict
the performance of a specific model, it can be applied more generally with increased
confidence.
Besides matching the ratio of external to internal heat transfer coefficients,
creating an experimental model that accurately models metal temperature through overall
effectiveness requires that the Biot number be matched between the model and the inservice part.
(1.4)
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The Biot number, expressed in Equation 1.3, is a nondimensional representation
of the relation between convection and conduction. The representative length scale t
represents the thickness of the vane model wall. To determine the relation between the
Biot number, overall effectiveness, and ratio of heat transfer coefficients, a one
dimensional heat transfer analysis was performed by Williams (2012), a summary of
which is presented here. The one-dimensional heat transfer analysis is not applicable near
the hole, but downstream provides a simple model of heat transfer through the part. The
relevant schematic for a film cooled wall is shown below as Figure 1.2.

Figure 1.2: Schematic of a film cooled vane wall

As was described above, the heat flux to the metal exterior of the part can be
expressed as:
(

)

(1.5)

Looking at the internal surface of the vane, heat flux from the interior surface of
the hot metal wall into the annular space is expressed as:
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(
Where

)

(1.6)

represents the internal convective heat transfer coefficient. Finally, heat

transfer through the wall is expressed as:
(

(1.7)

)

A simple heat transfer balance can be determined for the system shown in Figure
1.2. The steady state heat flux can be expressed as:
(1.8)
Using 1.5-1.8, the entire heat transfer circuit can be defined by:
(

)

(1.9)

(

Equation 1.1 can be written as:

). The overall

effectiveness can be rewritten in a similar way. Using these two definitions, and
substituting them along with (1.2) into (1.9), the overall effectiveness can be written as:

[

(
(

)

]
)

(

)

(

)

(1.10)

Finally, the above equation can be rewritten using the definition of the Biot
number and defining a nondimensional temperature (χ =

[

(

)

(

)

):

]

(1.11)

Thus, the conclusion from equation (1.11) is that, assuming η and

are matched,

there are two necessary conditions to accurately simulate a film cooled turbine vane. It is
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required to match both Bi and the ratio of external to internal heat transfer coefficients.
The heat transfer coefficient ratio for the present study was matched through the design
of the internal impingement cooling scheme, which was done in cooperation with a
turbine original equipment manufacturer (OEM) to match a currently used in-service part.
To determine if the Biot number was matched, an appropriate in-service Biot
number had to be determined. Partners in industry from GE Global Research provided a
range of Biot numbers appropriate for a representative nozzle guide vane. Dees (2010)
plotted the Biot number distribution for a vane model identical to the one used in this
study, and found the range of Biot numbers to be consistent with the information
provided by GE. Discussion of test conditions can be found in Chapter 2.

1.3 RELEVANT PARAMETERS:
Several nondimensional parameters will be repeatedly referenced in this study to
describe relevant properties and parameters of the film coolant. The density ratio (DR)
relates the coolant and mainstream densities as follows:
(1.12)
When the density ratio is multiplied by the ratio of coolant velocity to mainstream
velocity, the product is a mass flux or blowing ratio, M, i.e.:
(1.13)
When calculating a blowing ratio, an averaged cooling hole velocity is calculated
using the known mass flowrate of coolant, coolant density, and the cross-sectional area of
the hole. For this study, the blowing ratio is not used as much as the momentum flux ratio
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I, since momentum flux ratio is the parameter more commonly used in industry.
Momentum flux ratio relates the which describes the momentum of the coolant to that the
mainstream as follows:
(1.14)
For the first part of this study, blowing and momentum flux ratios were calculated
for each row of showerhead holes, since coolant jet velocities vary from row to row. This
data will be presented in Chapter 2. By convention, the approach velocity is used as the
reference velocity for the showerhead region. Since the local velocity at the stagnation
row of holes is zero by definition, calculating momentum flux ratios based on local
showerhead velocity would lead to values of ∞. Therefore, the notation used throughout
this study is to use a momentum flux based on the approach velocity, written as

. The

utilized in momentum flux ratio calculations is not local velocity, but instead the
upstream approach velocity, which was nominally 5.8 m/s. The same velocity was used
for all holes, neglecting variation in local velocity among the different rows through the
showerhead region. The second portion of the study examining curvature effects utilized
a local freestream velocity to calculate blowing and momentum flux ratios, since the
approach velocity at the suction side locations was nonzero.
A final parameter, used in the examination of curvature effects, is a
nondimensionalized representation of the radius of curvature. The radius of curvature of a
surface, r, represents the radius of a circle with the same curvature found at the location.
In the current study, the nondimensional parameter used to represent curvature is

8

⁄ ,

where d is the film cooling hole diameter. A lower

⁄ value indicates a more sharply

curved surface, as the value will technical approach inifinity for a flat plate.

1.4 LITERATURE REVIEW
1.4.1 Showerhead cooling background
There has been extensive research into the performance of film cooling in the
showerhead region of an adiabatic test vane. The showerhead is a row of densely packed
coolant holes near the leading of a turbine vane. Since the area near the stagnation point
is subject to some of the highest thermal loads in the part, this area is generally heavily
cooled. Generally, a vane showerhead will consist of multiple rows of staggered (offset
by some fraction of the hole pitch) holes straddling the stagnation line. Key results from
the literature indicate that unlike a flat plate row of holes, showerhead cooling does not
reach a peak at a low blowing ratio and then decline. Instead, performance generally
increases monotonically with blowing ratio as the increasing film coolant flow allows the
surface to be more thoroughly insulated from the mainstream. Additionally, low surface
injection angles have typically been desired as a high injection angle quickly promotes
coolant separation and decreases film effectiveness as coolant is lost into the mainstream.
Several key studies are summarized below and used for comparison of the present results
in Chapter 3.
Polanka (1999) tested a showerhead configuration with six staggered rows of 25°
surface angle spanwise oriented cylindrical holes, at both low and high levels of
freestream turbulence. A key result from this study was the author‟s description of the
9

“buildup effect”, where spanwise oriented rows of coolant holes do not display a
streamwise periodicity. The spanwise orientation of the holes causes adiabatic
effectiveness to increase while moving in the direction of coolant hole orientation until a
maximum value was reached towards the middle of the model. After this point, further
spanwise buildup did not occur.
Building on the results from Polanka (1999) and Colban et al. (2006) also tested
cylindrical spanwise-oriented showerhead rows. The authors used five rows of nonstaggered holes with a steep 60° surface angle. Contours of adiabatic effectiveness as
well as plots of laterally averaged adiabatic effectiveness were presented. Colban et al.
(2006) found that as bowing ratio increased, adiabatic effectiveness also increased. The
adiabatic effectiveness results from both of these studies will be compared to the present
results. The goal of this comparison is to assess the impact of the number of rows of
showerhead rows, with the expectation that more rows of holes will lead to better
performance.
Similar comparisons will be made to other vane showerhead results from Lu et al.
(2007). Lu compared the performance of several configurations of cylindrical holes in the
showerhead region of a simulated turbine vane. From the perspective of the current study,
the case of interest in the work of Lu had three rows of cooling holes, the center row
being oriented in the spanwise direction, and the two side rows oriented 30 degrees
offset. This is similar to the present configuration, but with fewer rows. The authors
present both adiabatic effectiveness contours and laterally averaged plots for the pressure
side immediately downstream of the farthest row of holes. The magnitudes of adiabatic
10

effectiveness will be compared to the current study, with the expectation that more rows
of closely spaced showerhead holes will provide greater film cooling effectiveness.

1.4.2 Conjugate Heat Transfer and Matched-Bi models
Early conjugate heat transfer studies were performed by Hylton et al. (1985) for
NASA. The model used by Hilton was a scaled up C3X helicopter turbine vane, like the
present study. Hylton used leading edge film cooling in the form of five rows of
showerhead holes. The five rows were staggered a half pitch apart and spanned
approximately half of the model. Three plenums were used to supply the five rows of
holes. Surface thermocouples were installed at various locations on the external surface
of the vane. The vane model was made of metal, with no effort being made to match the
vane‟s Biot number with an in-service part. This fact, combined with the limited
instrumentation and simplistic internal cooling configuration, makes the study of limited
utility for direct comparison. From the author‟s perspective, this paper is of primary
interest because it was one of the first attempts to model conjugate heat transfer for the
purpose of validating a CFD code.
The first study that included a matched-Biot model performed by Sweeney and
Rhodes (2000). The authors took overall effectiveness measurements on a flat plat, with a
double-walled, film cooled, Lamilloy design. The model was constructed of 6-4 titanium
such that they were able to match the Biot number to within 83-100% of in-service vane
conditions. They did not mention matching the ratio of internal to external heat transfer
coefficients. The objective of Sweeney and Rhodes‟ study was to measure overall
11

effectiveness for an impingement-cooled configuration with a complex internal cooling
geometry, utilizing IR thermography to gather data for laterally averaged plots of overall
effectiveness as well as contours to gauge the effectiveness of the Lamilloy
configuration. The results of the present study are not directly comparable because of a
vastly different film cooling configuration, but the work of Sweeney and Rhodes is
important since the authors‟ described the matched-Bi model and showed that an
approximate 17% variation in Biot number contributed to only a small uncertainty (~3%)
in overall effectiveness. While this was not the key objective of the authors‟ study, it
reinforces the assumption made here that the Biot number does not need to be exactly
matched to deliver accurate results. Additionally, the experimental methodology used by
the current study is similar, as will be described further in chapter 2.
A series of experiments performed in the same lab as this thesis compared
adiabatic and overall effectiveness for various film cooling hole geometries. These results
are useful in that they experimentally provide insight into the effects of conduction on the
temperature profile created by film cooling. These works include work performed on a
blade leading edge by Albert (2003), Mouzon (2005) and Dyson (2010). The results of
Albert, Mouzon, and Dyson will be qualitatively compared to the current work with
regards to the trends, as well as the magnitude in difference between adiabatic and overall
effectiveness. Other studies from the same facility on a C3X vane were performed by
Albert (2011). The present study is unique from those previously mentioned because it
focuses on the performance of a complex showerhead with a matched-Bi model. Previous
studies were focused on other regions downstream, and used only simple showerhead
12

cooling arrangements. Thus, it is expected that the showerhead configuration tested in the
present study will perform better because of the use of a more complex showerhead
cooling scheme with more rows of holes. The purpose of comparing with the previous
studies is to determine exactly how much better the current results are. Besides direct
applicability of comparison, all of the aforementioned studies provided motivation to the
author for the methods of testing, data processing, and validation/explanation of results
and so were extremely influential.

1.4.3 Curvature Effects
Many studies have been undertaken to examine the effects of surface curvature on
film cooling performance. One of the first studies was performed by Ito et al. (1978). Ito
analyzed the effect of surface curvature by looking at a single curved surface on the
pressure (concave) and suction (convex) sides of a turbine airfoil. Film cooling holes
were present, using a 35° surface injection angle and pitch to diameter ratio of p/d = 3. A
variety of blowing ratios from M = 0.20 to M = 1.98 were analyzed on the convex
surface. One key result was that effectiveness peaked between 0.50 < M < 0.70 on the
suction side, after which effectiveness drops off as the jet separates. Another key result
was that η was much larger on the convex surface than the flat plate. Ito et al. attributed
this performance benefit to the static pressure around the jet pushing it towards the
surface and promoting greater cooling.
Furuhama et al. (1983) examined the effect of surface curvature on a convex
curved surface at a fixed blowing ratio of 0.4 , with both full and partial rows (running
13

only part of the vane span) of film cooling holes. The key conclusion from this study is
the superior performance of a convex curved surface as compared to a flat plate.
Furuhama attributed this performance gain to the normal pressure gradient created by the
convex surface curvature, which combats separation and helps keep surface coolant better
attached.
Schwarz and Goldstein (1991) examined surface curvature on convex surfaces
with varying curvatures. Schwarz had a test setup that allowed surfaces with varying radii
of curvature to be inserted into the test section, which was not a vane cascade facility.
The adiabatic effectiveness was calculated for blowing ratios from 0.4 < M < 1.6 for a
range of convex curvatures from 61 <

⁄ < 126. The authors‟ key result was that

increasing jet momentum on a convex surface decreased adiabatic effectiveness. This was
partially due to the jet‟s normal component of the momentum promoting liftoff, and the
tangential component of the momentum “pulling” the jet away from the convex wall,
which is curving away from the jet.

1.4.4 Upstream Boundary Layer Effects
The current study also looked at the effect of an upstream boundary layer trip on
film cooling effectiveness for various surface curvatures. On an in-service part, the
boundary layer would be transitional at the locations used for the current study because of
the presence of upstream showerhead cooling holes. However, because only a single row
of film cooling holes was used on the convex surface without a showerhead, the
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boundary layer in the locations in question were laminar. A turbulent boundary layer is
significantly thicker, and it is expected that the thicker boundary layer increases coolantmainstream interactions and decreases film cooling performance.
A representative study was performed by Foster and Lampard (1980) using a flat
plate facility to determine the effect of an upstream boundary layer trip on film cooling
effectiveness. The authors studies the effect of boundary layer thickness on adiabatic
effectiveness. They plotted laterally averaged adiabatic effectiveness downstream of the
film cooling hole exit as it varied with displacement thickness. The key conclusion was
that close to the hole, the thicker boundary layer led to decreased performance, but this
effect was diminished as the flow moved downstream and became negligible far
downstream. The authors also created cross-sectional plots (transverse to the surface) to
show the greatest effect was seen below the jet centers and between jets.

1.5 OBJECTIVES OF THE CURRENT STUDY
There are three primary objectives to the current study. While much data can be
found in open literature that gauges the performance of showerhead film cooling on an
adiabatic model, the body of literature related to matched-Bi film cooled models is very
scarce. There is currently no open literature that analyzes of the performance of a
matched-Bi showerhead cooling arrangement with five rows of staggered compound
angle holes and one additional row of holes on both the pressure and suction side. Results
will be presented for both the matched-Bi and adiabatic showerhead models. Contour
plots and laterally averaged data will show the effect of these holes in both the
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showerhead region and downstream on the pressure and suction sides of the airfoil. These
results will be compared to data from relevant background literature mentioned in section
1.4. Adiabatic and matched Biot models are useful to work together because they provide
different parts of the picture of overall vane heat transfer. Adiabatic effectiveness is
useful since it isolates the external coolant effects. Overall effectiveness measurements
provide a picture of in-service part temperatures, but can be somewhat confounding since
they include internal effects as well as conjugate heat transfer effects. Conjugate heat
transfer refers to the interaction between the solid wall and exterior fluid. Having both
adiabatic and overall effectiveness measurements for the same configuration is useful to
help gain a more complete understanding of the heat transfer in that part. Ideally, an
overall effectiveness measurement with internal cooling only would be measured to gain
an understanding of the contribution of internal cooling effects.
One of the key goals of experimentation on matched Biot models is to provide a
basis for validating computational fluid dynamics (CFD) simulations. The showerhead is
a region of enormous complexity, with multiple interactions complicating simulation of
coolant dynamics. An example of the necessity of the present study is the work of
Heidmann et al. (2003). The authors of that have developed a “conjugate heat transfer
solver” to simulate showerhead performance, however, there are no experimental results
to validate the model generated by this solver. By providing an experimental basis for
comparison, the validity of completed CFD solutions can be determined with increased
confidence. Part of the motivation for the current study was to help a major OEM validate
their CFD predictions for the configuration tested.
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Overall, the key contribution of the present study is that its configuration is much
more realistic than those found in the literature. The current study incorporates an
impingement plate for cooling, as well as more rows of closely spaced showerhead holes
than results currently found in the literature. Additionally, a high level of freestream
turbulence is utilized that is more consistent with that seen on in-service parts. The results
from the present study are useful for design engineers to see the variation of
representative nondimensional temperatures for a model with complex showerhead
cooling and internal impingement cooling.
The second objective of the current study was to provide an accurate
representation of the thermal load experienced in the showerhead region of a first stage
turbine vane. Because relevant heat transfer parameters are matched between the current
model and an in-service part, the temperatures shown by the matched-Bi model reflect
actual metal temperatures. Designers can analyze this type of model to determine areas of
potential thermal failure. Additionally, contours of overall effectiveness may reveal
regions where excessive quantities of coolant are being used. Since the objective of a
designer is to maximize cooling while minimizing compressor bypass, models of the type
used in the current work can be of great help to designers.
The third objective of the current study was to examine the effects of curvature on
a turbine vane. The current approach is novel because of the use of several curvature
locations on a single airfoil model. Traditionally, curvature studies have conformed to
one of two approaches. The first approach is to analyze a single radius of curvature on
either a convex or concave airfoil surface, and compare the results of that single curved
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surface to the behavior seen on a flat plate. The second approach is the construction of a
test rig where coupons of variable curvature radius can be inserted, and the film cooling
performance for the various coupons compared. The present study, however, is more
realistic in that it uses the same turbine vane model and varies the curvature by changing
surface location along the exterior surface of the vane. By doing this, the effect of surface
curvature is isolated and a more representative and comprehensive picture of the effect of
curvature can be gleaned.
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Chapter 2: Experimental Facility and Procedure
In this chapter, a description of the facility and methods of data acquisition and
processing will be provided. The first section will describe the wind tunnel used for
gathering data and primary flow loop. The next section will give an overview of the
coolant flow loop. Then, the construction and details of vane models used in both sets of
experiments will be detailed. Finally, instrumentation, data acquisition and processing
methods will be explained.

2.1 WIND TUNNEL FACILITY
All experiments were conducted at the University of Texas in a closed-loop wind
tunnel facility. The mainstream flow was driven by a 50 hp variable speed motor. This
motor powered a fan, which then circulated mainstream air through a water-cooled heat
exchanger to maintain a constant temperature during experiments. Upstream of the test
section, the flow passed through a removable passive grid turbulence generator. The test
section was a simulated three vane, two passage linear cascade 0.52 m tall, and 1.02 m
wide at the entrance to the cascade. The test section is shown in Figure 2.1. The center
airfoil was removable, which allowed for matched-Bi and adiabatic airfoils to be
interchanged in the test section. The test section also included two adjustable mainstream
bypass flows and an adjustable outer wall which allowed setting the pressure distribution
around the center test vane. The bypass flows were bled off and dumped downstream of
the test section. Removable access ports were positioned around the tunnel so that IR
windows could be installed in various locations as necessary. After passing through the
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test section, the flow passed through a molecular sieve desiccant rack to remove humidity
from the air, and the air then restarted the loop. Details on the design and construction of
the test section can be found in Dees (2010), and key parameters are summarized below
as Table 2.1.

ADJUSTABLE WALLS

MAINSTREAM
BLEED PASSAGE

TEST MODEL
ASSEMBLY

IR WINDOW/
ACCESS PORTS
(6 PLACES)

MAINSTREAM
FLOW DIRECTION

ADJUSTABLE WALLS

MAINSTREAM
BLEED PASSAGE

TURBULENCE
GRID

Figure 2.1: Schematic of the simulated turbine vane test section
Table 2.1. Nominal operating conditions for mainstream flow
Mainstream velocity, U∞ = 5.8 m/s
Mainstream temperature, T∞ = 305 K
Mainstream approach Rec = 1.9x105
Mainstream exit Rec = 7.0x105
Turbulence intensity, Tu = 20%
Tubulence integral length scale, Λ = 37 mm
Vane chord length, C = 53.1 cm
Test Section Height x Width, Hmax x Wmax = 55 cm x 102cm
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As stated above, the mainstream flow passed through a passive grid turbulence
generator before approaching the test vane. The grid consisted of a row of vertically
oriented aluminum bars of diameter 3.8 cm, with a pitch between bars of P = 8.9 cm (2.3
dbar). The grid was located 48.3 cm (12.7 dbar) upstream of the nose point of the test vane.
Turbulence levels were measured previously by Pichon (2009) using a hot-wire
anemometer. A profile was generated perpandicular to the flow at 14.5cm (0.273C)
upstream of the vane nose point. The horizontal profile is shown below as Figure 2.2,
nondimensionalized by vane pitch. A negative W/P is closer to the inner side of the
mainstream flow loop, while a positive W/P is closer to the outer side of the mainstream
flow loop. Mainstream turbulence for the experiments performed here was nominally Tu
= 20%, with an integral length scale of Λ = 37 mm (Pichon (2009)).
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14.5 cm (0.273C) upstream

Figure 2.2: Turbulence intensity variation across the test section at mid-height (from
Albert (2011))

Velocity profile measurements were also taken by Albert (2011) to ensure
uniformity in the upstream approach velocity. During the experiment, upstream approach
velocity is measured by a stationary pitot-static probe connected to an Omega pressure
transducer. Profile measurements were taken at two locations upstream of the vane nose
point using a pitot-static probe on a traverse: 22.5 cm and 7.9 cm. A profile of velocity
variation in both the horizontal and vertical direction from Albert is presented below as
Figure 2.3a-b. The vertical profile (a) shows very little variation in the spanwise
direction. The horizontal profile (b) shows lower velocity upstream of the vane stagnation
points, and higher velocity upstream of the midpassage area between vanes. This
variation becomes more pronounced closer to the vane.
22

(a)

(b)

22.5 cm upstream

7.9 cm upstream

7.9 cm upstream

Figure 2.3: Variation in test section velocity (from Albert (2011))

2.2 SECONDARY (COOLANT) FLOW LOOP
The cooling air was provided through a secondary flow loop, driven by a 7.5 hp
blower. A schematic of the coolant flow loop is shown below as Figure 2.4. The blower
took in air from the mainstream flow, downstream of the test section. It was then piped
through a heat exchanger which was cooled by a liquid nitrogen Dewar. After exiting the
heat exchanger, the coolant was split into two separate flow loops. Details of these flow
loops will be provided when the vane models are described in section 2.3. Excess coolant
downstream of the vane model was dumped back into the test section.
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Figure 2.4: Secondary flow loop schematic

Coolant flow ratios were measured using orifice flow meters upstream of the
entrance of the fore passage, and where applicable, downstream of the exit of the fore
passage and upstream of the entrance of the aft passage as well. Each orifice flow meter
was at least ten diameters upstream of a gate valve which was used to control the flow.
Greater than ten pipe diameters of straight length were also present upstream of the
orifice flow meter to allow for the flow to become fully developed. The location of the
orifice flowmeters and gate valves are shown on Figure 2.4 above.
There were two orifice flowmeters on the inlet side of the flow loop, with each
meter used having a β value of 0.5049, where β = Dorifice/Dpipe. The orifice flowmeter on
the outlet side of the flow loop had a β value of 0.8589. These values of β were chosen to
allow the selection of a range of appropriate blowing ratios, and were considered a
balance between high pressure loss in the coolant loop and the ability to accurately
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measure flow rate of coolant, which led to lower uncertainty in the calculation of blowing
ratio. A standard correlation for orifice flow meter discharge coefficient is given as Eqn.
2.1, as given by Goldstein (1996):
(

)
(2.1)

Although Goldstein cites the accuracy of this correlation to 0.2% based on a fit of
a database of orifice discharge coefficients, a custom calibration was made for these
experiments using a laminar flow element.
For the correlation above,

and

represent the distances from the centerline of

the pressure tap holes from the upstream surface of the orifice plate, nondimensionalized
by the pipe internal diameter. The correlation above is generally valid for

> 0.4333. As

mentioned before, a custom calibration was created to ensure accurate in flowrates. This
was especially important since the precision required for these experiments was high for
a restrictive, low β orifice plate as was used here. To this end, a Meriam model 50MH104 laminar flow element was installed in the coolant supply line, downstream of the orifice
flow meter and upstream of the coolant supply plenum. The laminar flow element, whose
calibration was set by the manufacturer, was attached to a nominal 4-inch diameter pipe.
This calibration correlated mass flowrate with pressure drop. The pressure of both the
orifice flow meter and laminar flow element were recorded over a range of pressures that
included the complete range of flowrates used for the current experiments. This data was
used to generate a curve fit to relate discharge coefficient to the orifice Reynolds number.
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A piecewise defined function defined the correlation, with Equation 2.2a valid for Reorifice
< 15000, and 2.2b valid for Reorifice > 15000. The calibrations, which were performed in
the same laboratory facility at the University of Texas at Austin, are reported in earlier
studies by Tom Dyson (Williams et al. (2011)) and Jason Albert (Albert (2011)).

[(

)

]

[(

(

(2.2a)

)

]

[(

)

)

]
(2.2b)

For the U-bend outlet orifice flow meter, only Equation 2.2b is used and the
coefficient a is equal to zero. The calibration data for all three flowmeters are shown
below as Figures 2.5-2.7. The higher values of Cd seen in Figure 2.6 are related to the
larger β seen in that orifice flowmeter. This significantly larger orifice plate was less
restrictive, allowing higher flowrates that correlate to higher discharge coefficient values.
Coefficients for each orifice flowmeter are provided as Table 2.2.
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β = 0.5049

(106/Reorifice).75

Figure 2.5: Orifice flowmeter calibration for fore passage inlet

β = 0.8589

(106/Reorifice).75

Figure 2.6: Orifice flowmeter calibration for fore passage outlet
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β = 0.5049

(106/Reorifice).75

Figure 2.7: Orifice flowmeter calibration for aft passage inlet

Table 2.2: Orifice flowmeter Cd coefficients
Meter

a

b

c

d

X

n

U-bend in

-8.275E-18

7.683E-13

-3.220E-07

0.6304389

0.810598

-0.02614

3.124E-04

3.099E-03

0.6745025

1.805E-12

-2.905E-07

0.6282154

0.8154510

-0.02713

U-bend
out
Radial

-1.559E-17

2.3 VANE MODELS
The experiments performed for this thesis used two different vane models with
different internal cooling configurations, one for each of the project sponsors. Section
2.3.1 will describe the vane models and setup for the showerhead cooling experiments,
while section 2.3.2 will focus on the vane model and setup for the curvature experiments.
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2.3.1 Showerhead Coolant Overview
The showerhead is illustrated in Figure 2.8a-b. Figure 2.8a shows a crosssectional schematic indicating all rows of showerhead cooling holes. Figure 2.8b shows
the hole pattern as observed when looking straight at the leading edge. Two models were
used for the showerhead cooling experiments, one adiabatic and one matched Biot
number. Both the adiabatic and matched-Bi test vane models had the same external and
internal geometries. The external geometry was a 3.88 times scale model of the C3X vane
design described by Hylton et al. (1983). The experiments conducted by Hylton scaled up
the C3X vane 4.5 times from the original design, which was a first stage nozzle guide
vane for a GM Allison helicopter engine (Han, 2000). Thus, the overall scaling factor
was nominally 17.5. The test vane in the current study was approximately 7 times larger
than a typical commercial airplane engine first stage vane. The scaling factor for the
present set of experiments was chosen to fit the pitch and span of the test facility. A
description of the construction of this facility can be found in Dees (2010).
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Convective cooling
Impingement
cooling

Film
cooling

(a)

(b)

Figure 2.8: Detailed views of showerhead region

The test vane had a chord length of C = 0.531 m, which was computed from the
straight line distance between the geometric leading edge and tail point. The height of the
vane model was 0.548 m. The pitch between vanes in the test section was 0.457 m. The
stagnation point on the vane was set by adjusting the back point of the adjustable wall.
The wall is shown in Figure 2.1. The pressure distribution around the vane was originally
set by Dees (2010) by adjusting the outer wall such that the suction side pressure
distribution matched a CFD simulation of a cascade. Tufts were used to determine the
location of the stagnation point. Before the current set of experiments, the pressure
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distribution was reset by Tom Dyson (Nathan et al. 2012) to bring the pressure
distribution back into compliance with the CFD solution. The final distribution used for
the current thesis is shown below as Figure 2.9. There was minor disagreement between
experimental and CFD results (generated by Dees (2010)) far downstream on the suction
side due to reduced wall articulation, but this region was outside the area considered for
this study.

Figure 2.9: Test vane pressure distribution

An overview of the showerhead cooling vane is shown in-situ in Figure 2.10. As
this figure shows, the internal geometry of the cooling vane consisted of two passages.
The fore passage had an impingement plate, designed such as to match the ratio of
external to internal heat transfer coefficients to a specific configuration requested by the
project sponsor. This ratio was also required to appropriately apply the matched-Bi model
(see Equation 1.11). The aft passage consisted of a smooth walled channel. This channel
is referred to as the radial channel, since in an engine it would be a passage through
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which coolant flowed in the radial direction. The fore loop was designed to allow coolant
to flow both in and out of a vane model. However, for the showerhead cooling
experiments, the exit passage was completely sealed off with a rubber gasket. All flow
passed through an impingement plate, into the annular space and out the film cooling
holes. All flow exited through film cooling (ie. there was no through-flow), so the
internal cooling was dependent on the blowing ratio used for film cooling. The aft
(“radial”) passage did not have a coolant through passage either. Instead, a row of film
cooling holes was left open, and coolant allowed to flow through and out these holes.
While this did not prevent the trailing edge from warming up significantly, it did inhibit
some warming in the middle of the vane, as seen in Figure 2.10.

Figure 2.10: Showerhead vane cooling passage model

For the showerhead cooling, the film cooling scheme used for both test vanes was
identical. This scheme consisted of five rows of showerhead holes, and one additional
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row of closely spaced holes on both the pressure and suction sides. A schematic crosssection of the film cooling vane is shown below as Figure 2.11, which shows both the
internal and film cooling configurations. The details of the film cooling design are
presented in Table 2.3. All rows were straight, cylindrical holes. All rows had holes with
a diameter of 6.35 mm, except the PS1 rows, which had a reduced diameter of 4.76 mm
because of machining constraints. The showerhead rows consisted of alternating rows of
8 and 9 holes, while the PS1 and SS1 rows both contained 13 holes. The showerhead
rows all used a surface angle of α = 25° and compound angle of β = 90°, while the PS1
and SS1 rows used surface angles of 30° and 35° and compound angles of 60° and 68°
respectively. All results presented in section 3 of this thesis used the larger diameter, d =
6.35mm, as the normalization factor.

Table 2.3: Film cooling hole geometry
Row

Position

Surface

Compound

(s/d)

Angle (°)

Angle (°)

PS1

-8.0

30

60

4.76

5.33

SH-PS2

-4.0

25

90

6.35

6

SH-PS1

-2.0

25

90

6.35

6

SH-Stag

0

25

90

6.35

6

SH-SS1

2.0

25

90

6.35

6

SH-SS2

4.0

25

90

6.35

6

SS1

7.0

35

68

6.35

4

33

d

Pitch

(mm) (p/d)

Figure 2.11: Test vane schematic with close-up of showerhead region

The coolant flowrate amongst the various rows was determined from the
discharge coefficient, external and internal pressure by Tom Dyson. The discharge
coefficient was determined by Albert (2011), and assumed constant for various flowrates
as it was determined that Cd was a weak function of flowrate. Knowing the internal and
external pressure profiles, the relative mass functions were determined for the range of
flowrates used during the present experiments. A polynomial relation described each of
the relative flow percentages vs. coolant flowrate. For a given bulk flowrate measured
during the experiment, the polynomials were applied to determine the relative percentage
of coolant exiting each row of holes.

2.3.2 Showerhead Film Cooled Adiabatic Model
The “adiabatic” film cooled vane model was constructed from 3” thick “slices” of
low-conductivity polyurethane foam with conductivity k = 0.048 W/m∙K. The design and
construction of this model is described by Dees (2010). Openings for removable hatches
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were machined into the vane slices. These hatches allowed the inclusion of different film
cooling hole configurations in various locations around the test vane. For the first portion
of the present study, only the showerhead cooling holes and a single row far downstream
on the pressure side were used. These rows were illustrated in Figure 2.10. The pressure
side holes were included to allow a through-flow to be achieved in the aft passage, and
were not visible in the results shown in section 3.
The vane hatches were separately CNC machined from the same material as the
vane, and the cooling holes were then also machined by CNC. Threaded connectors were
used to secure the hatches to the vane model. A slab-base threaded insert (8-32 threads)
was epoxied to the inside of the model. The hatches were then counterbored, and secured
to the model by button-head cap screws in eight locations around the perimeter of each
hatch, outside of the viewable IR camera range. The counterbores were then filled in with
low-density spackle, and sanded smooth. Foam weatherstripping and vacuum grease were
used in between the hatch and vane model body to prevent any air leaking. The small (<1
mm) gap between the perimeter of the hatch and the vane model body was filled in with
spackle and smoothed, such as to minimize any flow disturbance at the hatch seam. The
same method of construction was used for the adiabatic model used for the curvature
experiments.

2.3.3 Showerhead Film Cooled Matched-Bi Model
For the showerhead cooling experiments, a film cooled matched Biot vane model
was constructed of DuPont Corian. This material has a thermal conductivity of k = 1.06
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W/m∙K, and was selected to match the distribution of Biot numbers for an in-service vane
at engine operating conditions, as was discussed in Chapter 1. The target Biot number
range of 0.3 < Bi < 0.6 was chosen based on simulations from GE Global Research for a
CFM56 turbine. For more details, see Dees (2010) or Albert (2011). However, the Biot
number varies significantly over the surface of a nozzle guide vane as heat transfer
coefficients change. The surface heat transfer coefficient distribution for the C3X
conducting vane was measured by Dees (2010). At the high turbulence case used for the
present work, external heat transfer coefficients range from 40-90 W/m2∙K in the
showerhead region, corresponding to a range of Bi from 0.45 < Bi < 1.06. It is important
to note that the matched-Bi model used with the current study was not designed to exactly
emulate a specific design, but instead to be a representative example of a modern high
pressure turbine vane.
The Corian sections of the matched-Bi vane model were CNC machined to the
profile of Figure 2.11 and a wall thickness of 19 mm. A set of removable hatches were
CNC machined from Corian for the matched-Bi vane model. The threaded connectors
and bolts used to secure the hatches were the same as described for the adiabatic model.
In between each hatch and the vane body, a non-hardening heat transfer compound
Thermon model NH, was applied to block any air leakage. Spackle was used to cover up
the countersunk bolts and seal smooth the slight gap around the hatch perimeter, which
had a slight local effect on measured values of .
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2.3.4 Curvature Adiabatic Model
For the curvature experiments, the external geometry of the vane was identical to
that used to examine showerhead cooling. The film cooling scheme consisted of a single
row of cooling holes along the suction side of the airfoil. Two positions were chosen
along the suction side to correspond to regions of different curvature, as shown in Figure
2.12. In all cases, the film cooling holes were cylindrical holes with a diameter of 3.77
mm. A surface injection angle of α = 45°, instead of the more typical 35°. A shallower
injection angle would not have allowed the holes to clear the edge of the removable hatch
and still exit at the location of minimum curvature in the region, which was one of the
project guidelines. There was no compound injection angle (β = 0°). Eleven holes were
present in the film cooling row, with a pitch of p/d = 8. Table 2.4 shows the location and
radius of curvature for each test configuration.

Moderate Curvature
High Curvature

Figure 2.12: Test vane schematic with locations of cooling holes indicated
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Table 2.4: Geometry specification for the film cooling holes
Curvature
High
Moderate

Position
(s/C)
0.25
0.31

Radius of Curvature
(2r/D)
28.3
39.5

Despite both models having the same external geometry, they had significantly
different internal cooling configurations, because the two projects were done for different
sponsors and had differing objectives. The showerhead cooling configuration was built to
examine an impingement-cooled model with a realistic showerhead. The curvature
experiments used a different model with an internal U-bend channel. A cross-section
schematic of the curvature vane model is shown in Figure 2.12. The flow through the Ubend channel was adjusted to maintain a constant internal Reynolds number of Reint =
10,000, designed such as to scale to a representative Reynolds number of an in-service
part.

2.4 MOMENTUM FLUX RATIO CALCULATIONS
All showerhead coolant was supplied to the film cooling holes through the fore
channel. Since all inlet flow exited through the film cooling holes, the orifice flowmeter
on the inlet pipe to the fore passage measured a total flowrate of coolant as follows:
̇

In Equation 2.3,

√

(2.3)

is the coolant density, calculated at the orifice flowmeter,

is the discharge area, which was calculated from the orifice plate diameter,
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is the flow

coefficient, which is related to the discharge coefficient
Dorifice/Dpipe) and defined as

√

and pipe diameter ratio β (β =

. As was discussed in Section 2.2 and shown in

Figure 2.5, the discharge coefficient was determined to be a function of orifice Reynolds
number.
The aft channel was left open at a nominal flowrate, with a single row of cooling
holes far downstream. This ensured that, especially with the matched-Bi model, that
surface conduction from the uncooled trailing edge region did not interfere with the data
collected. In the showerhead region, a separate blowing ratio was calculated for the PS1,
SS1, and showerhead rows of holes. As was described earlier in section 2.3.1, these
calculations were based on an analytical determination of the relative flowrates for each
set of holes (“flow splits”).
Once the mass flowrate was calculated, the relative flowrates were determined for
each of the showerhead rows, PS1, and SS1 rows as described in section 2.3.1. For each
row, a local jet exit velocity had to be calculated. To do this, Equation 2.4 was used:
̇

In Equation 2.4,

(2.4)
represents the total hole exit area for the row in question. This

was calculated using the diameter of the cooling hole and number of holes.

is the

density calculated at the cooling hole exit. After determining coolant velocity and
density, blowing ratio was calculated using Equation 1.13. Mainstream flow density was
determined from the mainstream temperature, which was measured with two
thermocouples upstream of the turbulence grid in the mainstream flow. Upstream flow
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velocity was determined using a pitot-static probe upstream of the turbulence generator
grid. Previous testing by Albert (2011) determined the uniformity of the approach
velocity profile and verified that using a single approach velocity was appropriate. As
was discussed earlier, the pressure distribution was adjusted around the vane to match a
CFD prediction of the pressure distribution. The same CFD model was used to predict the
velocity distribution around the vane. With all four factors known, a local blowing ratio
was calculated for the SS1 and PS1 rows of holes. The results for all conditions are
summarized below as Table 2.5. The blowing ratio can be back-calculated from the given
momentum flux ratios in Table 2.5, using a density ratio of 1.20 (adiabatic) or 1.33
(matched-Bi).

Table 2.5: Momentum flux ratios for each row of holes
Nominal SS1
I

SHSS2

SH-

Stag.

SS1

SHPS1

SHPS2

PS1
I

0.75

0.84

0.99

0.69

0.61

0.68

0.80

1.71

1.69

1.37

1.92

1.62

1.54

1.62

1.74

3.64

3.01

2.15

3.25

2.95

2.86

2.92

3.04

6.28

4.70

3.13

4.93

4.62

4.55

4.62

4.74

7.04

6.77

4.29

6.99

6.72

6.63

6.68

6.81

13.90

For curvature experiments, blowing ratios were calculated using the difference of
coolant mass flow at the inlet and outlet orifice flow meters. Using Equation 2.3 at both
the inlet and outlet flow meters, individual bulk coolant flowrates were determined. By
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definition, any flow that did not exit the vane model through the orifice flow meter must
have exited through the film cooling holes. Similar to the PS1 and SS1 rows of the
showerhead model, a local freestream velocity was calculated based on a CFD solution of
the velocity distribution around the vane (Dees (2010)). Results from the CFD were used
for determining local freestream velocity at each location. There was only a single row of
holes for each of the curvature experiments, with the blowing ratio being calculated at
that row.

2.5 INSTRUMENTATION
All thermocouples used were E-type, and were constructed in house. Wire was
purchased from Omega Engineering, and thin ribbon material was purchased from
Nanmac Corporation. Making gas thermocouples simply required tweeze welding the
two wires together to form a small bead-shaped bimetallic junction. Surface
thermocouples were made by first welding each wire to a small length of ribbon of the
same metal, and then welding the two ribbons together to form a chevron-shaped
junction.
Pressure transducers were used to make pressure measurements for both the
mainstream flow and the orifice flowmeter supplying the coolant. The mainstream Pitotstatic probe was connected to an Omega model PX2650-0.5D5V pressure transducer
whose range was from 0 to 0.5

(PT-“D”). The orifice flowmeter pressure drop was

measured with an Omega model PX142-001D5V pressure transducer with a range of 0 to
27.7

(PT-“B”). To determine the coolant density at the orifice flowmeter, orifice

gauge pressure was also measured with an Omega model PX164-005D5V pressure
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transducer with a range of 0 to 5

(PT-“4”). For the curvature experiment, an

additional Omega model PX164-005D5V pressure transducer (PT-“2”) was used for the
orifice flowmeter at the U-bend exit to measure flow leaving the model.
All thermocouple and pressure transducer measurements were connected to a
single data acquisition system that was controlled using National Instruments LabVIEW.
Custom virtual instruments were programmed that allowed data to be output continuously
during the test to monitor conditions, and for values to be easily recorded whenever a
surface image was taken. Surface IR thermography will be discussed below in section
2.5.

2.5.1 Pressure Transducer Calibration
All pressure transducers for the vane facility were calibrated before the current
study. Calibration was performed with a micromanometer. A tube was connected to one
pressure tap on a micromanometer and one port on the pressure transducer, with a Tvalve connected to a pump with a valve. The pump was pressurized, and the pressure
read off the micromanometer. The pressure transducer was connected to LabVIEW and
its voltage recorded. This was performed over the entire range of the pressure transducers
to create a pressure-voltage calibration curve. A representative pressure calibration is
presented for PTB in Figure 2.13.
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Figure 2.13: PT-B Calibration

2.6 INFRARED THERMOGRAPHY
For the showerhead cooling experiments, surface images were recorded using
FLIR P20 and P25 infrared cameras. Before each test, the test vane was painted with
ultra-flat black paint to create a surface with uniform emissivity and minimal reflectivity.
Round, removable ports were present in various locations on the sides of the tunnel to
allow the IR cameras to view the vane surface. For the port of interest, the acrylic
window was removed and replace with either a salt crystal (NaCl) or zinc-seledine
(ZnSe) window. Both cameras were used concurrently so that the pressure and suction
sides could be concurrently imaged during the same experiment. The viewing ranges
associated with each image are shown below on a schematic representation of the test
vane as Figure 2.14.
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SS camera view (conducting)

PS camera view
(adiabatic)

PS camera view
(conducting)

SS camera view
(adiabatic)

Figure 2.14: PS and SS camera views

For the curvature experiments, the FLIR P25 was used with a ZnSe window for
all tests. Similar to the showerhead experiments, the test vane was painted with ultra-flat
black paint before each test. The chosen IR acrylic window was replaced with a ZnSe test
window and calibrated in-situ (as described below). Figure 2.15a-b below shows the
visible range for both curvature positions. Because of the orientation of the camera and
curvature of the surface, a smaller range was in view for the moderate curvature than the
higher curvature, which will be seen in the IR images presented in Chapter 4; conversely,
high curvature data was captured further downstream because of the shallower camera
angle.
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Figure 2.15: IR camera visible range for curvature experiments

Several “best practices” were used to ensure that image quality remained
consistently high throughout all experiments. First, each camera was always used with
the same window, and on the same side of the model (for the showerhead cooling).
Secondly, the area between the camera and viewing window was shrouded to prevent
background interference. Third, the cameras were securely anchored down and carefully
actuated to prevent movement during an experiment. Finally, the mainstream temperature
was kept constant at nominally T∞ = 305K to ensure consistent background radiation.
Painting the surface black was also to ensure that surface emissivity was uniform, and
minimal.

2.6.1 IR Camera Calibration
Before the experiments, an in situ camera calibration was performed using ribbon
type thermocouples attached to the surface of the test vane. The thermocouples were
attached at the coldest visible parts of the model, outside of the area used for data
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processing to minimize interference. At least two thermocouples were used per camera
for calibration. An ideal location for the thermocouple would have been in the overlap
region, so that both cameras would be seeing the same surface temperature. However, as
is visible in Figure 2.14 above, the overlap region between both cameras was minimal,
and at the edge of both cameras‟ views. When attaching the surface thermocouples, a thin
layer of five-minute two-part epoxy was first applied to the underside. The thermocouple
was pressed to the surface, excess epoxy wiped off, and held in place until settled. Then,
the area was spray painted black to ensure thermocouple base emissivity was consistent
with that of the background. For the adiabatic (foam) model, thermocouples were
attached with a thin layer of tape, pressed down to ensure negligible surface disturbance.
The area was then painted black.
To calibrate the camera, the thermocouples first had to be located. At the
beginning of each experiment, after the camera was set in place, a series of location
images were taken. A hot, thin pointer was used to locate the bimetallic junction on the
surface and several IR images were taken. The accuracy of this method was determined
to be approximately 3 pixels, or 2.5mm, which for the resolution of 320x240 pixels
corresponds to ±0.5%. The thermocouple was later located with greater accuracy by
choosing one target point, and looking at a 2x2 pixel square around the target until the
actual location of the thermocouple was determined.
After the test was started, a number of data points were taken as the film cooled
down from ambient temperature to the target DR. The thermocouples were placed in an
area that experienced gradual cooling, so the thermocouples themselves would cool down
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as well. IR camera temperatures were extracted by MATLAB, as described below in
section 2.5.2. By comparing the thermocouple recorded temperature with the IR camera
perceived surface temperature, a calibration plot was made for each camera/window
combination. A consistent calibration was used for both the adiabatic and matched-Bi
vane experiments for each camera. The final calibration plots are shown below as Figure
2.16a-b (showerhead experiments) and Figure 2.17 (curvature experiments). The same
calibrations were used for showerhead adiabatic and matched-Bi experiments. One
calibration, different from that of the showerhead experiments, was used for both of the
curvature experiments.

(a)

(b)

Figure 2.16: Showerhead camera calibration curves for pressure (a) and suction (b) sides
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Figure 2.17: Curvature camera calibration curve for high and moderate curvature tests

2.6.2. IR Image Post-Processing
A silver paint pen was used to mark the camera‟s viewing range on the model.
The region of interest was marked with horizontal lines at top and bottom, and vertical
tick marks were placed on these lines starting at the stagnation point and going
downstream on both the pressure and suction side at 1 cm increments. These markings
helped to establish correlations for both s/d and z/d. Polynomial fits were used, as the
straight lines appeared curved and the uniform ticks appeared to get farther apart towards
the downstream edge of the camera. These corrections were then integrated into the data
post-processing routine.
A set of MATLAB programs were written by previous students in this laboratory
to aid in data post-processing. These programs allowed the conversion of raw IR
temperature data into 2-D contours and plots of laterally averaged effectiveness. There
were several steps to the process. First, the IR images were exported into MATLAB
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format by the image processing software, ThermaCAM. For each data point, a series of
five images was taken two minutes apart (adiabatic model) or five minutes apart
(matched-Bi model) during the test. All of these images were processed to establish that a
steady state condition was reached for each data point.
A MATLAB routine was employed that performed a “block scan” on the images,
creating an array of temperature values at every pixel. The IR camera calibration was
applied to the raw temperature data, creating an array of actual surface temperatures.
Spatial correction was then applied, to properly fit the data to s/d and z/d coordinates and
cut data outside of the viewing range. At this point, two separate routines were employed.
The first created a lateral average at each pixel in the streamwise direction, which was
exported to Excel and graphed as the laterally averaged plots. The second routine took
the temperature array and created contours of adiabatic effectiveness (η) or overall
effectiveness () using the mainstream and coolant reference temperatures at the
appropriate data point.
Processing of adiabatic effectiveness results includes the application of a
conduction correction. This correction accounts for the fact that the low-conductivity
model is not truly “adiabatic”. The typical method of performing the correction is to tape
off some of the holes, and observe temperatures downstream to see the effect of internal
cooling on the non film-cooled surface. However, because of the densely packed rows of
showerhead holes, performing a conduction correction was not possible for the
showerhead experiments. As a result, the data presented for showerhead cooling has no
conduction correction applied. The work of Dobrowolski et al. (2009) attempted to
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determine the true effect of conduction by performing CFD simulations of low
conductivity and truly adiabatic blade leading edge models. Dobrowolski found that the
maximum bias error produced in η was 0.05, limited to a region within 0.5d of the holes.
However, it is possible that the bias error seen from the current study was higher, as the
present configuration employed holes with closer spacing, and an internal impingement
plate.
For the curvature studies, a conduction correction was performed for each test.
To make the correction, spanwise plots of the raw data were created for all blowing ratios
both with and without a trip. Between pitches, the adiabatic effectiveness should be
exactly zero in the absence of jet interaction. As shown in Figure 2.18, this was not the
case for uncorrected data.

Figure 2.18: Uncorrected mid-span effectiveness for M = 0.4, no trip, high curvature
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The adiabatic effectiveness that would make each midspan zero was determined
both with and without trip for all blwoing ratios on both surfaces. These values were fit to
a third order polynomial that plotted downstream distance vs the correction value, ηo. ηo
was then applied to the measured adiabatic effectiveness values to determine a corrected
value of adiabatic effectiveness:
(2.5)
The derivation of Equation 2.5 can be found in Ethridge et al. (2000). The
streamwise variation in the conduction correction with downstream distance is caused by
variations in external heat transfer coefficient, he, as was shown in Figure 2.12.

2.7 UNCERTAINTY ANALYSIS
There were several different measures of uncertainty used in the various
experiments. First, the within-test repeatability of data was measured by capturing a
chosen data point twice during each experiment. The selected point would be the first and
last point. If the measurement was repeatable within the experiment, it showed that
measurements taken in between the two repeated points could be trusted. Figures 2.19-24
below show repeatability data for the four experiments performed. Figures 2.19-22 are
showerhead adiabatic and conducting repeated data points. In test repeatability was
extremely good. On the pressure side, laterally averaged adiabatic effectiveness varied
less than Δη = 0.005 between points. On the suction side, the maximum laterally
averaged variation of Δη = 0.02 occurred at s/d = 4. This magnitude of difference was an
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outlier and not representative of general repeatability. Similarly, laterally averaged
overall effectiveness for

= 6.7 varied Δ = 0.02 downstream on the pressure and Δ

= 0.015 downstream on the suction side.

Figure 2.19: Laterally averaged adiabatic effectiveness variation for pressure side

Figure 2.20: Laterally averaged adiabatic effectiveness variation for suction side
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Figure 2.21: Laterally averaged overall effectiveness variation for pressure side

Figure 2.22: Laterally averaged overall effectiveness variation for suction side

Figures 2.23-24 are repeated data points for the curvature experiment. Since the
magnitude of the laterally averaged adiabatic effectiveness was significantly lower for the
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curvature experiments than the showerhead, at first glance it appears that the repeatability
for the curvature experiments was poorer. However, this is not the case. Laterally
averaged adiabatic effectiveness measurements were repeatable within Δη = 0.015 for
the moderate curvature surface, and Δη = 0.01 for the high curvature surface.

Figure 2.23: Laterally averaged adiabatic effectiveness variation for moderate curvature

Figure 2.24: Laterally averaged adiabatic effectiveness variation for high curvature
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Multiple tests at a single point are required to determine the uncertainty within the
measurement of η or . Albert (2011) previously measured uncertainty in both η and 
by running multiple experiments and found that for the facility currently used, δ = δη =
± 0.02. For these calculations, the method of sequential perturbation was utilized. This
method is detailed by Moffat (1988).
Additionally, an analysis of uncertainty in coolant mass flowrates was performed
for the current curvature data. During the test, it was noticed that the pressure transducers
experienced a bias uncertainty that increased over time. Periodically, this bias uncertainty
(recognizable by a “drift” in the pressure transducer zero pressure measurement from
absolute zero when there was no flow through the orifice) would be measured and reset.
The magnitude of the drift was consistent between both curvature experiments, and its
magnitude was 1.3 Pa at max. Using Equation 2.3 and the method of sequential
perturbation, the uncertainty in coolant flowrate was found to be δ ̇ = ± 0.33 g/s at a
blowing ratio of M = 0.4, up to δ ̇ = ± 0.54 g/s at a blowing ratios of M = 1.5. Since
coolant flowrates were on the order of 1-5 g/s, this was equivalent to 11-26% variability.
Details are provided in Table 2.6.
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Table 2.6: Uncertainty in mass flowrates

Table 2.6 shows a significant discrepancy in the relative contributions of
uncertainties for the inlet and outlet coolant flow. This discrepancy is related to the
different sized orifice plates used on the inlet and outlet. For the inlet, the orifice plate
had a larger diameter (lower β orifice). The pressure drop for the M = 0.4 case was ΔP =
312 Pa, with an uncertainty in pressure measurement of δΔp = ± 1.3 Pa. For the outlet,
the pressure drop for the M = 0.4 case was ΔP = 9.0 ± 0.5 Pa. Thus, it is clear that the
much larger contribution to the uncertainty in mass flowrate comes from uncertainty in
the outlet orifice flowmeter pressure drop.
Uncertainty in the blowing ratio was dominated by the uncertainty in coolant
mass flowrate. Measurement precision for the thermocouples used to determine coolant
and mainstream density produced errors of less than 0.5%, and mainstream velocity was
controlled within 0.8%. Therefore, using the percentage uncertainties calculated for
coolant mass flowrates, uncertainty was determined for blowing ratio. For M = 0.4, a
26% variation corresponds to an uncertainty of δM = ± 0.1 For a blowing ratio of M =
1.50, an 11% variation corresponds to an uncertainty of δM = ± 0.17.
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Chapter 3: Results from Vane Showerhead Study
In this chapter, the results of the showerhead cooling effectiveness study will be
presented. The current showerhead results are a small part of a larger study that looked at
overall and adiabatic effectiveness for a number of cooling configurations on
impingement-cooled adiabatic and matched-Bi models. Results of adiabatic effectiveness,
η, and overall effectiveness, , will be presented in terms of contours and laterally
averaged plots. Adiabatic effectiveness will be presented first, followed by overall
effectiveness. The results will then be compared to each other and to previous literature.
Both η and  are useful to designers, and the goal in presenting both is to help present a
complete picture of the heat transfer in this complicated and very important region of the
vane.

3.1 ADIABATIC EFFECTIVENESS MEASUREMENTS
Adiabatic effectiveness was measured for momentum flux ratios of I*SH = 0.76,
1.74, 2.92, 4.67 and 6.73 in the showerhead region and for a distance approximately 30d
downstream on both the pressure and suction sides. A density ratio of DR = 1.20 ± 0.02
was used to make these measurements. The results will be presented first in terms of
contours of adiabatic effectiveness, and then with plots of laterally averaged adiabatic
effectiveness based on a two-pitch average.

3.1.1 Adiabatic Effectiveness Contours
Contours of adiabatic effectiveness are presented in Figure 3.1. Contours were
created for each momentum flux ratio from I*SH = 0.76 to I*SH = 6.7. Several expected
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trends are immediately visible from the contours. First, as momentum flux ratio
increases, the areas between rows of holes are filled in, with a commensurate increase in
adiabatic effectiveness. Another unsurprising trend is the upward flow of coolant jets
exiting the model, due to the spanwise orientation of the compound angle showerhead
holes. At lower momentum flux ratios, the jets‟ momentum is low relative to mainstream
and the coolant jets are quickly bent in the streamwise direction. This results in nearly
parallel contours of adiabatic effectiveness at low momentum flux ratios. By the higher
momentum flux ratios, the jets are able to maintain a significant spanwise component and
the streaks of higher adiabatic effectiveness accordingly takes on streamwise and
spanwise components. Finally, as would be expected, the adiabatic hole experiences
almost no warming from the coolant reference temperature and appears at near unit
adiabatic effectiveness.
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Figure 3.1: Contours of η for the showerhead for I*SH = 0.76, 1.74, 2.92, 4.67 and 6.73

The contours of adiabatic effectiveness also display a changing pattern of coolant
distribution as momentum flux ratio increases. At lower momentum flux ratios, coolant
distribution is somewhat periodic, with repetition roughly every two pitches of
showerhead holes. However, by higher momentum flux ratios, periodicity has
disappeared and there are increasing η levels as z/H increases, because of the spanwise
orientation of coolant holes. This pattern is quickly evident and reflects the “buildup
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effect” as discussed by Polanka et al. (1999). The result of the buildup is that at high
momentum flux ratios, there is “strong spanwise variation” in coolant performance,
which must be taken into account by film cooling designers.
Another result of the increase in momentum flux ratios is the merging of coolant
jets in the showerhead region, as seen in Figure 3.2 below. A constant freestream velocity
was used while the coolant jet velocity varied. Thus, it is expected that coolant
distribution patterns would depend on the momentum flux ratio. Looking especially at the
row of holes at s/d = -4, the change in patterns is visible. At low momentum flux ratio,
distinct coolant paths are traced out by individual jets. The reason for this is the much
greater momentum of the incoming mainstream flow turning the jet downstream as the jet
exits the film cooling hole. However, as the momentum flux ratio increases, the coolant
gains increasing momentum and begins to exit entirely spanwise. At I*SH = 6.7, the
coolant in this row appears to exit entirely in the spanwise direction, causing coolant
from adjacent rows to merge. The result of these merging jets is that the mainstream flow
is entirely blocked from impinging on the part surface, significantly increasing adiabatic
effectiveness. Similar results were observed by Witteveld et al. (1999).
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(a) 𝐼𝑆𝐻 = 0.76

(b) 𝐼𝑆𝐻 = 2.92

(c) 𝐼𝑆𝐻 = 6.7

Figure 3.2: Merging of coolant jets as momentum flux ratio increases

Trends visible in Figure 3.3 suggest separation has occurred. As the momentum
flux ratio increases from I*SH= 0.76 to I*SH = 2.92, a large decrease in adiabatic
effectiveness can be seen downstream of the holes located at s/d = -4 and -8. Decreasing
η with increasing momentum flux ratio suggests that the film jet has detached from the
surface and is no longer cooling that surface. At the nominal operating condition of I*SH=
0.76, the momentum flux ratio in the PS1 row of holes is I = 1.7. At this point, coolant
has likely already separated. In general, there exists a crucial momentum flux ratio above
which the coolant jet will detach from the surface and adiabatic effectiveness to decrease.
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As indicated in Bogard and Thole (2006), this critical momentum flux ratio can vary with
many factors including surface injection angle, turbulence level and surface curvature.
The critical value is typically between 0.4 < I < 0.8.

Figure 3.3: Effect of separation for increasing momentum flux ratio

Another visible effect of the influence of separation is found at s/d = 4 and 7, as
shown in Figure 3.4. Again, the momentum flux ratio has increased, and immediately
downstream of the hole exit a decrease in adiabatic effectiveness is seen. The decrease is
visible for both rows of suction side holes; as indicated at z/H = 0.53, and below at z/H =
0.49. These results suggest that increasing separation occurred between the momentum
flux ratios of I*SH = 0.76 and I*SH = 2.92. This is consistent with expectations, as the
momentum flux ratio for the SS1 row of holes increases from I = 0.84 to I = 2.15 in this
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range, most likely above the critical point and thus experiencing increasing amounts of
separation.

s/d
Figure 3.4: Effects of separation and jet interactions at low momentum flux ratio

Jet interaction is extremely important in film cooling flow, as was also illustrated
by comparing the two momentum flux ratios seen in Figure 3.4 above. For I*SH = 2.9, a
comparison of holes at s/d =7 and z/H = 0.49 and z/H = 0.53 shows the effects of
upstream coolant interaction. The lower hole was impacted by coolant from an upstream
hole, while the upper row was not. By superposition of adiabatic effectiveness values, it
would be expected that the lower hole would perform better. Ironically though, the
opposite happens. This oddity might be explained by recognizing interference from the
upstream hole jet is causing the downstream jet to separate more. Additionally, increasing
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amounts of separation between the two momentum flux ratios in question cause the SS1
row of film holes to perform worse at I*SH = 2.92 than at I*SH = 0.76.

3.1.2 Laterally averaged results
Important trends about film cooling performance can be gained by analyzing plots
of laterally averaged adiabatic effectiveness, which are shown below as Figure 3.5. The
range that was taken for the lateral average was the two pitch region between z/H = 0.45
and z/H = 0.61. Immediately visible is the general trend of increasing adiabatic
effectiveness in the showerhead region as momentum flux ratio increases. Despite the
increasing separation of the coolant jets, overall coolant flux is increasing such that this
result is expected, and is consistent with what was seen by Polanka et al. (1999) and
Witteveld et al. (1999). Additionally, it should be noted that the spikes of laterally
averaged adiabatic effectiveness are caused by inclusion of the hole (which by definition,
is at η = 1) in the lateral average. If the holes were excluded from the lateral average, the
spikes would shrink significantly, possibly even completely disappearing. It is also
notable that in between rows of holes, laterally averaged effectiveness is roughly the
same (at s/d = -3, -1, 1, and 3).
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Figure 3.5: Laterally averaged adiabatic effectiveness for all momentum flux ratios

Another result immediately visible on the laterally averaged plots is a large jump
in laterally averaged effectiveness from I*SH = 4.6 to I*SH = 6.73 at s/d = ±6. The area in
question is downstream of the last row of showerhead holes on each side of the vane, and
is a representation of the coolant jet merging discussed above in section 3.2.1. As the
coolant jets from the last row of showerhead holes merge, they block the intrusion of
mainstream flow, preventing hot mainstream gas from impinging on the surface
downstream of the coolant holes and leading to a significant increase in effectiveness.
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This result highlights the importance of analyzing laterally averaged and contour plots
together. While laterally averaged trends can reflect overall coolant performance, contour
plots provide a visual representation of the performance at all areas that help to make
sense of these trends.
The laterally averaged plots similarly reflect the trend of increasing separation as
momentum flux ratio increases. Downstream of the showerhead region, adiabatic
effectiveness remains relatively stable even as momentum flux ratio increases. This is
caused by the increased amount of separation balancing additional coolant volume that
would normally increase performance. It should be noted that despite the increasing
separation limiting any increase in laterally average performance downstream on either
side of the vane, there is consistently better performance downstream on the suction side
that pressure side. This result is not unexpected, as the strong convex curvature seen on
the suction side creates a normal pressure gradient that draws the coolant back to the
surface, increasing performance. Since the pressure side surface does not have a strong
surface-normal pressure gradient drawing coolant down, jets remain more detached and
performance is lower.

3.2 OVERALL EFFECTIVENESS MEASUREMENTS
Overall effectiveness was measured for momentum flux ratios of I*SH = 0.76,
1.72, 2.99, 4.64 and 6.70 in the showerhead region and for a distance approximately 30d
downstream on both the pressure and suction sides. A density ratio of DR = 1.36 ± 0.02
(based on the impingement jet temperature) was used to make these measurements. The
equivalent density ratio based on the hole exit was DR = 1.23 ± 0.02. The results will be
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presented first in terms of contours of overall effectiveness, , and then with plots of
laterally averaged overall effectiveness, , based on a two-pitch average between z/H =
0.48 and z/H = 0.64.

3.2.1 Contour plot results
Contours of overall effectiveness are presented in Figure 3.6. As was the case
with adiabatic effectiveness, contours were taken for each momentum flux ratio from I*SH
= 0.76 to I*SH = 6.73. As is expected with a matched-Bi model, values of  are distinctly
higher than η, due to the effects of internal conduction not seen with an adiabatic model.
Additionally, conduction laterally through the model serves to smooth out contours of ,
leading to significantly less variation in the range of overall effectiveness as compared to
adiabatic effectiveness. Thus, where variations of η were seen from η =0.1 to η = 0.6 at
I*SH = 0.76, variations in  at the same momentum flux ratio were on the order of  = 0.3
to  = 0.65.
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Figure 3.6: Contours of  for I*SH = 0.76, 1.72, 2.99, 4.64 and 6.70

An important idea for a matched-Bi model is analysis of areas of low , or “hot
spots”. Because of the nature of the matched-Bi setup, hot spots on the model correspond
to actual hot spots on an in-service part. This result is especially relevant for film cooling
designers, and is a strong contribution of the matched-Bi model that cannot be ascertained
from the adiabatic designs traditionally used in film cooling research. Contours of overall
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effectiveness quickly show these hot spots, as seen in Figure 3.7 for a representative
momentum flux ratio of I*SH = 2.99. Within the showerhead, hot spots seen on the figure
are present in consistent locations at all momentum flux ratios; one is seen at z/H = 0.49,
downstream at s/d = 3. Performance here increases from around  = 0.45 (I*SH = 0.76) to

 = .60 (I*SH = 6.7). Another consistent hot spot is seen at z/H = 0.44, at a downstream
distance on the pressure side of s/d = -4. Performance increases from 0.5 to 0.55, but
remains lower than the surrounding areas.

These “hot spots” are caused by a

combination of low adiabatic effectiveness (which indicates poor film cooling of the
surface, and will be explored in greater detail in a later section) and poor convective
cooling of the surface internally. The poor internal convection is due to the geometry of
the internal impingement cooling.

Figure 3.7: Overall effectiveness for I*SH = 2.99 with “hot spots” indicated

3.2.2 Laterally average results
A plot of laterally averaged  for all momentum flux ratios is presented in Figure
3.8. As expected, the overall effectiveness increases as the momentum flux ratio
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increases. For the impingement cooled model used for this study, this increase
corresponds to a greater internal convective cooling caused by the impinging jets on the
internal wall surface. Conduction through the wall (not seen with adiabatic effectiveness
results) ensures that performance increases even as the film jets on the surface separate.
Similarly, the sharp drop at s/d = -30 corresponds to an area where internal impingement
cooling has stagnated because of the internal geometry of the vane and lack of film
cooling holes in this region to draw the air out of the model. Specifically, this location is
near the end of the fore passage. Thus, conduction from the warmer aft passage warms
the stagnant internal coolant.



Figure 3.8: Laterally averaged overall effectiveness for all momentum flux ratios
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3.3 COMPARISON BETWEEN OVERALL AND ADIABATIC EFFECTIVENESS
This section will compare adiabatic and overall effectiveness values and the
differing trends between them. The first subsection will look at comparing the results
within this study, while the second subsection will make comparisons to data found in the
literature.

3.3.1 Comparison between results from experiments in this study
There are several key results to be gleaned from a comparison of η and . Perhaps
most critically, the experiments in this study showed continuity between the location of
areas with low adiabatic and overall effectiveness (“hot spots”). This comparison is
illustrated in Figure 3.9. Three specific hot spots are indicated at s/d = -4, 4, and 11 at z/d
values of 0.44, 0.52, and 0.49 respectively. Since these hotspots correspond to places
where an actual turbine vane will be under intense thermal stress, they should be regions
of focus for a turbine designer. In each case, the hot spots also match up with areas of low
adiabatic effectiveness, which indicates that designers should also pay attention to areas
of low adiabatic effectiveness as possible locations of interest for increasing film cooling
coverage.
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Figure 3.9: Direct comparison of performance contours for I*SH = 3 highlighting regions
of poor performance reflected in both η and 

The direct comparison shown in Figure 3.9 as a contour can be examined in terms
of laterally averaged effectiveness. A nondimensional temperature

was calculated:
(3.1)

was chosen instead of  and η as a way to directly compare only the effects of
surface cooling for both sets of results. While

= η,

reference temperature than . Plots were made that compare

>  since it uses a colder
vs. z/d for a spanwise

location of s/d = 5 for both the adiabatic and matched-Bi models. The plots, found in
Figure 3.10, reinforces that adiabatic and overall effectiveness both decrease between z/d
= 0.49 and z/d = 0.52, consistent with the hot spot seen on the overall effectiveness
contour and region of low adiabatic effectiveness.
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Figure 3.10: Nondimensional temperature vs. spanwise height for s/d = 5 on adiabatic
and conducting vane models

Other key trends that highlight the difference between adiabatic and overall
effectiveness can be determined by comparing laterally averaged values for both.
Comparisons of laterally averaged adiabatic and overall effectiveness for I*SH = 0.8, I*SH
= 2.9, and I*SH = 6.7 are shown in Figure 3.11. Shaded areas on the figure correspond to
locations of rows of coolant holes. From the plots,  is always greater than η, as would be
expected because of the contribution of internal impingement cooling is conducted
through the surface and reflected in . Additionally, there are several regions where
increasing momentum flux ratio causes a larger increase in thanη. A good example of
this is looking at s/d = 15 – 25 on the pressure side, from a momentum flux ratio of I*SH =
0.8 to I*SH = 2.9. The greater increase in overall effectiveness than adiabatic effectiveness
most likely also reflects the contributions of internal cooling. As the momentum flux ratio
increases, the supply of internal coolant through the impingement plate does as well. The
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impingement jets impact the internal wall of the airfoil, and conduction through the wall
increases the cooling performance.

Figure 3.11: Comparison between laterally averaged values of  and η, with key
conclusions indicated

Several other key results are illustrated by Figure 3.11. First, the magnitude in the
difference between  and η on the pressure side is greater than the difference on the
suction side. This difference may be attributable to a difference in external heat transfer
coefficients between the pressure and suction side. Figure 3.12 (from Dees (2010)) shows
the distribution of external heat transfer coefficient, he, for the same C3X vane used in
this study, but without film cooling. The three regions indicated on Figure 3.11 are also
shaded on Figure 3.12. The distribution of he clearly shows that values of he are
approximately twice as large on the suction side than the pressure side at the locations
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indicated. The higher heat transfer coefficient allows for greater convective heat transfer
between the hot mainstream and cooled surface. Because of the complex nature of heat
transfer in the showerhead region and just downstream of it, plots of he are not available
in the literature. However, it is well established that film cooling leads to an
augmentation of heat transfer coefficient; thus, it is speculated that the magnitude of
increase on both the pressure and suction sides in the locations of question are equal on a
percentage basis. It would be interesting and helpful future work to determine the
distribution of he and validate this assumption.

Figure 3.12: Distribution of external heat transfer coefficient ho around C3X vane without
film cooling (from Dees (2010))

3.3.2 Comparison of adiabatic and conducting results to literature
In this section, results discussed above are compared to those found in the
literature. Specifically, comparisons will be made to other studies of  and η in the
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showerhead region of blades or vanes (which are scant) and the results seen in this study
will be analyzed with respect to previous research.
Trends seen in the current study are consistent with those found in the literature.
The “build-up” effect seen here was documented by Polanka (1999) and Cutbirth (2002).
This effect refers to the non-periodicity of adiabatic effectiveness along the spanwise
oriented film cooling holes, where effectiveness increases along the span. The build-up
effect was more noticeable at higher momentum flux ratios, and displayed a regular
geometric periodicity.
Adiabatic effectiveness values have been the subject of multiple previous studies,
including Polanka (1999), Colban et al. (2006), and Lu (2011). The trends seen in these
studies are consistent with those seen here; that is, adiabatic effectiveness increases with
increasing momentum flux ratio in the showerhead region (seen by Polanka (1999) and
Lu (2011), but not Colban et al. (2006)). For all studies, downstream separation is an
issue at higher momentum flux ratios, especially with cylindrical film cooling holes. A
direct comparison with each of these studies will now be considered.
The results for a comparable case from Polanka (1999) are summarized in Figure
3.13(a) and compared to laterally averaged values from the current study. Polanka used
holes that were were slightly closer together (p/d = 5.55 vs. a p/d of 6 used here). The
holes had the same 25° injection angle used in the current study, but experiments were
conducted at a higher density ratio of DR = 1.8. As long as the blowing ratio is properly
matched, it would be expected that the coolant would perform similarly for both high and
low density ratios (Cutbirth (2000)). Indeed, for similar blowing ratios, the adiabatic
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effectiveness seen between peaks in the current study was generally on par with that of
Polanka. An exception is on the pressure side at s/d = -5, where Polanka had slightly
higher laterally averaged effectiveness (~10%).

Figure 3.13: Comparison of laterally averaged adiabatic effectiveness to Polanka (1999)
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Results from Colban et al. (2006) are compared to the present study in Figure
3.14. Colban et al., whose study used cylindrical holes at a low density ratio of DR =
1.06, compared results to Polanka‟s lowest and highest blowing ratios. Comparing the
two studies on the figure to the present work, the difference in trend is immediately
visible. Because Polanka had shallow 25° injection angle holes, the coolant more easily
stayed attached to the surface and adiabatic effectiveness tended to increase with blowing
ratio. Colban, however, used much steeper holes with a 60° injection angle. These holes
promoted separation, and as blowing ratio increases there was a decrease in film cooling
performance both in the showerhead region and downstream. Although separation was an
issue with the current study, the shallower injection angle allowed the coolant holes to
perform better that those seen by Colban both in the showerhead region and downstream
as well. Additionally, the closer spacing of rows of holes in the showerhead region meant
that the area was more completely saturated with film cooling, especially at higher
momentum flux ratios, leading to less of a dropoff in between rows of holes compared to
Colban.
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Figure 3.14: Comparison of laterally averaged adiabatic effectiveness values to Colban
(2006)

Adiabatic effectiveness for two cases from Lu et al. are compared to results from
the present work below in Figure 3.15. Parts a and b of this figure show the two
configurations used for comparison. Lu et al. used 30° cylindrical holes with a pitch to
diameter ratio of p/d = 4 (vs p/d = 6 for the present study) on a blade leading edge model.
The results from Lu et al.display superior performance to the current study because of the
closer hole spacing used by Lu. The holes from the present study are spaced apart at
intervals of s/d = 2, while Lu et al. used a hole spacing of s/d = 1. One of the key
conclusions from the showerhead data from the present study is that rows of holes more
closely spaced together improve performance in the showerhead region by providing a
thicker “blanket” of coolant that covers the area more effectively.
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(c)

(d)

(e)

Figure 3.15: Comparison of present results to Lu et al. (Figures a-d from Lu).

Of paramount concern in the present study are the ways in which the matched-Bi
model provides a more complete picture of film cooling performance. While this is the
first study that directly compares the performance of identical adiabatic and matched-Bi
showerhead cooled models, the relationship between overall and adiabatic effectiveness
has previously been documented by Albert (2003), Dyson (2010), Dees (2010), and
Albert (2011). Direct comparisons will be made to Dyson (2010) and Albert (2011).
A direct comparison was able to made for a blowing ratio of 2.1 (I*SH = 2.9) based
on two previous configurations, Albert (2011) and Dyson (2010). The Albert (2011)
results were performed on a similar C3X vane with three rows of cooling holes in the
showerhead region. Albert used a p/d of 5.6, 25° surface injection angle, and 90°
compound injection angle. The showerhead holes were located at s/d = -1.7 on the
80

pressure side and s/d = 1.7 and 5.0 on the suction side. Albert used a U-bend internal
cooling scheme identical to the setup described for the curvature experiments (Chapter
4). Since the laterally averaged information was not published in Albert (2011), this data
was acquired through personal communication with the researcher. Dyson (2010)
performed experiments on a leading edge configuration meant to simulate a turbine
blade, not vane. This configuration, illustrated below in Figure 3.17, used three rows of
coolant holes with the middle row along the stagnation line of the leading edge with a 0°
injection angle. The other two rows were spaced at p/d values such that they exited with a
25° injection angle on the pressure and suction sides. All three rows had a p/d of 7.6 and
90° compound injection angle. Dyson (2010) used an impingement cooling scheme
which was not the same as the current setup.

Figure 3.16: Setup from Dyson (2010)

The results of these two studies are compared with the present results in Figure
3.18. As is clearly and immediately visible, the benefit of more rows of closely spaced
showerhead holes is indisputable. The current configuration in this study, with five rows
of showerhead holes and one closed spaced row of holes on both the pressure and suction
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sides, displayed higher overall effectiveness in the showerhead region as well as
downstream.

Figure 3.17: Comparison of current study matched-Bi performance to results from Dyson
(2010) and Albert (personal communication, July 2, 2011)

Previous studies have also observed the same general trends discussed here,
including overall effectiveness being higher everywhere downstream of the hole exit
(because of the effects of conduction, laterally and through the surface of the part).
Additionally, a key difference between adiabatic and matched-Bi models is a minimum 
analysis, where the overall effectiveness contours are analyzed to determine the areas of
lowest , which are directly applicable to determining areas of high thermal stress on an
in-service part. Discussion of areas of low  was in section 3.3. This is, however, not the
only reason for using . As mentioned, other advantages include the ability to include
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surface conduction and internal convective effects instead of only film cooling on surface
cooling. In the end, overall effectiveness measurements provide an important
experimental validation for CFD simulations.
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Chapter 4: Film Effectiveness in Regions of Large Curvature
This chapter will describe the results of experiments to determine the effect of
surface curvature on film cooling effectiveness. The effect of surface curvature was
tested both with and without the presence of an upstream boundary layer trip on a
simulated nozzle guide vane. The boundary layer trip was installed to simulate the effect
of an upstream showerhead tripping the boundary layer to turbulence. First, the effect of
the trip will be discussed. Then, results for the measurements of adiabatic effectiveness,
, are presented for both curvature locations. The adiabatic effectiveness results are
presented in terms of contour distributions of , and laterally averaged plots of ̅ vs.
downstream distance. Results are then presented first for moderate curvature then for a
high curvature surface, with comparisons made between both sets of data. Comparison
will then be made between the present data and results found in the literature.

4.1 UPSTREAM BOUNDARY LAYER EFFECTS
4.1.1 Effect of BL trip for the moderate curvature case
Both surfaces were tested with and without the presence of an upstream boundary
layer trip. The boundary layer trip was a 1 mm diameter wire installed at s/C = 0.18. Its
purpose was to simulate the presence of showerhead coolant jets upstream that would
cause a transition of the boundary layer to turbulence at the locations tested. The
boundary layer trip only had an effect at the lowest blowing ratio tested. Figure 4.1 shows
the results compared between trip and no trip for M = 0.4 (results for higher M will be
presented later). For both cases, the freestream velocity was kept constant and the film
coolant velocity adjusted to control blowing ratio. Looking at Figure 4.1, the trip
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decreased film cooling performance at M = 0.4. It is speculated this effect resulted from
the thicker turbulent boundary layer being less effective at turning the coolant back
towards the wall. Since the holes are at relatively steep 45° surface injection angle, they
will tend to quickly detach from the wall.

(a)
M = 0.4

(b)
M = 0.5

Figure 4.1: Effect of upstream boundary layer trip for moderate curvature surface at M =
0.4 and M = 0.5

As mentioned above, the most noticeable performance was seen at the lowest
blowing ratio of M = 0.4, as shown in Figure 4.2 with both contour plots of η. The tripped
case shows a decrease in laterally average adiabatic effectiveness of approximately Δη =
0.04 at the hole exit, fromη = 0.15 for the untripped case toη = 0.12 for the tripped
case. On a relative basis, this is a 20% decrease in performance. Looking at the contours,
this difference is immediately visible, as effectiveness in the core of the film jet in the
untripped case is on the order ofη = 0.60, while the tripped case shows a core jet
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effectiveness on the order ofη = 0.45. Two possible explanations for this discrepancy are
that either the jet core has separated farther from the wall in the tripped case, or that the
increased turbulence in the approach boundary layer in the tripped case have further
dispersed the core of the coolant jet. The effect of the upstream boundary layer is also
confined to the area close to the hole (x/d < 5) at this low blowing ratio.

Figure 4.2: Contour comparison of M = 0.4 with and without upstream boundary layer
trip
At a higher blowing ratio of M = 0.8, the effect of the boundary layer trip was also
significant. Figure 4.3 below presents contours and a laterally averaged plot comparing
the trip and no trip cases at this blowing ratio. Again, the tripped case shows a decrease in
laterally average adiabatic effectiveness of approximately Δη = 0.03 at s/d = 2, fromη =
0.08 for the untripped case toη = 0.05 for the tripped case. On a relative basis, this is a
38% decrease in performance. The difference between the two cases is outside of
experimental uncertainty, and therefore the differences in η can be attributed to the
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boundary layer trip. The effect of the trip was negligible at the highest blowing ratios (M
= 1.2 and 1.6).

Figure 4.3: Contour and laterally averaged comparison of M = 0.8 with and without
upstream boundary layer trip

4.1.2 Effect of BL trip for the high curvature case
The upstream boundary layer had no decisive impact on performance for the high
curvature surface than for the moderate curvature surface. Results for blowing ratios of M
= 0.40 through M = 1.2 are both presented on laterally averaged plots in Figure 4.4a-c.
The untripped cases performed better than the tripped cases for blowing ratios at or below
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M = 0.95, with the performance nearly identical at M = 1.2. At all blowing ratios, the
differences were within Δ η = 0.02, which is within experimental uncertainty. Therefore,
this difference cannot necessarily be attributed to the trip.

(a)
M = 0.4

(b)
M = 0.95

(c)
M = 1.2

Figure 4.4: Effect of a boundary layer trip for M = 0.4 to M = 1.2 on high curvature
surface
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4.2 CURVATURE EFFECTS
4.2.1 Moderate Surface Curvature Results
For the moderate curvature surface, a range of blowing and momentum flux ratios
was tested from M = 0.4 to 1.6 (I = 0.13 to 2.1). Plots of laterally averaged adiabatic
effectiveness comparing all blowing ratios are presented in Figure 4.5 (trip) and 4.6 (no
trip). As is to be expected for cylindrical holes, the performance peaks at a low blowing
ratio and then decreases monotonically with increasing blowing ratio. Another result
quickly visible from the laterally averaged plots is that at all blowing ratios,η is below
0.20. Since η is a representation of coolant effectiveness, it seems that for this
configuration the film is poorly cooling the vane surface. However it should be noted that
for a widely spaced p/d as seen with this study, where the pitch is 8d, the plots display
very low effectiveness because of large spaces of near zero effectiveness between
pitches.

Figure 4.5: Laterally averaged effectiveness for moderate curvature surface, all blowing
ratios, with BL trip
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Figure 4.6: Laterally averaged effectiveness for moderate curvature surface, all blowing
ratios, without BL trip

In Figure 4.5, the laterally averaged results for M = 0.4 and M = 0.5 are nearly
identical. After examining potential sources of error in the data acquisition and
processing, it was concluded that the result was correct. The difference in mass flowrates
between the two blowing ratios is approximately 0.3 g/sec of coolant. Since this value is
within experimental uncertainty (δ ̇ = ± 0.33 g/s at a blowing ratio of M = 0.4, as
mentioned in section 2.7), it is possible that these two blowing ratios were identical.

Distributions of

were plotted for the suction side from approximately 5d

upstream of the hole to approximately 20d downstream, and are presented below as
Figures 4.7-4.8 for the trip and no trip cases, respectively. For both figures, the origin (x/d
= 0) corresponds with the downstream edge of the surface breakout for the cylindrical
holes. As is immediately obvious, the adiabatic effectiveness of the film cooled surface
begins to decrease drastically above a blowing ratio of M = 0.5. It is speculated that the
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cause of this decrease is large amounts of separation, which is to be expected for a
cylindrical hole at the relatively steep 45° injection angle used for this study. Later,
results will be presented to determine the effect of surface injection angle by looking at
studies that have both shallower and steeper angles. The decrease in effectiveness was
similar when tested with or without the upstream boundary layer trip, except at a blowing
ratio of M = 0.95. For the trip case, centerline jet effectiveness in the 0.05 < η < 0.10
contour band until x/d ≈ 12. However, for the no-trip case, the centerline jet effectiveness
at M = 0.95 is in the 0.10 < η < 0.15 contour band over the same area, an approximate
increase of η = 0.05.

Figure 4.7: Adiabatic effectiveness contours for moderate curvature surface with BL trip
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Figure 4.8: Adiabatic effectiveness contours for moderate curvature surface without BL
trip

A final result visible on the contour plots is low effectiveness immediately
downstream of the hole exit. On a flat plate, it would be expected that adiabatic
effectiveness within 1-2d downstream of the coolant hole exit would be higher than η
seen for the present results. In Figure 4.7, it is plainly visible that even at the lowest
blowing ratios, film cooling effectiveness at the downstream edge of the hole is on the
order of

= 0.5. For the no-trip case, the performance is slightly higher at around an

effectiveness of

= 0.6, but still lower than one might expect. During the beginning of

the experiment to determine effectiveness, a very low blowing ratio was measured before
the orifice flow meters were completely calibrated. This condition was taken with the
boundary layer trip in position. The comparison of this low blowing ratio (which is less
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that M = 0.4, but the exact value is unknown) to the known blowing ratio of M = 0.4 is
presented as Figure 4.9a-b. This comparison is noteworthy since at this very low
flowrate, the adiabatic effectiveness downstream of the hole exit is on the order of

=

0.8. These results suggest that for the cylindrical cooling holes used for this study,
separation begins to occur before a blowing ratio of M = 0.4 has been reached, and that at
low enough flowrates film coolant is able to remain attached when exiting the holes. A
laterally average comparison is presented beneath the contour plots in Figure 4.9c.

(b)

(a)



(c)

Figure 4.9: Contour plots and laterally averaged comparison for moderate curvature
surface, M = 0.4 with lower blowing ratio.
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4.2.2 High curvature surface results
For the high curvature surface, a range of blowing and momentum flux ratios
were tested from M = 0.4 to 2.0 (I = 0.13 to 3.33). A series of laterally averaged ̅ plots is
presented for the high curvature surface in Figure 4.10a-b. Distributions of ̅ were plotted
for the suction side from approximately 3d upstream of the hole to approximately 25d
downstream, and are presented below as Figure 4.11 (with boundary layer trip) and
Figure 4.12 (no trip).
(a) With BL Trip

(b) Without BL Trip

Figure 4.10: Laterally averaged adiabatic effectiveness for high curvature surface
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Figure 4.11: Adiabatic effectiveness contours for high curvature surface (with trip)

Figure 4.12: Adiabatic effectiveness contours for high curvature surface (without trip)
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As was the case with the moderate curvature surface, the steep injection angle
promotes separation that at high blowing ratios is unable to reattach downstream.
However unlike the moderate curvature surface, which began its decay at M = 0.5, the
adiabatic effectiveness for the high curvature region does not begin to decrease markedly
until the blowing ratio is greater than M = 0.7. This difference is illustrated in Figure 4.13
with laterally averaged plots comparing the effectiveness of both surfaces at M = 0.5, M =
0.95, and M = 1.2. Also shown in Figure 4.14a is the film cooling performance for round
holes measured by Waye et al. (2007) for a low curvature position on a vane model.
Note that the holes on the flat part of the vane had an injection angle of 30°, and therefore
would have slightly higher adiabatic effectiveness than would be expected for an
injection angle of 45°. When this study was commenced, it was expected that results in
the literature would be available for a low curvature surface with a 45° surface angle.
However, this was not the case, as results were available for shallower angles (30-35°)
and very steep angles (55-60°). Despite the difference in angle, the performance of the
high curvature position was significantly higher than both the moderate and low
curvature positions downstream of x/d = 5. Close to the hole, the effect of the shallower
injection angle of the low curvature surface can be seen, as this coolant stays better
attached at low s/d before separating and seeing its performance drop off quickly.
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(a)
M = 0.5

(b)
M = 0.95

(c)
M = 1.2

Figure 4.13: Laterally averaged comparison of high and moderate curvature surfaces for
M = 0.5, M = 0.95, and M = 1.2

At all locations, the high curvature case has superior performance to the moderate
curvature surface at all blowing ratios because of a normal pressure gradient on the
suction side created by the strong convex curvature. This pressure gradient pushes the
coolant back towards the vane surface, helping to combat separation at lower blowing
ratios. Additionally, when the coolant has separated, this pressure gradient can even
cause reattachment downstream. On the contours, jet spreading is seen as the coolant
pushes back towards the surface around 10d downstream. This push towards the surface
causes the area of jet coverage becomes broader. At higher blowing ratios, the steep
injection angle still causes the coolant to separate, with the convex curvature unable to
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generate enough force to bring the high momentum jet back towards the surface.
However, performance at high blowing ratios is still better for a highly curved surface
than that for the moderately curved region.

4.3 COMPARISON TO LITERATURE
This section will focus on comparing the results from the present study to values
from literature. Specifically, the studies mentioned in Chapter 1 discussing the effects of
surface curvature will be compared to the current results to determine if the effects of
surface curvature found here are consistent with what has been previously reported.
The study by Ito et al. (1978) was one of the first to examine the effect of surface
curvature on adiabatic effectiveness. Ito et al. used a simulated vane cascade and
examined the effect of surface curvature by looking at holes with an injection angle of
35° on the convex and concave surfaces of a vane using a density ratio of DR = 0.95. The
results of interest for the present study are those for the convex surface. The data from Ito
et al. are compared to the present high and moderate curvature results for M = 0.4 and M
= 0.95 in Figures 4.14a-b. Since Ito et al. used a p/d ratio of 3, the present data was
adjusted upward to account for the lower effectiveness seen with the larger p/d = 8 used
here. This adjustment involved multiplying the laterally averaged values from the present
study by the ratio of p/d (8/3) to estimate what the results would have been for more
closely spaced holes. The curvature for Ito et al., at 2r/D = 46,as lower than the high
(2r/D = 28) and moderate (2r/D = 40) surfaces used for the present study.
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(a)
M = 0.4

(b)
M = 0.95

Figure 4.14: Comparison of current results to Ito et. al (1978) for M = 0.4 and M = 0.95

Examining Figure 4.14, the results from Ito et al. perform better than both
moderate and high curvature results seen during the present study. Besides having a
lower surface injection angle (35° vs 45°), Ito had a low density ratio (DR = 0.95).
Results presented later in the same study by Ito et al. indicated that increasing density
ratio caused a significant decrease in film cooling performance on the order of η = 0.050.10 for a convex surface.
Schwarz

and Goldstein (1991) looked at surface curvature effects for both

concave and convex surfaces with various radii of curvature for 35° holes at a density
ratio of DR = 0.95. For the present study, only their results for convex curvature are
relevant. All of the radii of curvature studied by Schwarz and Goldstein were
significantly higher than those studied here, correlating to lower surface curvatures.
Figures 4.15a-b compare the results from the present study to those of Schwarz and
Goldstein (1991) for a radius of curvature of 2r/D = 94. This was the only value for
which laterally averaged plots were provided by the authors. As with Figure 4.14, the
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present results have been adjusted to account for their significantly smaller p/D ratio (p =
3D).

(a)
M = 0.5

(b)
M = 0.95

Figure 4.15 Comparison of current results to Schwarz & Goldstein for M = 0.5 and M =
0.95

The results above show that high surface curvature increases performance. Even
though Schwarz and Goldstein (1991) used film cooling holes with a shallower 35°
surface injection angle, when accounting for differences in pitch to diameter ratio, the
current high curvature results performed competitively better at both blowing ratios. Near
the hole exit, the high curvature surface performed better at the lower blowing ratio of M
= 0.4. For the higher blowing ratio, the high curvature surface performed better between
7 < s/d < 20. For both cases, the trends are similar between the high and moderate
curvature surfaces. Downstream the performance of the moderate curvature surface drops
as the jet is detached from the surface and unable to reattach. However, the high
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curvature jet is aided by the normal pressure gradient to help it stay closer to the surface
and maintain superior performance.
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Chapter 5: Conclusions
This chapter will summarize the key conclusions from the results presented in
Chapters 3-4 and will then suggest future work that can build on and continue what has
been started by the present study.

5.1 SHOWERHEAD FILM COOLING
5.1.1 Adiabatic Effectiveness
Chapter 3 presented results from the adiabatic effectiveness contours in the
showerhead region of the impingement cooled vane. First, a regular periodicity of coolant
in the spanwise direction was visible at lower momentum flux ratios. This was due to the
3/2 overlap of showerhead cooling holes and “gill holes”. Any semblance of regular
periodicity disappeared when higher momentum flux ratios were used. Another “pseudoperiodic” feature of the coolant distribution was a set of parallel spanwise contours of
adiabatic effectiveness at low momentum flux ratios. This alignment resulted from the
low momentum of the exiting coolant jets, which were quickly turned entirely streamwise
and degraded at a relatively uniform rate. By higher momentum flux ratios, the coolant
had a significantly higher spanwise momentum component because of the compound
angle of the showerhead injection holes. As a result, the adiabatic effectiveness contours
showed streamwise and spanwise coolant orientation.
As the momentum flux ratio increased, coolant jets began to merge and jet
interaction became more important. In the showerhead region, this merging of jets
formed a „shield‟ that blocked the mainstream flow from impinging on the surface. The
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result was a significant increase in adiabatic effectiveness at high momentum flux ratio
over the entire showerhead region. However, interaction of jets downstream actually led
to a decrease in effectiveness downstream as separation increased at high momentum flux
ratios. The separated jets interfered with coolant exiting the gill holes and led to a
decrease in the effectiveness downstream of these holes.
The final result from the adiabatic effectiveness experiments was the verification
of the buildup effect. Consistent to what has been documented in literature and what was
expected, the coolant distribution “built up” in the spanwise direction up the model from
the base, until a point above the midspan. This led to generally increasing performance as
spanwise distance from the base increased, until a steady state was reached.

5.1.2 Overall Effectiveness
One of the key benefits of overall effectiveness plots are the display of “hot
spots”, which correlate to areas on an in-service part that would be experiencing the
highest thermal stresses. The hot spots found on the overall effectiveness plots were
found to correlate to areas of low adiabatic effectiveness. Additionally, as was expected,
overall effectiveness values were significantly higher than adiabatic effectiveness.
Overall effectiveness, which is representative of expected metal temperatures for inservice parts, depends on many inputs. Internal cooling, 3D conduction across and
through the body of the part, the ratio of external to internal heat transfer coefficients, and
convection in the holes all influence overall effectiveness values. However, when
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variations in  correspond to variations in η, it indicates that adiabatic effectiveness has a
strong effect on distributions of overall effectiveness.
There were several key differences between adiabatic and overall effectiveness
with regards to film cooling performance. While the adiabatic effectiveness was greater
on the suction side than the pressure side, the opposite trend was seen for the overall
effectiveness. The reason for this difference is the lower convective heat transfer
coefficients on the pressure side external surface, which contributed to decreased heating
of the external surface and better overall effectiveness. Another difference was that 
sometimes showed an increase with

while η decreased. This difference is attributed to

the increase in internal cooling with increasing coolant flow rates, and reflects the
dependence of  on many factors as described above.

5.2 FILM COOLING ON HIGHLY CURVED SURFACES
Chapter 4 presented results from the study of film cooling on highly curved
surfaces. Both high and “moderate” curvature surfaces were used for the study. However,
it should be noted that the current moderate curvature surface is still actually a large
surface curvature when compared to data presently found in the literature. Additionally,
results were presented looking at the effect of an upstream boundary layer trip.

5.2.1 Upstream Boundary Layer Effects
The effects of the upstream boundary layer were examined for both high and
moderate curvature surfaces. In both cases, the boundary layer trip had the strongest
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effect a short distance downstream of the hole exit, at lower blowing ratios. At higher
blowing ratios (generally, M ≥ 0.95), performance was unaffected due to the coolant
already being significantly separated. The cause for the decrease in performance was
speculated to be the increased mixing caused by the turbulent boundary layer, drawing in
more mainstream flow and diluting the coolant. Another possible cause was increasing
amounts of separation. While this effect was seen for both moderate and high curvature
surfaces, the magnitude of decrease in adiabatic effectiveness (in both relative and
absolute terms) was greater for the high curvature surface.

5.2.2 Surface Curvature Effects on Film Cooling Performance
The effect of surface curvature was examined by looking at two locations on the
suction side of a simulated vane model. These surfaces had a nondimensional radius of
curvature of 2r/D = 28 and 40, which are significantly higher than values seen in the
literature. As was expected, the relatively steep 45° surface injection angle promoted
separation at low blowing ratios, leading to low adiabatic effectiveness values. There was
evidence of separation even at a blowing ratio of M = 0.4, as adiabatic effectiveness at the
downstream edge of the hole was on the order of η = 0.5. When examining a lower
blowing ratio, adiabatic effectiveness in the same location was on the order of η = 0.8.
Another consequence of the increasing amounts of separation was a monotonic decrease
in adiabatic effectiveness as blowing ratios increased above M = 0.4. In all cases,
however, the more highly curved surface performed better. This was not unexpected, and
is consistent with the trends seen in the literature of better performance from more highly
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curved surfaces. The highly curved surface had better adiabatic effectiveness because a
strong normal pressure gradient pushed the coolant back to the surface downstream,
helping to partially combat separation induced by the steep injection angle.
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5.3 RECOMMENDATIONS FOR FUTURE WORK
5.3.1 Showerhead
In this section, recommended future work is proposed to build on the knowledge
gained from the present study. As was mentioned in section 5.1.1, the showerhead
adiabatic effectiveness displayed a pseudo-periodicity at low blowing ratios that
correlated with the staggered 3/2 spacing between gill holes and showerhead holes. To
potentially minimize the interference of the showerhead cooling holes with gill hole
performance at higher blowing ratios and decrease the gaps seen between the pseudoperiodic distribution of coolant at lower blowing ratios, it would be useful to eliminate
the overlap spacing and place gill holes evenly alongside showerhead rows. Another
geometric influence was seen within the showerhead itself, as the geometrically staggered
rows caused downstream interference at high blowing ratios that decreased film cooling
performance. As such, a study could be developed that places all rows of showerhead
cooling holes aligned instead of offset, to determine if a full level of coverage can be
maintained in the showerhead region at high blowing ratio while minimizing interference
between rows.
To determine the effects of a realistic showerhead on a film cooled vane surface
in terms of overall effectiveness, it would be useful to include rows of pressure and
suction side holes downstream of the current showerhead. Both adiabatic and overall
effectiveness results could be collected to determine a more complete picture of an
impingement cooled vane with film cooling than is currently found in the literature.
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5.3.2 Curvature Effects
With respect to the curvature effects, the most immediate and important future
work is to develop a low curvature baseline that incorporates 45° surface angle cooling
holes. When attempting to compare the current data to a low curvature case, it quickly
became obvious that these results are missing from the literature and would be useful to
determine if the trends seen in the present study continue with lower level of curvature.
Several variables influenced the performance of the current study, and could be
analyzed to determine their relative individual effects. It seemed that the steep injection
angle had a strong effect on vane performance, so it is recommended to vary the injection
angle and repeat the present set of experiments to determine the sensitivity of film
cooling to curvature effects with varying injection angles. Additionally, the results
presented in the current study were for cylindrical film cooling holes. It is well
established in the literature that a diffuser shaped hole increases film cooling
performance, so the effects of curvature on diffuser shaped holes should be examined to
determine if the same trends seen in the present study also apply to more realistic shaped
holes. The internal cooling scheme has a strong effect on the film cooling performance. It
would be interesting to see if an impingement cooled model, analogous to the models
used for the present showerhead studies, showed the same sensitivity to curvature or if
the varying film cooling delivery affected this sensitivity.
Finally, the present study has further shown that while adiabatic effectiveness is a
useful tool for designers, it does not provide the more complete and realistic
representation of in-service part performance presented by overall effectiveness
108

measurements. As such, the present results should be compared with overall effectiveness
results for an airfoil to determine how the internal cooling at the various curvature
locations contributes to overall vane cooling.
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