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ABSTRACT
Gas turbine engines are essential to the aircraft propulsion and power generation
industries. Increasing the turbine inlet temperature is one way to gain efficiency in an
engine, but it results in the need for cooling techniques such as film-cooling. Filmcooling is a method by which compressor bleed air is injected through the turbine
surfaces to form a layer of coolant that protects components from the hot combustion
gases. This study investigated the effects of high density ratio film-cooling injection for
various film-cooling geometries in the heat transfer and flowfield regimes. A new
facility was developed that combined the use of a heated freestream with cryogenic
coolant to achieve high engine-realistic density ratios.
Adiabatic effectiveness measurements, which quantify the performance of filmcooling, were conducted and general trends between momentum flux ratio, blowing ratio,
density ratio, and velocity ratio were observed. Results showed that a high density ratio
(DR = 1.6) consistently contributed to increased lateral spreading of the film-cooling jets
relative to a low density ratio jet (DR = 1.2) at the same blowing ratio. High momentum
flux ratio jets (I > 0.6) were found to contribute to jet detachment. Particle image
velocimetry measurements were made to quantify the time-averaged and instantaneous
flowfields. High levels of turbulence intensity were measured to be most prevalent in the
jet shear layers and near the hole exit. At the hole exit, turbulence intensity scaled with
momentum flux ratio. The shear layers, conversely, exhibited the lowest peak turbulence
at M = 1 and strengthened as mass flux deviated from that value. Higher turbulence was
generated at high density ratio than low density ratio when the jets were attached
contributing to the increased lateral spreading. The time-resolved data showed shear
layer vortices in the form of Kelvin-Helmholtz instabilities. The vortices had a consistent
length scale and broke down into turbulence approximately four cooling diameters
downstream from the injection.
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Chapter 1
Background
Gas turbine engines are widely used in the power generation and aircraft
propulsion industries. With rising fuel costs and an increased awareness of the effects of
carbon emissions on the environment, it has become increasingly important that jet
engines operate as efficiently as possible. The turbine hardware is cooled because the
combustion gases reach temperatures higher than the turbine material’s melting
temperature, decreasing the part’s life significantly. Increasing the turbine inlet
temperature increases the efficiency of the engine, but also increases the need for engine
cooling techniques. Unfortunately, the use of compressor bleed air for cooling acts as a
parasitic drain on the engine and lowers the overall engine efficiency, taking valuable air
from the compressor and using it as coolant instead of for powering the engine. For this
reason, engine developers want to use this coolant air as efficiently as possible.
Turbine hardware can be cooled internally, through the use of impingement
cooling and internal cooling channels filled with pin-fin heat exchangers. Cooling can
also be done externally, primarily through the use of film-cooling. Film-cooling is the
process by which compressor bleed air is directed through a series of discrete holes onto
the surface of turbine engine components to cool and protect the exterior surface from hot
engine gases, seen in Figure 1-1. The coolant ideally acts as a protective barrier between
the hot freestream gas and the turbine hardware surface, reducing the heat transfer
between the hot gases and the turbine components. High freestream turbulence promotes
mixing between the film-cooling and freestream flows, creating highly complex fluid
dynamics. Too much mixing allows freestream gases to increase heat transfer to the
component surfaces, which decreases the performance of film-cooling. To fully
understand ways to reduce this mixing and increase film-cooling performance, the
complex flowfield must be studied in detail.
1

Figure 1-1. Vane from the hot section of a gas turbine with many discrete filmcooling holes.

This thesis discusses film-cooling effectiveness for widely spaced film-cooling
geometry at high and low density ratios for axial and compound angle holes.
Additionally, time-resolved particle image velocimetry (PIV) was gathered for both high
and low density ratios for the axially-oriented film-cooling holes. This chapter gives the
reader a background on film-cooling and the history of studies conducted to learn more
about its behavior. Section 1.1 will discuss the fundamentals of film-cooling while
Section 1.2 will provide a review of relevant literature involving film-cooling studies.
Section 1.3 will discuss the unique aspects of the research presented in this thesis.
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1.1 Film-Cooling Fundamentals
Film-cooling operates through reducing heat transfer from the hot combustion
gases to the turbine hardware by creating a cool thermal barrier along the surface of the
hardware. Many different physical parameters influence film-cooling effectiveness, such
as density ratio (DR), velocity ratio (VR), blowing (mass flux) ratio (M), and momentum
flux ratio (I), given by equation 1-1.
DR=

ρc
ρ∞

Uc
VR=
U∞

M=

ρc Uc
ρ∞ U∞

I=

ρc Uc 2
ρ∞ U∞ 2

1-1

In addition, geometric parameters such as lateral hole spacing and compound angles
affect film-cooling performance. The density ratio between the coolant and hot gases in a
modern gas turbine engine is typically between 1.5 and 2.0. Because of challenges
associated with the engine high coolant-to-freestream density ratios, the vast majority of
film-cooling studies have been conducted at low density ratio (DR = 1 to 1.2). Those low
density ratio studies are instrumental in our understanding of film-cooling, but enginerealistic conditions have been shown to be important [1]. This review will outline the
effects all of these parameters on film-cooling effectiveness, with a focus on high density
ratio and the studies that have been done to simulate this engine-realistic condition.
Since the goal of film-cooling is to augment the convective heat transfer at the
blade surface, a good way to evaluate the film-cooling performance is to compare the
heat transfer on the blade with and without film-cooling. The heat transfer on the turbine
component without film-cooling through convection is given by equation 1-2
q''o = ho (T∞ -Tw )

1-2

where q''o and ho are the heat flux and heat transfer coefficient without film-cooling, and
T∞ and Tw are the freestream and wall surface temperature respectively. Adding filmcooling flow changes the convective heat transfer on the turbine component, given by
equation 1-3
q"f = hf (Taw -Tw )

3

1-3

where q''f and hf are the heat flux and heat transfer coefficient with film-cooling.
Equation 1-3 introduces Taw as the fluid temperature just above the wall and the driving
temperature for film-cooling convection. Comparing the heat flux with film-cooling to
the heat flux without film-cooling gives the net heat flux reduction (∆q''r ), given by
equation 1-4.
∆q"r =

q''o -q''f ho (T∞ -Tw ) − hf (Taw -Tw )
hf (Taw -Tw )
=
= 1q''o
ho (T∞ -Tw )
ho (T∞ -Tw )

1-4

h

The ratio h f can be referred to as the heat transfer augmentation because it displays the
o

change in heat transfer coefficient due to film-cooling. From this equation, we can define
two non-dimensional temperature parameters. The non-dimensional turbine blade
temperature is given by ϕ, which is defined by equation 1-5
ϕ=

T∞ − Tw
T∞ − Tc,i

1-5

where Tc,i is the coolant temperature inside the passage. Because it is generally
impractical to measure experimentally, ϕ is assumed to be ϕ = 0.6 for most cases [2].
The adiabatic effectiveness,η, takes advantage of the adiabatic wall temperature, Taw , as
the driving temperature for convection. Adiabatic effectiveness is defined by equation
1-6 below
η=

T∞ -Taw
T∞ -Tc, exit

1-6

where Tc, exitis the coolant temperature at the hole exit. Rearranging equation 1-4 using
the non-dimensional turbine blade temperature and the adiabatic effectiveness, we get a
final equation for the net heat flux reduction.
∆q"r = 1-

hf
η
(1- )
ho
ϕ

1-7

This thesis reports measured adiabatic effectiveness, η, to determine film-cooling
performance. Experimentally, an adiabatic wall condition is achieved through the use of
a non-conducting wall material and insulation. Calculating the adiabatic effectiveness
allows us to compare the cooling performance of a particular set of holes to another. The
4

adiabatic effectiveness can be taken along the hole centerline (ηCL), it can be averaged
laterally across the pitch (η̅), or it can be taken as an average across an area (η̿).
Reducing the heat transfer to the surface relies heavily on a large temperature
difference between the coolant and freestream gases, which leads to a high density ratio.
Density ratio in a modern gas turbine engine is usually between 1.5 and 2. Simulating a
high density ratio in experiments can be challenging, and is typically done in one of three
ways. The first way is through the use of a foreign injected gas as coolant with a density
that is higher than the freestream gas, as was done in Pedersen et al. [1]. High density
ratios can be achieved if a sufficiently dense gas is chosen as coolant. Challenges with
this method arise because of the need to purchase and store different gases for each
experiment. The second and third methods take advantage of changing temperature. The
freestream flow can either be heated to high temperatures or the coolant can be cooled to
very low temperatures. A heated freestream is a challenge because of the need for a
facility that can produce and withstand such high temperatures. Cryogenically cooling
the coolant poses challenges when the temperatures get cold enough to produce frost on
the testing surface, as discussed in Pietrzyk et al. [3]. An experimental setup can likewise
combine both heating and cooling methods to achieve high density ratios.
The test facility that was developed as the primary contribution of the research
performed for this thesis was modeled after a high density ratio facility developed by
Pietrzyk et al. [3]. Their facility studied high density ratio film-cooling using liquid
nitrogen to cryogenically cool the coolant flow and achieve a density ratio of DR = 2.
Improvements were made on the original facility’s design that included making use of
both heating the mainstream and cryogenically cooling the coolant. In addition to
reporting adiabatic effectiveness measurements for a widely-spaced cylindrical hole
arrangement, this thesis provides time-resolved flowfield measurements at high and low
density ratios. The following review will cover previous adiabatic effectiveness studies
at high density ratio as well as measurements in film-cooling flowfields.
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1.2 Review of Relevant Literature
Momentum flux ratio, density ratio, blowing ratio, and velocity ratio have been
widely studied to determine their effects on film-cooling performance. A film-cooling jet
can be attached to the wall, partially detached and then attached, or completely detached
from the surface. An attached jet is most desirable since it provides the best protection
for the surface from the hot freestream gases. A study done by Sinha et al. [4] did not
find the film-cooling effectiveness to scale with blowing, velocity, or momentum flux
ratios across the range studied. The effectiveness of the attached jets scaled with blowing
ratio, with higher blowing ratios providing higher effectiveness. The effectiveness of the
detached jets scaled with momentum flux ratio. For an attached jet with matched
momentum flux ratio, the higher density ratio provided better laterally averaged cooling
but lower centerline effectiveness than the low density ratio jet because of a decrease in
blowing ratio. The most effective blowing ratio in that study was approximately M = 0.5.
Thole et al. [5] took temperature measurements downstream of film-cooling holes for a
range of conditions. They found that the detachment properties of a film-cooling jet
scaled with momentum flux ratio. When momentum flux ratio was greater than 0.4 for
an axially-oriented cylindrical hole, the jet began to detach from the surface. Between I =
0.4 and I = 0.8, the jet was partially detached and attached, and for I > 0.8 the jet was
fully detached. The study by Thole et al. also found a scaling of jet penetration with
momentum flux ratio.
The effect of density ratio was first studied by Pedersen et al. [1]. The study
achieved the proper density ratios by injecting a foreign gas as the coolant, approaching
density ratios as high as 4.17. Schmidt et al. [6] and Waye and Bogard [7] also
investigated the effect of density ratio on film-cooling. All three studies found that a
higher density ratio contributed to a higher film-cooling effectiveness due to a decreased
momentum flux ratio and increased lateral spreading. The effects of density ratio were
apparent for detached jets while comparatively smaller for attached jets [1,6,7].
Numerous studies have been conducted to determine the effect of film-cooling
geometry on film-cooling effectiveness. The data gathered by Waye and Bogard [7]
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supported the assertion that laterally averaged effectiveness scaled linearly with lateral
hole spacing. In that study, the hole spacing (pitch, P) of P/D = 2.78 had twice the
laterally and spatially averaged effectiveness as a hole spacing of P/D = 5.55. They also
studied compound angle hole configurations, and found that the blowing ratio at which
the effectiveness reached its peak decreased from M = 0.6 at an axial configuration to M
= 0.4 at a compound angle configuration. Compound angle was studied by Schmidt et al.
[6]. Adding a compound angle improved lateral spreading of the film-cooling jets, and
significantly improved effectiveness especially at high momentum flux ratios for the
holes spaced at P/D = 6. The effectiveness of the compound angle holes decreased
slightly with increasing momentum flux ratio.
While many studies have been dedicated to studying film-cooling effectiveness,
fewer studies have been conducted to study the flowfield for a film-cooling setup.
Comprehensive studies have been done on film-cooling jets in crossflow by Pietrzyk [8]
and Pietrzyk et al. [3,9]. They used laser-Doppler velocimetry (LDV) to study the
flowfield in a cylindrical hole at both unit density ratio and high density ratio. Pietrzyk
[8] postulated an in-hole separation region that governed many of the turbulence and
shear characteristics of the film-cooling flow. For velocity ratios less than VR = 0.5, the
separation region in the hole was small, as shown in Figure 1-2. The majority of the
momentum was contained in the near-wall region of the exiting jet, and a region of high
turbulence existed just downstream of the hole exit where the jet was pushed down onto
the surface. The in-hole separation region was larger for velocity ratios higher than VR =
0.5, shown in Figure 1-3. In this case, most of the momentum was contained at the
upstream edge of the hole exit, and a region of high turbulence existed there where the
freestream and high momentum jet fluid interacted. The weakest shear layers existed at
VR = 0.5. The turbulence level scaled with velocity ratio, reaching a minimum at VR =
0.5 where the weakest shear layers existed and increasing when velocity ratio deviated
from that value. The study also found that turbulence was generated in the windward
shear layer between the jet and the freestream, which also scaled with velocity ratio.
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Figure 1-2. Physics of the in-hole jet dynamics for VR < 0.5, adapted from Pietrzyk
[8]

Figure 1-3. Physics of the in-hole jet dynamics for VR > 0.5, adapted from Pietrzyk
[8]
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For the same study, counter-rotating longitudinal vortices were seen in the plane
orthogonal to the film-cooling flow [8]. Known as the counter-rotating vortex pair, the
CRVP increased turbulent mixing and drew hot freestream fluid in toward the wall
surface as it traveled downstream from injection. The strength of these vortices scaled
with velocity ratio, with the strength increasing as velocity ratio increased. The vertical
trajectory of the CRVP scaled with momentum flux ratio; it traveled further from the wall
as momentum flux ratio increased. Since this study, the CRVP has been a widely studied
structure in film-cooling because it seriously affects film-cooling performance.
Pietrzyk et al. [3] found greater jet penetration into the freestream for greater
momentum flux ratios. For a matched momentum flux ratio, they also found a lower
overall jet velocity for high density ratio jets than unit density ratio jets close to the hole.
Further downstream from injection, the velocity profiles for both high and low density
ratios were the same, indicating that the dense jet gradually mixed out with the
freestream.
One of the more recently used techniques in measuring flowfields is particle
image velocimetry (PIV), which is desirable because of its ability to capture a twodimensional spatial map as opposed to point measurement techniques such as LDV and
hot-wire anemometry. Kampe et al. [10] used PIV to study the effects of a diffused hole
shape as compared to a cylindrical hole. The dominating secondary flow structure
downstream of the cylindrical hole was the CRVP. The coolant jet from a diffused hole
was not dominated by the familiar CRVP, but was instead dominated by a lateral
spreading of the jet. A jet in crossflow at varying blowing ratios and density ratios was
studied by Meyer et al. [11] through time-averaged stereoscopic PIV. The stereoscopic
PIV used two high-speed cameras looking at the same section of flow from two different
angles. The combination of the separate angles and calibration of the images allowed for
measurement in three dimensions. Bernsdorf et al. [12] also used stereoscopic PIV for
measurements of a jet in cross-flow. They observed that the incoming boundary layer
thinned as blowing ratio, density ratio, and hole angle increased. They also measured the
characteristic CRVP at varying density ratios and blowing ratios. The axial component of
the CRVP increased with increasing blowing ratio and the center of the CRVP was closer
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to the wall at higher density ratios, making the results consistent with the CRVP data
presented in Pietrzyk [8].
Time-resolved studies have been performed on jets in crossflow, although not all
of them have been with film-cooling flows. However, they point to important unsteady
flow characteristics that are present in turbulent jet flows. Moussa et al. [13]
characterized a jet injected at 90° into cross flow using temporal hot-wire anemometry.
They found that a jet injected into crossflow experienced wake vortices, much like the
vortex shedding off the back of a cylinder in crossflow. The frequency response of the
shed vortices was characteristic of the injection hole diameter. Fric and Roshko [14]
identified four dominant fluid structures present in a jet in crossflow: shear-layer vortices,
horseshoe vortices, a counter-rotating vortex pair (CRVP), and wake vortices, as shown
in Figure 1-4. They studied the wake vortices mentioned by Moussa et al. using timeresolved flow visualization, and found that the wake vortices originated in the boundary
layer and attached to the jet with periodic “separation events,” despite the appearance of
being shed from the jet-freestream interface.

Figure 1-4. Four dominant flow structures present in a jet injected into crossflow:
counter-rotating vortex pair, shear layer vortices, horseshoe vortices, and wake
vortices. From Fric and Roshko [14].
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Haven and Kurosaka [15] measured the presence of both “kidney vortices”
(CRVP) and “anti-kidney vortices” in a shear layer of a jet injected at 90° using the
Laser-induced florescence technique for time-resolved measurements. The anti-kidney
vortices were vortices that rotated in the direction opposite to the CRVP. They were
unsteady, intermittent, and were present more abundantly in the high blowing ratio flow
than in the low blowing ratio flow.
Fawcett et al. [16] identified unsteady flow structures for a film-cooling flow in
an engine-realistic vane geometry at DR = 1 through the use of time-resolved flow
visualization and time-averaged PIV, with a focus on shear layer vortices and the CRVP.
They measured a streamwise flow plane and a spanwise flow plane, capturing different
flow phenomena with each measurement plane. At a high blowing ratio in the
streamwise plane, they saw shear layer vortices caused by a Kelvin-Helmholtz
breakdown. These shear layer vortices were periodic and were characterized by the
Strouhal number based on hole diameter of nearly one. In the spanwise plane, they were
able to capture characteristics of the CRVP, namely a change in CRVP height with a
change in blowing ratio and the presence of an anti-kidney vortex at high blowing ratio
present intermittent in the flow, as was captured by Haven et al. [15].
More recently, methods for capturing the unsteady flow structures through PIV
have been utilized. Sultan et al. [17] studied film-cooling flow at unit density ratio using
time-resolved PIV, with a specific focus on the behavior of a jet with periodic forcing.
They found that “wall coverage” could be improved marginally over steady blowing at
higher blowing ratios and low forcing frequencies. A time-resolved method for
measuring three flow dimensions in a turbulent jet was developed by Tanahashi et al.
[18]. They used time-resolved dual-plane stereoscopic PIV (TRDPSPIV), which utilized
four high-speed cameras and two high-repetition lasers. They showed that this type of
experimental measurement was feasible, and had the same ability to resolve small-scale
eddies as direct numerical simulation.
The most comprehensive study of film-cooling flowfields was conducted by
Pietrzyk [8] and Pietrzyk et al. [3,9] at high and low density ratios. A few time-averaged
studies of film-cooling flow have been conducted since then, most at low density ratio.
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Most of our understanding of time-resolved flow comes from flow visualization and
single-point measurements with hotwire anemometry. Time-resolved PIV has recently
been used, but only for low density ratio studies. To the best of the author’s knowledge,
there have been no time resolved studies conducted at high density ratio on realistic filmcooling geometries.

1.3 Uniqueness of the Study
For the research presented in this thesis, a new facility was developed in the Penn
State Experimental and Computational Convection Lab (ExCCL) to conduct flat-plate
adiabatic effectiveness and flowfield testing at high density ratios. The facility used a
heated freestream and cryogenic cooling to achieve high density ratio jet injection. Since
the facility was new, significant benchmarking was done prior to measurement of the
reported adiabatic effectiveness and flowfield. This study gathered high and low density
ratio adiabatic effectiveness data for a flat plate on two sets of axially-oriented round
holes at different lateral hole spacings and one set of compound angled holes. In
addition, the widely-spaced axial hole geometry was chosen to further investigate through
measurements of time-resolved PIV.
This thesis aims to present the first film-cooling data taken with time-resolved
PIV at high density ratio. Time-averaged and time-resolved flowfield data were
measured in an attempt at connecting steady and unsteady flowfield phenomena with
film-cooling effectiveness. The results in this thesis are unique also because of the
adiabatic effectiveness studies presented, of which the widely-spaced axial and
compound angle geometries had not been studied before. From the measurements, a
valuable database of flowfields for comparisons with computations was generated.
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Chapter 2
Experimental Facility and Instrumentation
Experiments for the study of high density ratio film-cooling were conducted in a
low-speed recirculating wind tunnel shown in Figure 2-1. The facility could be split into
two different flow loops: a mainstream loop that housed the main flow of the tunnel, and
a coolant loop that simulated the injected cooling. Both of these loops contained a
different purpose and different facility characteristics. In addition, a removable test plate
was constructed for both effectiveness and flowfield experiments.

Figure 2-1. Schematic of the entire flowfield and heat transfer facility.

13

High density ratio can be simulated in a few ways. It is sometimes possible to
inject a foreign, denser gas as the coolant. A more common approach, however, involves
taking advantage of the change in density of a gas with a change in temperature.
Simulating high density ratio with temperature differences can be done by either heating
the mainstream flow or cooling the coolant flow. This new facility, specifically the
drying and cooling system, was developed based on a facility outlined in Pietrzyk et al.
[3] that used cryogenic coolant injection to achieve the proper density ratio. Simulating
high density ratio coolant injection with cryogenic temperatures presents a unique
problem, because such low temperatures in the coolant flow loop can produce frost from
any humidity present. This frost has the capability of affecting any data that is collected.
A drying component was added as part of the coolant loop to remove moisture from the
tunnel to alleviate potential frost issues. In addition, the incoming turbulent boundary
layer was controlled very specifically with boundary layer suction, a boundary layer trip,
and a leading edge design.
A summary schematic of the facility is shown in Figure 2-1. This chapter
describes the facility and experimental methodology used to measure the effect of high
density ratio film-cooling injection as compared to low density ratio in both the flowfield
and heat transfer regimes. Many challenges were met and overcome along the way to
creating the test conditions. Sections 2.1 and 2.2 describe the physical facility and the air
flow loops, while Section 2.3 describes the flat test plates used for experimentation.
Section 2.4 gives a description of the experimental methodology, including unique
calibration techniques and processing of data. Finally, Sections 2.5 and 2.6 give the
benchmarking of the incoming flowfield conditions and uncertainty analysis.

2.1 Wind Tunnel Description
The closed-loop wind tunnel facility was manufactured by Engineering
Laboratory Design as shown in Figure 2-2. Flow in the tunnel was provided by a 1.1 kW
axial fan, which can supply air speeds as high as 16 m/s in the test section. Downstream
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from the fan, a heat-exchanger regulated the flow temperature with coolant water
circulated through a 2.2 kW chiller. Water was used as the working fluid of the chiller
circuit, and a flow switch maintained a steady mainstream temperature. A heater bank
heated the mainstream flow with a maximum power of 1.4 kW with 16 vertical heating
elements, shown in Figure 2-3. Current was sent through the heating elements, with the
element fins causing the heat to spread uniformly across the tunnel cross-section. The
heater bank was controlled by an electronic control panel of the tunnel, and was capable
of heating the flow uniformly as high as 60°C. Just downstream from the heater bank,
mesh flow straighteners and honeycomb ensured that the flowfield was straight and
uniform, which were followed by a 6.25:1 contraction that lead into the test section. The
test section can be seen in Figure 2-4, and was 30.5 x 30.5 cm in cross section and 122
cm in length, with removable acrylic side walls and a removable MDF ceiling piece. The
bottom of the test section was removable as well, which was where the test plates were
installed for each experiment. The interchangeable ceiling contained a frame that could
be installed with either a window made of Zinc Selenide (ZnSe) for the adiabatic
effectiveness measurements or glass for the time-resolved flowfield measurements.

Figure 2-2. Schematic of the recirculating wind tunnel with capabilities for a
heated freestream. The test section is 30.5x30.5 cm in cross-section.
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Figure 2-3. Vertical element resistive heating bank with 16 heating elements.

Figure 2-4. Schematic of wind tunnel test section.

16

Boundary layer suction was implemented just upstream of the test section to restart the boundary layer. The suction loop was driven by a 20 W radon blower with
variable power capabilities. The leading edge of the test plate to initiate the boundary
layer had an elliptical shape and the plate was raised 13 mm above the incoming lower
wall of the wind tunnel. Flow that was removed from the mainstream first entered the
suction plenum just below the plate through a 2.2 x 28 cm rectangular gap. The boundary
layer suction plenum is shown in Figure 2-5. The plenum for the boundary layer suction
was 24.1 cm deep and contained a honeycomb to ensure the flow was straight and evenly
distributed. To balance the suction, pressure taps were installed in the lower wall of the
wind tunnel upstream of the inlet to the suction plenum and at the leading edge of the
plate downstream of suction. See Figure 2-6 for a depiction of the boundary layer suction
balancing scheme. If the pressure difference from upstream in the wind tunnel to the
raised test plate was positive, then not enough flow was being removed due to streamline
curvature. If the pressure difference was negative, too much flow was being removed.
The boundary layer suction was said to be balanced when the pressure difference across
those two pressure taps equaled zero. More information about the plate leading edge can
be found in Section 2.3 Test Plate Description.
To further ensure an adiabatic plate, a heated box was added below the tunnel
wall that actively maintained the heated mainstream temperature for high density ratio
tests. The heated box was constructed from plywood and was located around the tunnel
upstream of the heater bank and extended to just below the test section. Several heaters
were placed in the heated box and were controlled manually to maintain the proper
temperature. Thermocouples were placed inside the box to ensure that it was heated
uniformly. With the heated box, the temperature difference between the mainstream flow
inside the tunnel and the air below the tunnel was approximately zero so that no heat was
lost through the bottom tunnel wall.
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Figure 2-5. Interior schematic of the suction plenum.

Figure 2-6. Boundary layer suction possibilities for a) not enough suction, b) too
much suction, and c) balanced suction.
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2.2 Cooling System for Film-Cooling Studies
To achieve the desired density ratio to match that found in a gas turbine engine,
the coolant air was cryogenically cooled to temperatures as low as -70°C for high density
ratio tests. At the extremely cold temperatures experienced in the experiment, moisture
in the air could freeze and deposit as frost on the testing surface. For this reason, the
coolant flow loop had a built-in drying loop, so that air in the tunnel could be dried in
addition to cooled to the proper temperatures.
Air for the coolant loop was extracted directly from the wind tunnel mainstream
flow, as shown in Figure 2-1. This coolant air was driven by a hermetically-sealed 60 Hz
variable frequency blower, powered by a 370 W motor. It was hermetically-sealed so
that no air leaks could introduce humid air. The coolant air was then diverted through a
vertical column vent dryer filled with 91 kg of solid desiccant, which removed moisture
from the air. After a few hours of drying, the humidity in the tunnel was low enough to
perform an experiment. More information about the drying procedure can be found in
Section 2.4 Measurement Methods and Data Analysis.
Once the air in the tunnel was sufficiently dried, the coolant flow traveled through
an evaporator heat exchanger where it was cooled with liquid nitrogen. Liquid nitrogen
entered the heat exchanger as a liquid, and the nitrogen became gaseous as heat was
removed from the coolant air. After the heat exchanger, the then-gaseous nitrogen was
combined with the coolant flow directly creating even colder temperatures. The amount
of nitrogen that was added to the coolant was controlled by a needle valve, and varied
depending on the blowing ratio and density ratio of the test. One 240-L dewar of liquid
nitrogen would be capable of conducting just fewer than two tests at M = 2 and high
density ratio. For blowing ratio M = 0.6 tests, the coolant flow was almost entirely
nitrogen, while it made up a smaller percentage for the higher blowing ratios. The flow
then passed through a Venturi meter where the flow rate was measured, up to the plenum,
and out the film-cooling holes.
Coolant flow was fed to the film-cooling holes through a plenum with a pipe-toplenum area ratio of 24, shown in Figure 2-7. Inside the plenum, a square splash plate
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Figure 2-7. Schematic of the coolant plenum interior.
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(10.2 x 10.2 cm) and porous plate (20% porosity) ensured that the air was evenly
distributed before entering the cooling holes. The coolant in the plenum was about -25°C
for low density ratio tests and about -70°C for high density ratio tests. The average of
five evenly-spaced thermocouples 19mm below the hole entrance indicated the plenum
temperature. The maximum variation for a given test between the five plenum
thermocouples was η = 0.025 for all tests, so the flow can be said to be of a uniform
coolant temperature. A pressure tap was installed in the plenum to indicate the plenum
total pressure. The interior of the plenum was lined with 25 mm of foam insulation, and
the exterior contained 76 mm of foam insulation as well as a layer of pink fiberglass
insulation. This large quantity of insulation ensured that the plenum could maintain cold
temperatures and remain at steady state conditions.

2.3 Test Plate Description
Adiabatic effectiveness tests were conducted for both axial and compound angle
cylindrical holes, while flowfield tests were conducted for axial holes only. The
assembled test plate and baseboard can be seen in
Figure 2-8. In both experiments, the test plate was mounted to a baseboard made
from medium density fiberboard (MDF). The MDF baseboard was painted with an oilbased paint to prevent leaks. Attached to the bottom of the MDF baseboard were two Lbrackets to which the coolant plenum was bolted. Thermocouple wires from the plate
were passed through three holes cut into the baseboard. Low-temperature resistant
silicone was used to attach the experimental test plate to the MDF baseboard.
Figure 2-9 and
Figure 2-10 give definitions and a depiction of the test plate. The main focus of
the tests was spanwise spacing P/D = 6.7, however a set of axial hole testing with
spanwise spacing P/D = 3 was performed first to benchmark the adiabatic effectiveness
results. The geometric parameters for the three sets of adiabatic effectiveness tests are
given in Figure 2-8, Figure 2-9, and Figure 2-10..
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Figure 2-8. Assembled test plate and MDF baseboard.

Figure 2-9. Geometry and definitions of cylindrical hole test plate parameters.
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Figure 2-10. Schematic of the axial cylindrical hole test plate.

For adiabatic effectiveness measurements, the axial and compound angle
cylindrical hole plates were manufactured out of Dow STYROFOAM™ brand residential
sheathing (k = 0.029 W/mK) and painted with black latex paint. The black paint served
the purpose of providing a suitable non-reflective surface for IR images. The low
thermal conductivity of the STYROFOAM™ made the plate an adiabatic surface.
For time-resolved flowfield measurements, the test plate was manufactured out of
MDF and painted flat black. The paint protected the MDF from any moisture
experienced from the seeding particles in the flow and minimized laser reflection off the
surface of the plate. Flowfield measurements could not be taken with the
STYROFOAM™ plate surface because it easily would have melted due to the laser’s
power. Time-resolved flowfield measurements were taken in two streamwise planes: one
on the centerline of the center hole and one on the line tangent to the longitudinal surface
of the center hole (z/D = 0 and +0.5, respectively).
Table 2-1. Geometry of Test Plates

Geometry
Benchmarking
Axial
Widely-spaced
Axial
Compound
Angle

D (mm)

L/D

P/D

α (°)

β (°)

9.5

4.7

3

35

0

8.2

4.7

6.7

30

0

6.8

4.7

6.7

30

60
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To implement boundary layer suction, an elliptical leading edge was installed on
the front of the test plate. The shape is half of an ellipse with a major axis of 51 mm and
a minor axis of 25 mm. For the flowfield measurements, the leading edge was made
from a PVC pipe that was reshaped from a cylinder to an ellipse. The PVC pipe was
shaped by first placing it into a conventional kitchen oven at 177°C for 5 minutes. At
that point the pipe was malleable and a hand-made mold was used to flatten the piece of
pipe into the elliptical shape described above. As long as the PVC remained in the mold
until it cooled completely, it remained in the desired shape once the mold was removed.
The newly shaped PVC pipe was then sliced in half with a band saw and attached to the
plate leading edge with a bead of silicone. A piece of black contact paper was placed
over the interface between the plate and the leading edge so that there was a smooth
transition into the plate. For the adiabatic effectiveness measurements, the leading edge
was made from the same Dow STYROFOAM™ material as the rest of the plate. The
foam leading edge was made by carefully machining a 25 mm thick piece of foam into
the proper elliptical shape using a stencil and a band saw. The leading edge was then
attached to the front of the plate with a piece of double-sided tape, and a piece of black
contact paper was placed over the front of the leading edge for a smooth surface and
plate/leading edge interface. Boundary layer profiles were measured with both leading
edges, and each leading edge gave the same boundary layer result because the shape was
identical.
The boundary layer trip was a 1.2 mm diameter piece of piano wire located 26.7
cm (~33D) upstream of the leading edge of the film-cooling holes for the flowfield tests
and high density ratio adiabatic effectiveness compound-angle tests. This wire’s
diameter and location ensured that the incoming boundary layer was turbulent and of a
proper thickness. For the remaining adiabatic effectiveness tests, the same boundary
layer trip was located 11.4 cm (~14D) upstream of the film-cooling holes; however,
repeatability measurements were taken to ensure that the difference in trip location had
no bearing on the adiabatic effectiveness results.
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2.4 Measurement Methods and Data Analysis
Both adiabatic effectiveness and time-resolved flowfield measurements were
taken. The adiabatic effectiveness measurements were taken with an IR camera to obtain
a spatially-resolved picture of the temperature on the adiabatic plate surface. The
flowfield measurements were taken with time-resolved digital particle image velocimetry
(TRDPIV), which provided a time-resolved image of the flowfield in a two-dimensional
plane streamwise to the flow. Both techniques are described in this section.
The tunnel mainstream was heated to approximately 56°C and was operated at 10
m/s for high density ratio tests, and at low density ratio the mainstream was held at
approximately 23°C and 10 m/s. The coolant temperature and mass flow rate were
adjusted to match the proper density ratio and blowing ratio. For adiabatic effectiveness
tests, the conditions were maintained for three hours before taking data to ensure the test
was thermodynamically at steady state.
It was necessary for the air in the tunnel to be as dry as possible before testing so
that frost did not form near the film-cooling holes and negatively affect the data. Before
any tests were started, the air in the tunnel was run through the vent dryer filled with solid
desiccant for several hours to approach appropriate humidity conditions. The flow rates
were set so that there was a residence time for the air to travel through the desiccant
column of nine seconds. The drying loop was run for approximately 3.5-4 hours (relative
humidity less than 1%) for high density ratio tests, and the drying loop was run for
approximately 2-2.5 hours (relative humidity less than 5%) for low density ratio tests. A
handheld humidity reader was installed in the coolant piping just upstream of the vent
dryer so that we could monitor the relative humidity and dew point in the piping.
Problems did occur when moist air from the laboratory leaked into the drying
flow loop, causing moisture to re-enter the previously dried air. This inward leakage was
why a closed-loop wind tunnel was chosen, and it mandated that the experiment was as
leak-proof as possible so that the tunnel air could be sufficiently dry. Many leak-checks
were performed multiple times until an optimum sealing was reached. A few small leaks
still existed in the tunnel, however, especially in hard to reach areas around the heater
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bank, upper test section, and the tunnel fan. We were able to solve this problem by
maintaining a positively pressurized test section when compared to the atmospheric
pressure in the rest of the laboratory for some of the high density ratio tests. If there were
any leaks in the mainstream loop (around the removable acrylic side windows, for
example), then a positive pressure would force air from the inside out, and not the other
way around. This was done by connecting an additional liquid nitrogen tank to the
mainstream flow and allowing extra nitrogen gas to pressurize the tunnel slightly. After
implementing this simple method for the high density ratio tests, it became possible to
achieve very dry air.
In rare occasions, despite the focus on drying out the air, a thin layer of frost
formed in and around the film-cooling holes for high density ratio tests. When this
happened, a retractable brush was used to remove any frost from the holes. Data was
taken once all of the frost had been removed. It would take some time for new frost to
form after it was wiped away, so we didn’t have concerns about frost affecting the
adiabatic effectiveness or flowfield measurements. In addition, effectiveness data was
taken for a few tests that included no frost compared to a small amount of frost, shown in
Figure 2-11. The red line shows data just a few minutes after wiping away the frost,
which is the data that is presented in the results chapter. The blue line shows the same
test, except frost was allowed to build up in a thin layer inside the film-cooling holes for
one hour. The difference in effectiveness after a full hour was only as high as η=

,

which gives us confidence that the amount of frost that we saw was never a cause for
concern.
All of the flat plate adiabatic effectiveness measurements were taken with an
SC620 FLIR Infrared Camera. The camera had an operational range of -40°C to 120°C,
with an accuracy of +/- 2% of the reading. The camera output an image that was 480 x
640 pixels with an average resolution of 2.25 measurement pixels/mm, giving a
measurement volume of 0.055D for this geometry. Because of the IR camera’s
temperature limits, the cryogenic temperatures of the testing conditions created a unique
challenge in developing a calibration method for these images. To begin a calibration,
object parameters (such as emissivity, reflected temperature, transmissibility, etc.) were
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Figure 2-11. Laterally averaged adiabatic effectiveness comparison of data taken
with and without frost present.

manually adjusted in the software to raise the camera’s output temperature so that it never
fell below that low cut-off value of -40°C. At that point, a test was set up so that
simultaneous IR data and thermocouple data could be gathered. During that test, the
mainstream conditions were kept constant while the coolant conditions were varied so
that an entire temperature range from the warmest test conditions to the coldest could be
gathered. The IR data was then matched with the thermocouple data for the
thermocouple locations at each temperature and time step creating calibration curves,
examples of which are shown in Figure 2-12 and Figure 2-13. The equation of each
curve was used to match each IR camera output image to a true temperature value for the
entire plate. Different curves were created for low density ratio and high density ratio
tests, and it was occasionally necessary to create a new calibration curve for a new test
plate. The curve generated for each high density ratio test was a polynomial for lower
temperatures and a linear equation for the higher temperatures. The curve generated for
each low density ratio test was a linear equation only, because temperatures were never
low enough to experience the non-linear behavior of the camera at low temperatures.
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The IR camera was positioned so that it viewed the plate surface from above as
shown in Figure 2-14. Optical access was achieved through a 14.0 x 14.0 cm window
made of Zinc Selenide (ZnSe) from the top of the test section, which allowed for about

Figure 2-12. IR Calibration for high density ratio test, axial hole geometry.

Figure 2-13. IR Calibration for low density ratio test, axial hole geometry.
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Figure 2-14. Schematic of the infrared camera experimental setup.

70% optical transmission. A ZnSe window is unique in that it allows IR wavelengths to
transmit through but blocks most other wavelengths. The IR camera was shrouded to
prevent reflection from the surroundings, mounted 66 cm above the test plate, and
positioned to view through the ZnSe window at 15° from vertical to minimize interior
camera reflection.
Because the IR camera was angled at 15°, an in-house program was used to
transform the skewed angled image to a flat rectangular image, each pixel being assigned
an x and a y coordinate as described in Colban [19]. For the compound-angle tests, two
images were taken and stitched together using the same program. Once the image was
transformed and properly calibrated, the temperature data was converted into adiabatic
effectiveness on the (x,y) grid of the IR image.
Embedded in the STYROFOAM™ plate were nine calibration thermocouples for
the adiabatic effectiveness tests. In addition to the plate thermocouples were those used
to measure temperature at a few other locations in this test facility. The mainstream
temperature was determined as an average of four thermocouples in the mainstream flow,
and the coolant temperature was determined to be the average of five thermocouples in
the plenum. For a heated mainstream test at high density ratio, the mainstream
thermocouples had a maximum disagreement of 1.4°C (η= 0.005), and the plenum
thermocouples had a maximum disagreement of 4°C (η= 0.015). For a low density ratio
29

test, the mainstream thermocouples agreed within 0.15°C (η= 0.0015), and the plenum
thermocouples agreed within 2.5°C (η= 0.025). The temperature in the Venturi piping
was measured as an average of two thermocouples: one placed 10 pipe diameters
upstream of the meter and one placed three pipe diameters downstream of the Venturi
meter. The greatest error in flow rate due to the temperature difference of the
thermocouples was 3% for the high density ratio, low blowing ratio tests. There were
also thermocouples in the heated box, the coolant blower inlet and outlet, and inside the
layers of the test plate so that we could monitor the entire experiment in detail. Each
thermocouple was calibrated in an ice bath and a liquid nitrogen bath, and the bias error
of the individual thermocouples was +/- 0.35°C for ice and +/- 1.2°C for liquid nitrogen.
Mainstream velocity was measured with a Pitot probe, with pressure lines
connected to Setra pressure transducers. The pressure transducers were checked with a
manometer every few months to ensure that the readings still agreed with the calibration
curve. Pressure drop across the Venturi was measured in the same way. The pressures
were measured with a transducer that had an operational range most appropriate for the
test conditions.
The boundary layer was first validated with a laser-Doppler velocimetry (LDV)
system shown in Figure 2-15. The 6-Watt Argon-ion laser LDV system that was used is
a three-component system, although only a single component was used in the validation
of the boundary layer. Each component was measured through a beam pair with one
member of the pair being shifted by 40 Hz. The intersection of that beam pair was where
measurements were taken. Fiber optic probes with a 750 mm focusing lens produced an
elliptical measurement volume that was 850 x 72 m in major and minor diameter. Each
data point was taken as an average of at least 10,000 instantaneous measurements over a
span of more than eight seconds for each location. The LDV was set up to take
measurements at x/D = -5.1 through the front acrylic side window. Single component
average velocity and fluctuating velocity values for several spanwise locations in the
boundary layer were gathered with the LDV.
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Figure 2-15. Schematic of single-component LDV setup.

Time-resolved flowfield measurements were gathered through TRDPIV. The
TRDPIV laser sheet was sent through a glass window on the top of the test section, which
replaced the ZnSe window used for effectiveness testing as shown in Figure 2-16. The
TRDPIV experimental setup gathered data in a two-dimensional plane from x/D = -5.5 to
x/D = +8.0. A 15W Nd:YLF laser with a 10 kHz firing capability illuminated the seeding
particles. A 2 kHz CMOS high-speed camera was placed normal to the laser sheet and
took pairs of images of the illuminated seed particles. The time delay between laser
pulses was chosen based on the bulk movement of the fluid flow, and it was ensured that
average bulk movement was less than 16 pixels, or ¼ the initial interrogation window
size. Since all tests were performed at the same bulk freestream velocity, the time delay
was 100 s for most data sets. Images were taken at 2 kHz with an image size of 1024 x
512 pixels and an image resolution of 8.3 pixels/mm. Typically 6000 image pairs were
averaged together to calculate the overall flow statistics: a total of three seconds of data.
The TRDPIV was used to measure the incoming boundary layer as well, which was
validated against LDV results. Results for the boundary layer are shown in Section 2.5
Flowfield Benchmarking.
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Figure 2-16. Schematic of the time-resolved flowfield experimental setup.

TRDPIV data was processed using LaVision’s DaVis commercial software. An
average background image was subtracted to decrease signal-to-noise ratio. The images
were processed using variable interrogation windows (decreasing size); with a first pass
window size of 64 x 64 pixels with 50% overlap, a second pass window size of 32 x 32
pixels, and third and fourth pass window sizes of 16 x 16 pixels with 50% overlap. A
cross-correlation calculated the displacement vectors between pairs of images. Postprocessing vector validation was performed in order to remove and replace spurious
vectors, and in each case the validation was checked to make sure that important vectors
were not removed. Time-resolved velocity fields and time-averaged velocity and
turbulence fields were calculated using TRDPIV and are presented in the results chapter.
The flow was seeded with atomized di-ethyl-hexyl-sebecat (DEHS) for both
TRDPIV and LDV flowfield testing. The particles were atomized to droplets with an
average diameter of 1 m with a Stokes number of St=0.003 in this flow. This small
Stokes number is much less than 1, so that the particles have little momentum of their
own and can be approximated to follow the flow path. Seed was added to the flow with a
Laskin nozzle aerosol generator in two locations: the mainstream flow just upstream of
the tunnel fan and the coolant flow just downstream of the heat exchanger. The Laskin
style seeder apparatus was discussed in Raffel et al. [20] and is shown in Figure 2-17.
Care was taken to approximately match the coolant seed density with the mainstream
seed density through the use of adjustable valves as part of the seeding injection
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apparatus. Seeding the flow with liquid particles added a complication to the test,
however, since great care had been taken to ensure that the air was as dry as possible
before testing. To prevent excess frost from forming during the flowfield tests, we first
dried the air in the tunnel with no seed added to the flow, as discussed previously. When
the air was sufficiently dry, the tunnel conditions were set at either high or low density
ratio just as they had been for the adiabatic effectiveness tests. At the moment the test
conditions were steady, the seed was turned on, data was taken, and the seed was turned
off immediately. Under typical testing conditions, it took a certain period of time for any
frost to form on the plate; so no frost formed as long as the flowfield data was taken in a
timely manner.

Figure 2-17. Laskin nozzle aerosol generator for particle atomization (Raffel et al.
[20]).

2.5 Flowfield Benchmarking
Spanwise temperature uniformity in the incoming flowfield was an important
parameter in these tests because a non-uniform inlet temperature condition would
produce a non-uniform adiabatic effectiveness result. With the currently installed 1633

heating-element heater bank, the tunnel was able to achieve a very uniform spanwise
temperature distribution in the test section while the mainstream was heated. The
addition of the heated box aided in the vertical temperature uniformity, eliminating heat
loss through the bottom surface. The spanwise and vertical uniformity of the temperature
in the heated mainstream can be seen in Figure 2-18. The local temperature was uniform
within 0.3% of the mainstream temperature normalized by the high density ratio coolant
jet temperature. The velocity uniformity of the incoming flowfield was measured with
the LDV in both the spanwise and vertical directions. The incoming flow velocity was
uniform to within 0.5% from the average, as measured with the LDV and shown in
Figure 2-19. The incoming turbulence intensity was measured with LDV across the
mid- span and mid-height and is shown in Figure 2-20. The average turbulence intensity
in the test section was low at 0.7%.
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Figure 2-18. Non-dimensionalized spanwise and vertical temperature uniformity
(Tc=-70°C) in the test section, taken at y/H=0.52 and z/W=0.
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Figure 2-19. Non-dimensionalized velocity measurements with LDV, taken across
the mid-span and mid-height of the test section.
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Figure 2-20. Turbulence intensity in the vertical and spanwise directions, taken
across the mid-span and mid-height of the test section.
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One of the advantages to boundary layer suction is that it made it possible to
control the profile of the incoming boundary layer through the use of a boundary layer
trip. Implementing the trip size and location mentioned in Section 2.3 Test Plate
Description, a desired boundary layer profile was obtained and measured through LDV
and validated with TRDPIV. Boundary layer and turbulence statistic summary plots
taken with both LDV and TRDPIV techniques at x/D = -5.1 are given in Figure 2-21,
Figure 2-22, and Figure 2-23. These results include both the foam leading edge and the
PVC leading edge. A summary of those measurements is given in Table 2-2. The
incoming boundary layer had a thickness of 1.2 hole diameters, momentum thickness
0.13 diameters, and a friction velocity of 0.511 m/s. The average friction velocity
calculated with the theoretical skin friction coefficient by Schultz-Grunow [21] for this
flow is 0.510 m/s, just 0.2% different from the average experimental values measured.
Table 2-2. Boundary Layer Characteristics

Foam Leading Edge

PVC Leading Edge

Average

Maximum
%
variation
from
average

Span
(z/W)

-0.36

-0.18

0.00

0.18

0.36

0.00

0.18

θ/D

0.13

0.12

0.13

0.14

0.13

0.12

0.13

0.13

7.7%

δ/D

1.2

1.1

1.2

1.2

1.2

1.2

1.2

1.2

5.9%

Reθ

676

634

693

708

676

640

667

670

5.7%

Re*
u*

325

297

328

308

327

307

311

315

5.7%

0.51

0.51

0.51

0.50

0.52

0.51

0.51

0.51

2.7%

0.51

0.51

0.51

0.51

0.51

0.51

0.51

0.51

0.8%

1.1%

0.0%

1.0%

-1.9%

1.1%

0.2%

-0.4%

0.2%

u*=

∞√

%
Variation
between
u* and
u*(Cf/2)
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Figure 2-21. Turbulent boundary layer profile, x/D = -5.1, measured with LDV and
TRDPIV and compared to the turbulent 1/7th profile.
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Figure 2-22. Turbulent boundary layer profile in near-wall coordinates, x/D = -5.1,
measured with LDV and TRDPIV and compared to the viscous sublayer, the loglaw, and Spalding's law.
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Figure 2-23. Turbulent velocity fluctuations in near-wall coordinates measured
with LDV and TRDPIV, x/D = -5.1, compared to published data from Koskie and
Tiederman [26] and Harder and Tiederman [27] for boundary layer flow and
channel flow.

The flowfield was also benchmarked at a density ratio DR = 1 and blowing ratio
M = 1 at the centerline of the center film-cooling hole with TRDPIV. Studies done by
Thole et al. [22] and Pietrzyk et al. [9] took LDV measurements of the flowfield three
diameters downstream of the film-cooling hole exit. Plots of the local streamwise
velocity and local streamwise turbulent velocity fluctuations are shown in Figure 2-24
and Figure 2-25. The study done by Thole et al. had a hole length L/D = 6 and angle
=30°, and the study done by Pietrzyk et al. had L/D = 3.5 and =35°. The current study
was a good match with both the velocity profile and the turbulence profile of those
studies, which indicates that our film-cooling jets behave as they should.
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Figure 2-24. Normalized streamwise velocity at x/D = 3.0, M = 1.0, and DR = 1.0,
compared to Thole et al. [22] and Pietrzyk et al. [9].
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Figure 2-25. Streamwise turbulent velocity fluctuations at x/D = 3.0, M = 1.0, and
DR = 1.0, compared to Thole et al. [22] and Pietrzyk et al. [9].
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2.6 Uncertainty Analysis
Uncertainty calculations were performed for the flat plate effectiveness studies as
well as for the boundary layer LDV studies and the time-resolved PIV studies. A 95%
confidence level was used for all uncertainty measurements. Uncertainty in density ratio
and adiabatic effectiveness was found using the propagation of error method described in
Figliola and Beasley [23] and Moffat [24]. Error for adiabatic effectiveness was
dominated by the bias error of the thermocouples and the scatter of the calibration, and
takes the value η= 0.025 at high density ratio and η= 0.01 at low density ratio.
Uncertainty in density ratio was also dominated by the bias error of the thermocouples
and was found to be DR=

for both high and low density ratio. Uncertainty in

blowing ratio was found to be 4% at M = 2. Details for the calculation of these
uncertainties can be found in Appendix.
Precision uncertainty was assumed to be negligible for the TRDPIV
measurements, since the data sets were so large that they achieved statistical
convergence. Instead, uncertainty was calculated with respect to the maximum particle
displacement gradient. For a given instantaneous data set, the maximum displacement
̃

gradients were ( y )

̃

ax

= 0.45 px/px, and ( x )

ax

= 0.24 px/px. Using the uncertainty

calculation process outlined in Raffel et al. [20] and Scarano and Riethmuller [25], the
error in pixel displacement was approximated to be

u =0.6

px and

=0.08 px. The total

uncertainty in local velocity measurements with TRDPIV was then calculated to be 4%
for ̃ and 3.1% for ̃ Due to a 1% bias uncertainty in the LDV measurements, the
uncertainty in ̃ for LDV was 0.1 m/s.
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Chapter 3
Adiabatic Effectiveness Studies for Film-Cooling
This chapter describes adiabatic effectiveness experiments that were performed to
study the effects of high density ratio film-cooling on a cylindrical hole. This study
gathered high and low density ratio data on two sets of axially-oriented holes at different
lateral spacings and one set of compound angle holes. The test matrix, shown in Table
3-1, was developed to span a wide range of density ratios and blowing ratios with a good
match to engine-realistic parameters, so that a complete understanding of cooling
performance could be attained. Given compound angle holes generally have higher
effectiveness due to better spreading [6], data was acquired to compare axial cylindrical
holes and compound angle cylindrical holes both evaluated at a lateral spacing P/D = 6.7.
The following sections discuss measured adiabatic effectiveness levels for both
axial cylindrical holes and compound angle cylindrical holes. Section 3.1 describes the
study done with closely-spaced holes and the benchmarking results. Section 3.2 shows
the widely-spaced film-cooling results for a streamwise directed hole, and Section 3.3
shows the compound angle hole. Section 3.4 summarizes the adiabatic effectiveness
results and compares hole geometries.

3.1 Benchmarking Comparisons of Adiabatic Effectiveness
Prior to performing measurements for the geometry of interest, a number of tests
were done to benchmark the data with published literature. Geometric parameters were
chosen to be similar to previously published data for an axial cylindrical hole at diameter
D = 9.5 mm, length L/D = 4.7, angle = 35°, and lateral spacing P/D = 3. Tests were
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conducted at low density ratio and high density ratio for blowing ratios spanning from M
= 0.25 to M = 1, shown in Table 3-1.
Table 3-1. Test Conditions for Adiabatic Effectiveness Experiments

Study

P/D

L/D

α (°)

β (°)

Benchmarking
axial holes

3

4.7

35

0

Widely-spaced
axial holes

6.7

4.7

30

0

Widely-spaced
compound
angle holes

6.7

4.7

30

60

DR

M

I

VR

1.1
1.6
1.1
1.6
1.1
1.6
1.2
1.6
1.2
1.6
1.2
1.6
1.2
1.5
1.2
1.7
1.2
1.6

0.25
0.5
0.5
1
1
0.5
0.6
1
1
2
0.6
0.7
1
1
2
2

0.06
0.22
0.16
0.87
0.61
0.22
0.21
0.87
0.64
2.4
0.29
0.29
0.82
0.61
3.4
2.4

0.23
0.45
0.32
0.88
0.61
0.42
0.36
0.84
0.63
1.2
0.5
0.46
0.83
0.61
1.7
1.2

A jet of cooling air can be either attached, detached, or a combination of the two.
An attached jet stays completely in contact with the surface as it exits the hole, providing
a barrier between the hot mainstream and the solid surface with ultimately the best
cooling. A jet that is completely detached lifts from the surface with little to no coolant
making contact with the surface. Many jets are in a flow regime with a slight attachment
and detachment. For this flow regime, the jet detaches from the surface just outside the
film-cooling hole, and then the freestream pushes it back onto the surface. Thole et al.
[5] found that the detachment properties of the jet scale with momentum flux ratio.
When momentum flux ratio is greater than 0.4 for an axial cylindrical hole, the jet begins
to detach from the surface. The most desirable jet is an attached jet, which provides the
best protection from the hot freestream and the best cooling.
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Contour plots for low density ratio adiabatic effectiveness data are shown in
Figure 3-1. First to note is the periodicity of the data. There are slight variations
between holes, but those differences are small and always within one contour level of one
another. Overall the cooling jets have equivalent spreading, shape, and travel the same
distance downstream. Figure 3-2 plots centerline effectiveness for the center three holes
at low density ratio and M = 0.5 (I = 0.22, VR = 0.45). This plot further accentuates the
periodicity of the data by showing practically no variation between the three center holes.

Figure 3-1. Low density ratio contours of adiabatic effectiveness for closelyspaced axial cylindrical holes at blowing ratios a) M = 0.25, DR = 1.1 (I = 0.06, VR =
0.23); b) M = 0.5, DR = 1.1 (I = 0.22, VR = 0.45); and c) M = 1, DR = 1.1 (I = 0.87, VR =
0.88).
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Figure 3-2. Centerline film-cooling effectiveness for individual axial cylindrical
holes with respect to downstream distance, P/D = 3.

Every hole receives equivalent cooling from the plenum, which adds confidence in the
experimental setup.
At low density ratio and both M = 0.25 (I = 0.06, VR = 0.23) and M = 0.5, the jets
spread almost completely across the spacing between the holes, shown in Figure 3-1.
The jet has improved effectiveness from M = 0.25 to M = 0.5, as seen by the improved
lateral spread and further distance traveled by the cooling jet at M = 0.5. This
improvement in effectiveness happens because the additional coolant does not cause jet
detachment. At the blowing ratio M = 1 (I = 0.87, VR = 0.88), however, the jet does not
spread much laterally and has worse cooling than the lower blowing ratios. The contours
show detachment at M = 1 close to the hole, and then slight reattachment at x/D = 2.5 and
further. The added benefit of high density ratio can be seen in Figure 3-3. The primary
effect of density ratio is that the high density ratio jets spread laterally more so than the
low density ratio jets. This is especially true at M = 1 (I = 0.61, VR = 0.61), where two
jets meet in the area between the holes at about x/D = 7.5. At low density ratio for the
same blowing ratio, the jets do not merge.
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Figure 3-3. High density ratio contours of adiabatic effectiveness for closelyspaced axial cylindrical holes at blowing ratios a) M = 0.5, DR = 1.6 (I = 0.16, VR =
0.32) and b) M = 1, DR = 1.6 (I = 0.61, VR = 0.61).

The centerline effectiveness at both high and low density ratios can be seen in
Figure 3-4. The effectiveness is the highest for both cases at M = 0.5 because it has the
least amount of separation at the highest coolant flow. The data for the M = 1 case shows
the largest difference when comparing high and low density ratios. This is because the
increased density ratio and lowered momentum flux ratio causes less jet detachment,
affecting the cooling effectiveness in the detached M = 1 jet more than the attached M =
0.5 and 0.25 jets.
High density ratio also encourages increased spreading, which can be seen most
by looking at the high and low density ratio for M = 0.5. Shown in Figure 3-4, the
centerline data for M = 0.5 is almost the same for high and low density ratio. Close to the
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hole, the high density ratio jet is more effective than the low density ratio jet because at
low density ratio, the jet separates from the surface close to the hole. Further
downstream, however, the effectiveness is approximately equal along the centerline for
both density ratios after the low density ratio jet reattaches to the surface. While the
centerline data at M = 0.5 is the same between high and low density ratios, the laterally
averaged data differs, indicating increased spreading. This difference can be seen in
Figure 3-5. Close to the hole, there is a large difference in the effectiveness between high
and low density ratios, and the difference gets smaller further downstream. However,
the gap between the two lines never fully closes like it does for the centerline data. This
is an indicator of decreased spreading of the jet at low density ratio as compared to high
density ratio. This increased spreading leads to better laterally averaged cooling.
Table 3-2 gives a summary of low density ratio studies reported in the literature to
which the current study is compared. For both the centerline and laterally averaged
effectiveness, the low density ratio data shows some variation from the literature data as
seen in Figure 3-6 and Figure 3-7. The current study shows results that are slightly lower
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Figure 3-4. Centerline film-cooling effectiveness for axial cylindrical holes with
respect to downstream distance, P/D = 3.
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Figure 3-5. Laterally averaged film-cooling effectiveness for axial cylindrical holes
with respect to downstream distance, P/D = 3.

than many published studies, but higher than the studies done by Kunze et al. [28] and
Sinha et al. [4]. The high density ratio results of the current study are compared to
literature studies presented in Table 3-3. The centerline and laterally averaged
effectiveness plots for high density ratio are shown in Figure 3-8 and Figure 3-9. The
high density ratio current study compares very well to the previous high density ratio
studies of similar geometry. The injection angle and density ratio variation also
contribute to slight differences in the data. Overall, the results for both high and low
density ratio for the current study agree fairly well with those done in literature.
In addition to benchmarking studies, a repeatability study was conducted. Two
tests were completed one week apart on the compound angle holes, with two different
boundary layer trip locations. The results for the laterally averaged effectiveness are
shown in Figure 3-11. The experiments are incredibly repeatable in time, with a
maximum difference in effectiveness of η̅ = 0.008, which is well within the uncertainty of
the experiments. This repeatability study also shows that the effect of boundary layer trip
location is minimal for the adiabatic effectiveness studies.
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Table 3-2. Low Density Ratio Comparison of Film-Cooling Literature Conditions,
P/D=3

Study

P/D

L/D

α (°)

β (°)

DR

M

I

VR

Current Study

3

4.7

35

0

1.1

0.5

0.22

0.45

Lawson and
Thole [30]

3

3

30

0

1.06

0.49

0.23

0.46

Kunze et al.
[28]

4

4.6

35

0

0.9

0.5

0.28

0.56

Baldauf et al.
[31]

3

6

30

0

1.2

0.5

0.21

0.42

Lutum and
Johnson [32]

2.86

5

35

0

1.15

0.52

0.24

0.45

Sinha et al. [4]

3

1.8

35

0

1.2

0.5

0.21

0.42
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Figure 3-6. Centerline film-cooling effectiveness at low density ratio for axial
cylindrical holes at M = 0.5, with respect to downstream distance.
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Figure 3-7. Laterally averaged film-cooling effectiveness at low density ratio for
axial cylindrical holes at M = 0.5, with respect to downstream distance.
Table 3-3. High Density Ratio Comparison of Film-Cooling Literature Conditions,
P/D=3

Study

P/D

L/D

α (°)

β (°)

DR

M

I

VR

Current Study

3

4.7

35

0

1.6

0.5

0.16

0.31

Baldauf et al.
[31]

3

6

30

0

1.5

0.5

0.17

0.33

Gritsch et al.
[33]

-

6

30

0

1.85

0.62

0.21

0.34

Kohli and
Bogard [34]

3

2.8

35

0

1.6

0.5

0.16

0.31

Schmidt et al.
[6]

3

4

35

0

1.6

0.63

0.23

0.39

Sinha et al. [4]

3

1.8

35

0

1.6

0.57

0.20

0.36

Pedersen et al.
[1]

3

40

35

0

1.5

0.515

0.17

0.34
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Figure 3-8. Centerline film-cooling effectiveness at high density ratio for axial
cylindrical holes at M = 0.5, with respect to downstream distance.
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Figure 3-9. Laterally averaged film-cooling effectiveness at high density ratio for
axial cylindrical holes at M = 0.5, with respect to downstream distance.
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Figure 3-10. Repeatability study on a compound angle hole. Tests were run with
two different boundary layer trip locations one week apart from one another.

3.2 Widely-Spaced Axial Hole Adiabatic Effectiveness Results
The proper benchmarking allowed us to study the goal of this test campaign: the
widely-spaced cylindrical hole. This section will address the streamwise directed hole
geometry tested at high and low density ratios. Having a hole spacing considerably wider
than P/D = 3 is less common for published literature. These results will increase the size
of the set of data that governs understanding of widely-spaced film-cooling effectiveness
at both high and low density ratios. The holes had a lateral spacing P/D = 6.7, angle =
30°, and length L/D = 4.7. Adiabatic effectiveness experiments were conducted for
blowing ratios ranging from M = 0.6 to 2 for both high and low density ratios for the
widely-spaced holes, as shown in Table 3-1.
Low density ratio contour plots for the widely-spaced holes are shown in Figure
3-11. At M = 0.6 (I = 0.22, VR = 0.42), the effectiveness is highest and decreases with
increasing blowing ratio. Necking occurs as blowing ratio increases to M = 1 (I = 0.87,
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Figure 3-11. Low density ratio effectiveness contours for widely-spaced axial
cylindrical holes at blowing ratios a) M = 0.5, DR = 1.2 (I = 0.22, VR = 0.42) and b) M
= 1, DR = 1.2 (I = 0.87, VR = 0.84).

VR = 0.84) as the jet detaches from the surface. High density ratio contour plots are
shown in Figure 3-12. The best cooling overall is at high density ratio and M = 0.6 (I =
0.21, VR = 0.36). The contours show increased spreading and an attached jet in the high
density ratio M = 0.6 case compared to higher momentum flux ratios. At high density
ratio, the jet starts to detach as the blowing ratio and momentum flux ratio increase. At
M = 1 (I = 0.64, VR = 0.63), the jet necks as it exits the film-cooling hole with a
reduction in cooling effectiveness. At the blowing ratio M = 2 at high density ratio (I =
2.4, VR = 1.2), as shown in Figure 3-12, the jet detaches almost completely and the
surface sees hardly any cooling. In addition, the high density ratio test for a given
52

Figure 3-12. High density ratio effectiveness contours for widely-spaced axial
cylindrical holes at blowing ratios a) M = 0.6, DR = 1.6 (I = 0.21, VR = 0.36); b) M =
1, DR = 1.6 (I = 0.64, VR = 0.63); and c) M = 2, DR = 1.6 (I = 2.4, VR = 1.2).
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blowing ratio provides an improved lateral spreading over the corresponding low density
ratio test. This increased spreading leads to better film-cooling effectiveness, which is
consistent with previously studied high density ratio film-cooling geometries [1,6,7].
Adiabatic effectiveness plotted along the centerline is shown in Figure 3-13. For
both density ratios, the lowest blowing ratio jet is the most effective. As indicated by the
decrease at x/D =1 and subsequent increase at x/D = 3, the jet detaches and then
reattaches at M = 1 at both high and low density ratios. At M = 2, the centerline
effectiveness drops off almost immediately and remains largely constant, indicating that
the jet does not reattach but is instead fully detached. Adiabatic effectiveness plotted as a
lateral average is shown in Figure 3-14. For a given blowing ratio, high density ratio
provides better laterally averaged cooling than low density ratio. This improved cooling
can be attributed to better spreading of the jets and a lower momentum flux ratio helping
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Figure 3-13. Centerline film-cooling effectiveness for axial cylindrical holes with
respect to downstream distance, P/D = 6.7.
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Figure 3-14. Laterally averaged film-cooling effectiveness for axial cylindrical
holes with respect to downstream distance, P/D = 6.7.

the jet to remain attached to the surface. At low density ratio and M = 1, and at high
density ratio and M = 2, the results are very similar with very little surface cooling due to
the detached jet. This is true despite the large difference in momentum flux ratios
between these two cases (I = 0.87 vs. I = 2.4). At I = 0.87, the jet is almost fully
detached, so there is no added benefit to increasing the coolant mass flow.
The widely-spaced study was validated against literature studies for laterally
averaged results. Comparable studies were done by Schmidt et al. [6] and Waye and
Bogard [7] at wide lateral spacing. Details of the specific studies can be seen in Table
3-4. Figure 3-15 shows the laterally averaged results of high density ratio studies at two
different blowing ratios compared to the current study. Both studies combined with the
current study show agreement between similar parameters at a widely-spaced geometry.
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Table 3-4. Comparison of Film-Cooling Conditions for Widely-Spaced Axial Holes

Study

P/D

Current Study

L/D

6.7

Waye and
Bogard [7]

4.7

5.6

Schmidt et al.
[6]

6.7

6

4

α (°)

β (°)

30

DR

M

I

VR

1.6

0.6

0.21

0.37

1.6

1

0.64

0.63

1.3

1.0

0.77

.77

0.60

0.23

0.38

1.25

0.98

0.78

0

30

0

35

0

1.6

0.5
M = 0.6, DR = 1.6,
I = 0.21, VR = 0.36, Current Study,P/D = 6.7
M = 1, DR = 1.6,
I = 0.64, VR = 0.63, Current Study,P/D = 6.7
M = 0.6, DR = 1.6,
I = 0.23, VR = 0.38, Schmidt et al.(1996),P/D = 6
M = 1.25, DR = 1.6,
I = 0.98, VR = 0.78, Schmidt et al.(1996),P/D = 6
M = 1.0, DR = 1.3,
I = 0.77, VR = 0.77, Waye and Bogard (2006),
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Figure 3-15. Laterally averaged film-cooling effectiveness at high density ratio for
axial cylindrical holes with respect to downstream distance, compared to Schmidt
et al. [6] and Waye and Bogard [7].

The most noticeable difference between this wide hole spacing (Figure 3-11) and
the closer hole spacing (Figure 3-1) is that the jets at the wide hole spacing do not merge
between the holes, not even at the lowest blowing ratio. The lack of spreading provides
much poorer laterally averaged cooling effectiveness than the closely-spaced holes. The
difference in laterally averaged data can be seen in Figure 3-16. To depict the superior
56

cooling potential of the closely spaced holes to the widely spaced holes, let’s take a
straight line crossing laterally through the center of the hole and assign η = 1 to where the
line crosses through a hole and η = 0 to where a line does not cross through the hole.
Integrating for η along that line for the same distance, we arrive at a laterally averaged
effectiveness for the closely-spaced holes that is 2.2x that of the widely-spaced holes,
meaning that the maximum possible η for the widely-spaced holes is less than half that of
the closely-spaced holes. Laterally averaged data is significantly lower for the widelyspaced holes because there is less area that is covered by the holes, and the jet does not
reach laterally as far as the mid-pitches between the holes for a cylindrical geometry.
Waye and Bogard [7] found that, in general the hole spacing is directly correlated to the
laterally averaged film-cooling effectiveness. A wide hole spacing can be a severe
hindrance in an engine, because it means that part of the turbine hardware is not cooled at
all. Hot spots on the turbine hardware decrease the part’s life significantly.
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Figure 3-16. Laterally averaged effectiveness for axial cylindrical holes at high
density ratio with respect to downstream distance, at P/D = 3 and P/D = 6.7.
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3.3 Compound Angle Adiabatic Effectiveness Results
In addition to widely-spaced axial cylindrical holes, experiments were conducted
on widely-spaced compound angle cylindrical holes at high and low density ratios.
Compound angle holes are often used in industry because of the improved cooling
effectiveness when compared to axial cylindrical holes [6]. Adiabatic effectiveness
measurements were performed for compound angle cylindrical holes for blowing ratios
ranging from M = 0.6 to 2 at both high and low density ratios. The compound angle
holes that were used had a lateral spacing P/D = 6.7, angle

= 30°, compound angle

=

60°, and length L/D = 4.7, shown in Table 3-1.
Similar to axial cylindrical holes, the effectiveness of compound angle cylindrical
holes scales with momentum flux ratio, and for that reason the compound angle
cylindrical holes perform best at the low blowing ratios. However, Schmidt et al. [6]
studied momentum flux ratios as high as 3.9 and found that even then the compound
angle hole performed very well compared to an axial cylindrical hole. In general,
compound angle hole showed much higher cooling performance due to spreading than a
corresponding axial cylindrical hole at high momentum flux ratios, as found by Ligrani et
al. [29] and Schmidt et al. [6]. The momentum flux ratios in the current study range from
0.3 to 3.4. In the current study, we expect to see improved effectiveness when comparing
compound angle cylindrical hole data with axial cylindrical hole data for similar
momentum flux ratios, as found in the previous studies.
The adiabatic effectiveness contours for the compound angle cylindrical holes at
both low density ratio and high density ratio can be seen in Figure 3-17 and Figure 3-18.
At the lowest blowing ratios, the coolant covers a little more than half of the area
between the jets, even at such wide spacing. The jet becomes thinner as the blowing ratio
increases, which indicates that the jet separates from the surface and mixes with the
freestream. A unique feature of the compound angle jets is that the shape and trajectory
change depending on blowing ratio. At the lowest blowing ratio, the jet’s momentum is
low thereby following the mainstream flow direction and appearing very similar to the
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Figure 3-17. Low density ratio effectiveness contours for compound angle
cylindrical holes at blowing ratios a) M = 0.6, DR = 1.2 (I = 0.29, VR = 0.49); b) M =
1, DR = 1.2 (I = 0.82, VR = 0.83); and c) M = 2, DR = 1.2 (I = 3.4, VR = 1.7).

axial cylindrical holes with more lateral spread. As the blowing ratio increases, the jet’s
momentum increases relative to the mainstream and more closely follows the jet injection
direction prior to being redirected by the mainstream.
The contours give insight into the characteristics between low density ratio
(Figure 3-17) and high density ratio (Figure 3-18) film-cooling. The jets spread more
laterally at high density ratio than at low density ratio. The greatest amount of spreading
can be seen in the M = 0.7 (I = 0.29, VR = 0.43) high density ratio test and it decreases as
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Figure 3-18. High density ratio effectiveness contours for compound angle
cylindrical holes at blowing ratios a) M = 0.7, DR = 1.5 (I = 0.29, VR = 0.43); b) M =
1, DR = 1.65 (I = 0.61, VR = 0.61); and c) M = 2, DR = 1.6 (I = 2.4, VR = 1.2).

blowing ratio increases, shown in Figure 3-18 a. Most notable is the difference between
the M = 2 cases. At low density ratio (I = 3.4, VR = 1.7), the jets have detached and
provide no cooling at x/D = 15, shown in Figure 3-17 c. For the same blowing ratio of M
= 2 at high density ratio (I = 2.4, VR = 1.2), the cooling coverage is nearly zero at x/D =
40, shown in Figure 3-18 c. In this case, the density ratio has a profound effect on the
film-cooling effectiveness.
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Figure 3-19. Laterally averaged film-cooling effectiveness for compound angle
cylindrical holes with respect to downstream distance, P/D = 6.7.

Laterally averaged effectiveness plots for the widely-spaced compound angle
holes are shown in Figure 3-19. As in the axial hole data, the high density ratio jet is
more effective than the corresponding low density ratio jet at the same blowing ratio due
to a decrease in momentum flux ratio and increase in lateral spreading. At high density
ratio, interestingly, the M = 0.7 and M = 1 (I = 0.61, VR = 0.61) data collapse onto the
same effectiveness curve further downstream from x/D = 20. This collapse is likely
because the slight detachment of the jet at M = 1 reattaches back onto the plate surface.
The fact that the M = 1 jets recover to the performance of the M = 0.7 cooling
performance indicates that there is not much mixing of the M = 1 cooling jet into the
freestream for this experimental setup. Schmidt et al. [6] studied a comparable
compound angle hole at high density ratio and wide hole spacing, details of which are
given in Table 3-5. The results found by Schmidt et al. are in agreement with the current
study, seen in Figure 3-20.
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Table 3-5. Comparison of Film-Cooling Conditions for Compound Angle Holes

Study

P/D

L/D

α (°)

β (°)

Current Study

6.67

4.65

30

60

Schmidt et al.
[6]

6

4.00

35

60

DR

M

I

VR

1.5

0.7

0.29

0.46

1.7

1

0.61

0.61

0.63

0.25

0.39

1.25

0.98

0.78

1.6

0.5
M = 0.6, DR = 1.6,
I = 0.21, VR = 0.36, Schmidt et al. (1996)
M = 0.7, DR = 1.5,
I = 0.29, VR = 0.43, Current Study
M = 1.25, DR = 1.6,
I = 0.98, VR = 0.78, Schmidt et al. (1996)
M = 1, DR = 1.7,
I = 0.61, VR = 0.61, Current Study
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Figure 3-20. Laterally averaged film-cooling effectiveness at high density ratio for
compound angle cylindrical holes with respect to downstream distance,
compared to Schmidt et al. [6].

The compound angle cylindrical hole has a greater laterally averaged
effectiveness than the axial cylindrical hole, shown in Figure 3-21, because the
compound angle jets spread more in the lateral direction. The detachment of the jets
plays a large role as well, especially in the M = 1 (I = 0.6, VR = 0.6) case at high density
ratio. The jet detachment seen in the axial cylindrical hole is largely mitigated by adding
the compound angle, which provides better cooling.
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Figure 3-21. Laterally averaged film-cooling effectiveness at high density ratio
with respect to downstream distance, for compound angle and axial cylindrical
holes, P/D = 6.7.

3.4 Adiabatic Effectiveness Summary
For all hole geometries, the most effective film-cooling effectiveness happened at
about M = 0.6 and decreased at higher momentum flux ratios because of jet detachment.
The high density ratio jets had better lateral spreading than the low density ratio jets, and
the closely-spaced axial holes were more effective than the widely-spaced holes in the
lateral average. Of the two widely-spaced holes, the compound angled hole had a higher
laterally averaged effectiveness than the axial hole because of increased lateral jet
spreading and less detachment.
An area averaged effectiveness,η̿, was computed for the center three pitches, from
x/D = 3 to x/D = 15 for all geometries. Figure 3-22 shows area averaged effectiveness
plotted against momentum flux ratio. In general, the trends are as we showed before,
with effectiveness being highest at the lowest momentum flux ratio (I~0.25) and
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Figure 3-22. Area averaged effectiveness with respect to momentum flux ratio for
all three hole geometries tested at high and low density ratios.

decreasing as I increases due to separation of the jet. However, the area averaged
effectiveness does not scale with momentum flux only, but is also dependent on density
ratio. In all cases, the high density ratio area averaged effectiveness is higher than the
low density ratio area averaged effectiveness. Sinha et al. [4] similarly found that high
density ratios cause higher area averaged effectiveness at the same momentum flux ratio
when compared to their low density ratio counterparts. The area averaged effectiveness
is higher at high density ratio due to the increased lateral spreading of the film-cooling
jets.
Rather than discrete holes, the same open area through which coolant was injected
can be tailored down to an effective slot width. The effective slot width is calculated for
each cooling hole setup by equation 3-1.
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s=

D
4 ⁄
D

3-1

It is desirable, in a film-cooling setup, to minimize the mass flow rate of the coolant used.
The mass flow rate of coolant, ṁ c is given by equation 3-2.
mċ =

4

D2 ρ Uc = ρc Uc s
c

3-2

Knowing the definition of blowing ratio from equation 1-1 and nondimensionalizing all
parameters, we get a dimensionless representation of the mass flow rate of coolant that is
represented by the equation 3-3.
ṁ c
Ms
=
ρ∞ U∞ D
D

3-3

Figure 3-23 plots the area averaged effectiveness for all three cylindrical hole
studies with respect to the quantity Ms⁄D. An ideal hole has the lowest coolant mass flow
with the highest area averaged effectiveness. The best performer in the area averaged
effectiveness is the closely-spaced axial cylindrical hole, which can be attributed to the
ability of the jet to spread laterally across the entire pitch. The compound angle holes
and the widely-spaced axial holes perform rather similarly at the lower coolant mass flow
rate, but separate from one another at the higher coolant mass flow rates. Figure 3-23
also gives an easy illustration for the detachment properties of the film-cooling
geometries: if the mass flow rate increases while the area averaged effectiveness
decreases, detachment has occurred. Detachment occurs for all the tested hole
geometries for all but the lowest blowing ratio tested. If engine designers are to use
cylindrical holes in turbine engines, they must be careful to keep coolant mass flow rate
low enough to prevent detachment or add a compound angle to aid in the spreading
process.
The breakout width (t) is defined as the projected linear distance of the hole in the
plane perpendicular to the freestream flow. For the compound angle holes, t/D = 1.8,
giving it a much higher value than that for the axial holes at t/D = 1. Taking the area
averaged effectiveness and dividing it by the breakout width and the pitch gives results
65

shown in Figure 3-24. This calculation removes any dependence on the open area of the
holes, which changes for the three geometries tested. Figure 3-24 shows the axial holes
perform better than the compound angle holes when normalized by this open area. The
effectiveness is dependent on the breakout width of the hole configuration.
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Figure 3-23. Area averaged effectiveness with respect to normalized coolant mass
flow rate, for axial and compound angle cylindrical holes.
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Figure 3-24. Area averaged effectiveness normalized by the breakout width and
lateral spacing with respect to the blowing ratio, for axial and compound angle
cylindrical holes.
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Chapter 4
Film-Cooling Flowfield Results
The adiabatic effectiveness results in the previous chapter provided important
information about the effectiveness of film-cooling jets at high and low density ratios. In
this chapter, we will investigate the flowfield phenomena that govern the film-cooling
effectiveness for a widely-spaced film-cooling geometry at high and low density ratios.
Both time-averaged and time-resolved digital particle image velocimetry (PIV) data are
reported to better understand important flowfield features. Time-averaged PIV data give
information about the overall flow velocity and turbulence statistics for the film-cooling
flow at varying conditions. The time-resolved data show the unsteady nature of the filmcooling flow. Section 4.1 will discuss the time-averaged flowfields by comparing
velocity and turbulence profiles with changes in blowing ratio, density ratio, momentum
flux ratio, and velocity ratio. Section 4.2 will discuss the time-resolved nature of the
flowfield by characterizing turbulent flow structures associated with the time-resolved
nature of the flow. Finally, Section 4.3 will summarize the flowfield results.

4.1 Time-Averaged Flowfield Results
The advantage to PIV over other flowfield measurement techniques such as LDV
and hot-wire anemometry is the ability to capture an entire two-dimensional spatial map
with a high spatial resolution. The following section will present the time-averaged
results of the film-cooling flowfield experiments. Flowfield measurements were taken in
two planes parallel to the streamwise direction of flow, shown in Figure 4-1. One
measurement plane was located at the centerline of the center of five holes (P1) and the
second was taken tangent to the lateral edge of the cooling hole at z/D = +0.5 (P2), both
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extending from x/D = -5.5 to x/D = 8. Experiments were conducted to follow the test
matrix listed in Table 4-1.
Contours for streamwise velocity at the hole center plane are given in Figure 4-2
a-f. The streamwise velocity contours for M = 0.6 at both high and low density ratios are
shown in Figure 4-2 a and d. The similarity in the streamwise velocity contours for the
lowest blowing ratio can be attributed to the similarity in momentum flux ratio between
the M = 0.6 cases (I = 0.22 at low density ratio, I = 0.25 at high density ratio). The
streamlines for both high and low density ratios at M = 0.6 are parallel to the wall,
indicating little or no flow detachment in both cases.

Figure 4-1. Location of PIV measurement planes.
Table 4-1. Test Conditions for TRDPIV Experiments

Plane

P/D

L/D

α (°)

β (°)

Hole center
(P1)

6.7

4.7

30

0

Hole edge
(P2)

6.7

4.7

30

0
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DR

M

I

1.2
1.6
1.2
1.6
1.2
1.6
1.2
1.6
1.2
1.6
1.2
1.6

0.5
0.6
1
1
2
2
0.6
0.6
1
1
2
2

0.22
0.25
0.80
0.65
3.3
2.4
0.26
0.24
0.78
0.60
3.3
2.4

VR
0.43
0.39
0.81
0.63
1.7
1.2
0.46
0.38
0.81
0.61
1.7
1.2

Figure 4-2. Time-averaged streamwise velocity contours and streamlines for high
and low density ratio at the hole center plane for a) M = 0.6, DR = 1.6 (I = 0.25, VR =
0.39); b) M = 1, DR = 1.6 (I = 0.65, VR = 0.63); c) M = 2, DR = 1.6 (I = 2.4, VR = 1.2); d)
M = 0.5, DR = 1.2 (I = 0.22, VR = 0.43); e) M = 1, DR = 1.2 (I = 0.80, VR = 0.81); and f)
M = 2, DR = 1.2 (I = 3.3, VR = 1.7).

The M = 1 cases at high density ratio (I = 0.65, VR = 0.63) and low density ratio
(I = 0.80, VR = 0.81) are shown in Figure 4-2 b and e. A noticeable area of flow
blockage just upstream of the film-cooling hole exists for this case causing the flow
upstream of injection to decelerate. A horseshoe vortex likely exists here, although the
measurement plane is unable to capture details of that flow structure. The streamlines for
both density ratios show a more vertical trajectory than the low blowing ratio cases.
The M = 2 test cases for high density ratio and low density ratio are shown in
Figure 4-2 c and f. The momentum flux ratio and velocity ratio are more different from
one another at higher blowing ratios. The maximum velocity in the flowfield is u/U∞ =
1.6 at low density ratio (I = 3.3, VR = 1.7) and u/U∞ = 1.3 at high density ratio (I = 2.4,
VR = 1.2). There is also a region of low velocity fluid upstream of the film-cooling
injection because of jet blockage at M = 2. Likewise, the region is larger at low density
ratio than high density ratio because of increased jet penetration. The streamlines at M =
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2 follow a trajectory away from the surface of the wall (Figure 4-2 c and f) that is more
severe than the other two blowing ratios.
The hole edge plane streamwise velocity contours show effects of the CRVP, as
seen in Figure 4-3 a-f. M = 0.6 and M = 1 show high velocity coolant near the wall at the
hole edge plane (Figure 4-3 a, b, d, and e) that is not seen in the hole center plane (Figure
4-2 a, b, d, and e) for both density ratios. Figure 4-3 c and f shows spreading in the
vertical direction at M = 2 for both high and low density ratios, again with higher velocity
fluid closer to the wall at the hole edge plane. This spreading behavior clearly shows the
effect of the CRVP, which pushes coolant away from the wall at the hole centerline and
toward the wall at the hole edge. The streamlines are slightly different at P2 than they are
at P1. For both high and low density ratios, most of the streamlines are directed away
from the wall near the hole while the streamlines are directed toward the wall
downstream of injection for M = 0.6 and M = 1, shown in Figure 4-3 a, b, d, and e. A
negative vertical velocity is present in the flow at the hole edges due to the CRVP. As

Figure 4-3. Time-averaged streamwise velocity contours and streamlines for high
and low density ratio at the hole edge plane for a) M = 0.6, DR = 1.6 (I = 0.24, VR =
0.38); b) M = 1, DR = 1.6 (I = 0.60, VR = 0.61); c) M = 2, DR = 1.6 (I = 2.4, VR = 1.2); d)
M = 0.6, DR = 1.2 (I = 0.26, VR = 0.46); e) M = 1, DR = 1.2 (I = 0.78, VR = 0.81); and f)
M = 2, DR = 1.2 (I = 3.3, VR = 1.7).
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indicated by the streamlines at the hole edge, the momentum of the fluid in the
streamwise direction is influenced by the effect of the CRVP, and the flow is pushed
downward at its lateral edges.
Streamwise velocity profiles taken at x/D = 3 (left) and x/D = 6 (right) for the
hole center location at high and low density ratios are given in Figure 4-4. In the nearwall region for M = 1 and M = 2 at x/D = 3, the profiles are nearly flat with slight
velocity deficit indicating recirculation and detachment. The M = 0.6 cases, however, do
not show vertical profiles, indicating that these are the only jets not to experience
detachment at x/D = 3. The cases with jet detachment have momentum flux ratios higher
than I = 0.6 and velocity ratios higher than VR = 0.6. At M = 2 for both density ratios
and streamwise locations, the height of peak velocity scales with blowing ratio. The
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Figure 4-4. High and low density ratio streamwise velocity profile at x/D = 3 (left)
and x/D = 6 (right) for P1.
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magnitude of the velocity peak for M = 2, however, scales with velocity ratio. The M = 2
(I = 3.3, VR = 1.7) case at low density ratio has the greatest streamwise velocity of u/U∞
= 1.4 at the furthest distance from the wall at y/D = 1.4, while at high density ratio the
peak u/U∞ = 1.15 at y/D = 1.4. As distance downstream increases from x/D = 3 to x/D =
6, peak magnitude decreases and peak location increases.
Streamwise velocity profiles for M = 0.6 and matched momentum flux ratios at
different density ratios are given in Figure 4-5, representing both the hole center plane
and the hole edge plane. Overall, the hole edge plane has a larger velocity magnitude
than the hole center plane because of the CRVP drawing in high velocity fluid from the
freestream. For both measurement locations, the high and low density ratio velocities
scale well, because there is a small difference in velocity ratio between the two. Between
both planes and density ratios, the velocity profiles reach the maximum velocity of u/U∞
= 1 at about the same location (y/D = 1). Figure 4-6 shows streamwise velocity profiles
for M = 1 at high and low density ratios at both streamwise planes. Again we see the
3
M = 0.5, DR = 1.2,
I = 0.22, VR = 0.43, P1
M = 0.6, DR = 1.6,
I = 0.25, VR = 0.39, P1
M = 0.6, DR = 1.2,
I = 0.26, VR = 0.46, P2
M = 0.6, DR = 1.6,
I = 0.24, VR = 0.38, P2
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Figure 4-5. Streamwise velocity profiles taken at x/D = 3 for the hole center plane
and the hole edge plane at high and low density ratios for low momentum flux
ratios.
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Figure 4-6. Streamwise velocity profiles taken at x/D = 3 for the hole center plane
and the hole edge plane at high and low density ratios for M = 1.

higher velocity magnitude present at the hole edge compared to the hole center due to the
CRVP. Unlike the matched momentum flux ratio case, however, the low density ratio
hole edge profile has a greater velocity magnitude than the high density ratio hole edge
profile due to a greater velocity ratio at low density ratio. Velocity profiles at x/D = 3 for
M = 2 at low and high density ratios at the hole center plane and hole edge plane are
shown in Figure 4-7. Momentum flux ratio and velocity ratio are also much more
different between the density ratios than they were for the other cases. For both P1 and
P2, the peak velocity location does not change with density ratio but scales with blowing
ratio. The effect of the CRVP in this case is shown in the reduced location of peak
velocity from P1 to P2.
Time-averaged vorticity at the hole center plane gives details about the shear
layers present in the flow, as shown in Figure 4-8 a-f. The M = 0.6 and M = 1 blowing
ratio cases can be seen in Figure 4-8 a, b, d, and e. For these blowing ratios and both
high and low density ratios, the vorticity is consistently negative in the time-mean
(clockwise sense of rotation). The negative vorticity at the lower blowing ratios indicates
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Figure 4-7. Streamwise velocity profiles taken at x/D = 3 for the hole center plane
and the hole edge plane at high and low density ratios for M = 2.

Figure 4-8. Time-averaged vorticity contours for high and low density ratio at the
hole center plane for a) M = 0.6, DR = 1.6 (I = 0.25, VR = 0.39); b) M = 1, DR = 1.6 (I =
0.65, VR = 0.63); c) M = 2, DR = 1.6 (I = 2.4, VR = 1.2); d) M = 0.5, DR = 1.2 (I = 0.22,
VR = 0.43); e) M = 1, DR = 1.2 (I = 0.80, VR = 0.81); and f) M = 2, DR = 1.2 (I = 3.3, VR
= 1.7).
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the presence of a shear layer for a jet that travels more slowly than the freestream flow, or
a local velocity ratio VR < 1. In the data for M = 2 at both DR = 1.6 (I = 2.4, VR = 1.2)
and DR = 1.2 (I = 3.3, VR = 1.7), there is a positive vorticity region (counter-clockwise
sense of rotation) starting at the upstream-most region of the hole and a negative vorticity
region starting at the downstream-most region of the hole, shown in Figure 4-8 c and f.
The vorticity regions indicate shear layers between the jet and the freestream flow. The
positive vorticity region for low density ratio extends further downstream than the
positive vorticity region for high density ratio in Figure 4-8 c and f because the jet has
higher momentum. There is a change in vorticity magnitude between high and low
density ratios at M = 2, shown in Figure 4-8 c and f. The vorticity has a greater
magnitude in both the positive and negative directions at low density ratio than at high
density ratio. The change in vorticity strength is due to larger velocity gradients present
in the low density ratio flow (VR = 1.7) than high density ratio flow (VR = 1.2).
The turbulence intensity was calculated using the two flow dimensions that were
gathered for all blowing ratios and density ratios with equation 4-1,
√1⁄ (urms 2 +
2
Tu( )=100×
U∞

rms

2)

4-1

the results of which are shown in Figure 4-9 a-f in the form of contour plots at the hole
centerline plane. Pietrzyk [8] studied turbulence intensity for cylindrical film-cooling
holes. He postulated that a separation region existed inside a film-cooling hole being fed
from a plenum because of the large angle through which the flow must travel. At low
momentum flux ratios the separation region was small and a majority of turbulence was
produced just at the hole exit where the jet was pushed down onto the surface by the
freestream. At high momentum flux ratios this separation region was bigger, and most of
the momentum was concentrated at the upstream edge of the hole. Large amounts of
turbulence were generated for this case when the high momentum jet interacted with the
freestream near the upstream edge of the hole in addition to the downstream hole edge.
Turbulence intensity contours are shown in Figure 4-9. Turbulence can be
separated into two parts: turbulence exiting the hole and turbulence in the shear layer
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Figure 4-9. Time-averaged turbulence intensity contours for high and low density
ratio at the hole center plane for a) M = 0.6, DR = 1.6 (I = 0.25, VR = 0.39); b) M = 1,
DR = 1.6 (I = 0.65, VR = 0.63); c) M = 2, DR = 1.6 (I = 2.4, VR = 1.2); d) M = 0.5, DR =
1.2 (I = 0.22, VR = 0.43); e) M = 1, DR = 1.2 (I = 0.80, VR = 0.81); and f) M = 2, DR =
1.2 (I = 3.3, VR = 1.7).

between the jet and freestream. For all cases, there is elevated turbulence just
downstream of injection due to elevated turbulence exiting the hole. The M = 0.6
blowing ratio shown in Figure 4-9 a and d indicates nearly similar turbulence levels
exiting the hole for low and high density ratio cases. At M = 1, as given in Figure 4-9 b
and e, the high turbulent region just downstream of the injection appears to have higher
turbulence than in the low blowing ratio case due to the jet detachment. At M = 2 for
both high and low density ratio and shown in Figure 4-9 c and f, we see areas of
increased turbulence intensity at both the upstream and downstream edges of the filmcooling hole. These high turbulence levels exiting the hole merge with those found in the
separated region and convect far downstream of the hole. These results for turbulence
intensity are consistent with ietrzyk’s findings of the exiting jet.
The highest turbulence levels are seen at the highest momentum flux condition.
At M = 2 the high turbulence exiting the hole is attributed to a large separation region
inside the hole as the coolant enters the hole. The high momentum jets are pushed
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toward the upstream side of the hole as a result of the separation on the downstream of
the hole entrance. The high momentum jets strongly interact with the freestream forming
a high turbulence level over the hole.
Unlike the turbulence intensity of the exiting jet, the turbulence levels in the shear
layer do not scale with momentum flux ratio. The lowest shear layer peak turbulence is
seen in the M = 1 cases, because the product ρcUc is the same as the freestream ρ∞U∞,
which creates less turbulent mixing when the two flows interact. Increased turbulence
happens when the mass flux between the two flows differs. For this reason, the lower
blowing ratio cases have higher peak turbulence in the shear layer than the M = 1 cases.
Consequently, the M = 2 cases have the highest turbulence intensities in the shear layer.
The momentum flux ratio is matched in the M = 0.6 (I = 0.22-0.25) test cases, and
we can see the difference with respect to density ratio and velocity ratio (Figure 4-9 a and
d). The turbulence of the exiting jet just downstream of injection is nearly identical. In
the shear layer between the jet and the freestream, the high density ratio case (VR = 0.39)
has a larger high turbulence region than the corresponding low density ratio (VR = 0.43)
case. The shear layer region also extends further downstream at high density ratio than
low density ratio. Similar patterns can be seen at P2, shown in Figure 4-10 a and d. The
increased turbulence intensity region is larger at high density ratio than low density ratio,
and here it extends all the way down to the wall surface. The increased turbulence
intensity explains the increased lateral spreading for high density ratio in adiabatic
effectiveness plots.
The hole edge plane turbulence statistics for M = 2 are shown in Figure 4-10 c
and f. A difference in turbulence intensity patterns is visible between the center plane
and the edge plane at M = 2. The edge plane has a peak in a single location: the side edge
of the hole. This turbulence is generated in the shear layer between the jet and the
freestream flow, originating where the jet enters the freestream in this plane. The
turbulence contours are therefore characterized by one peak rather than two, since there is
just one location where turbulence is created by the film-cooling hole-jet interaction.
Profiles for turbulence intensity at x/D = 3 (left) and x/D = 6 (right) at P1 for high
and low density ratios are given in Figure 4-11. The peak location scales with blowing
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Figure 4-10. Time-averaged turbulence intensity contours for high and low density
ratio for the hole edge plane for a) M = 0.6, DR = 1.6 (I = 0.24, VR = 0.38); b) M = 1,
DR = 1.6 (I = 0.60, VR = 0.61); c) M = 2, DR = 1.6 (I = 2.4, VR = 1.2); d) M = 0.6, DR =
1.2 (I = 0.26, VR = 0.46); e) M = 1, DR = 1.2 (I = 0.78, VR = 0.81); and f) M = 2, DR =
1.2 (I = 3.3, VR = 1.7).

ratio, with lowest blowing ratio having a peak closest to the wall and the highest blowing
ratio having a peak furthest from the wall regardless of density ratio. M = 0.6 has a peak
location at y/D = 0.6, M = 1 has a peak location at y/D = 0.8, and M = 2 has a peak
location at y/D = 1.2. The magnitude of peak turbulence intensity, however, scales with
velocity ratio. The lowest turbulence intensity is experienced at M = 1 for high density
ratio (I = 0.6, VR = 0.6) and low density ratio (I = 0.8, VR = 0.8), at Tu(%) = 11%. The
shear layers are weakest in this flow. As velocity ratio deviates from this condition, the
peak turbulence intensity increases. A velocity ratio of 1.7 gives peak turbulence
intensity Tu(%) = 32%, and a velocity ratio of 0.38 gives a peak turbulence intensity
Tu(%) = 13%. At x/D = 6, there is a closer scaling of turbulence intensity between
density ratios. The peak turbulence dissipates between x/D = 3 and x/D = 6, as shown in
the lower turbulence intensity peak at VR = 1.7 at x/D = 6. In addition, the peak location
rises for all cases at locations further downstream, indicating that the shear layer travels
further from the wall surface.
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Figure 4-11. High and low density ratio turbulence intensity profiles at x/D = 3
(left) and x/D = 6 (right) for P1.

Figure 4-12 shows turbulence intensity profiles at P1 and P2 for matched
momentum flux ratio for high and low density ratios at x/D = 3. At the hole center plane,
the high density ratio and low density ratio curves scale well. Near the wall, the hole edge
for M = 0.6 shows a higher turbulence intensity at high density ratio (Tu(%) = 11%) than
it does at low density ratio (Tu(%) = 9%). Velocity gradients in the high density ratio
(VR = 0.38) flow are stronger than the velocity gradients in the low density ratio (VR =
0.46) flow, causing a stronger shear layer and higher turbulence. This higher turbulence
at the hole edge location leads to more jet spreading and better cooling that has been seen
in the high density ratio effectiveness results.
Figure 4-13 shows profiles at x/D = 3 for turbulence intensity at M = 1. This plot
includes both high and low density ratios at both the hole centerline and hole edge. The
locations of peak turbulence intensity for the centerline are much further from the wall
than the hole edge peak location because of the effects of the CRVP. The lowest
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Figure 4-12. Turbulence intensity profiles taken at x/D = 3 for P1 and P2 at high
and low density ratios for momentum flux ratio between I = 0.22 and I = 0.26.
3
M = 1, DR = 1.2,
I = 0.8, VR = 0.81, P1
M = 1, DR = 1.6,
I = 0.65, VR = 0.63, P1
M = 1, DR = 1.2,
I = 0.78, VR = 0.81, P2
M = 1, DR = 1.6,
I = 0.6, VR = 0.61, P2

2.5

y
D

2

1.5

1

0.5

0
0

5

10

15

20

25

30

35

Tu (%)
Figure 4-13. Turbulence intensity profiles taken at x/D = 3 for P1 and P2 at high
and low density ratios for M = 1.
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turbulence intensity is found in the high density ratio hole edge location (I =0.60, VR =
0.61). At the hole center plane, there is little difference between high density ratio and
low density ratio. Both reach a peak turbulence intensity of approximately 11%.
Profiles at x/D = 3 for turbulence intensity at M = 2 are shown in Figure 4-14.
This plot includes high and low density ratios at both the hole centerline and the hole
edge. M = 2 is the blowing ratio case that has the largest difference between high and
low density ratios. Similar to the other blowing ratio cases, the location of peak
turbulence intensity does not change between high and low density ratios for a given
location, but the value of the peak turbulence intensity does change due to the CRVP.
The low density ratio (I = 3.3, VR = 1.7) cases, for both the centerline plane and the hole
edge plane, have a higher turbulence intensity than the high density ratio (I = 2.4, VR =
1.2) cases throughout the layer. The low density ratio reaches a peak turbulence intensity
of 29%, while the high density ratio reaches a peak turbulence intensity of 18% at the
hole center plane. The low density ratio hole edge turbulence intensity reaches a peak
intensity of 24%, while the high density ratio reaches a peak intensity of 16%.
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Figure 4-14. Turbulence intensity profiles taken at x/D = 3 for P1 and P2 at high
and low density ratios for M = 2.

82

4.2 Time-Resolved Flowfield Results
Time-resolved PIV data were obtained in addition to time-averaged PIV data
according to the test matrix as shown in Table 4-1 to gather an understanding of the timedependent nature of the flowfield. This section will discuss instantaneous and periodic
instabilities in the flowfield. It will start off by looking at time-resolved vorticity data by
picking out instabilities that are brought about by vorticity in the jet-freestream shear
layers. It will continue into characterizing a periodic flowfield structure that is present in
the highest blowing ratio flowfield.
Figure 4-15, Figure 4-16, Figure 4-17, and Figure 4-18 show instantaneous
velocity vectors overlaid on a contour plot of instantaneous vorticity at P1. The timeresolved images shown are successive and the time step between each successive image
is Δt+ = 0.026. At M = 2 and low density ratio (I = 3.3, VR = 1.7) shown in Figure 4-15
for P1, the vorticity is positive (counter-clockwise sense of rotation) coming from the
upstream edge of the hole and negative (clockwise sense of rotation) coming from the
downstream edge of the hole. The vorticity contours in the time-resolved flowfield
appear in small rolled vortical instabilities that travel downstream with the flow. Close to
the hole, especially, the vortical instabilities are spaced approximately a diameter apart.
As the flow convects further downstream starting at approximately x/D = 4, the vorticity
breaks down into more random turbulence. Almost identical behavior can be seen at P2,
shown in Figure 4-16.
This vorticity is the result of the shear layer between the jet and the freestream
flow. The vorticity pattern suggests the shear layer rolls up in the direction given by the
shown contours in Figure 4-15. The vortical structures take the appearance of KelvinHelmholtz style instabilities close to the injection before becoming completely turbulent
further downstream. Similarly, Fawcett et al. [16] observed Kelvin- Helmholtz type
breakdown of the shear layer using flow visualization at a similar blowing ratio for
cylindrical holes.
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Figure 4-15. Time-resolved velocity vectors and vorticity contours at DR = 1.2, M =
2 (I = 3.3, VR = 1.7) at P1.
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Figure 4-16. Time-resolved velocity vectors and vorticity contours for DR = 1.2, M
= 2 (I = 3.3, VR = 1.7) at the hole edge plane.
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Figure 4-17. Time-resolved velocity vectors and vorticity contours for M = 0.5, DR
= 1.2 (I = 0.22, VR = 0.43) at P1.
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Figure 4-18. Time-resolved velocity vectors and vorticity contours for M = 0.6, DR
= 1.6 (I = 0.25, VR = 0.39) at P1.
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Instantaneous velocity vectors for DR = 1.2, M = 0.5 (I = 0.22, VR = 0.43) at the
centerline plane overlaid onto vorticity contours are shown in Figure 4-17. Instead of
two distinct regions of positive and negative vorticity, only negative vorticity is seen in
this flow. In this M = 0.6, DR = 1.2 flow, there are similarly small vortical instabilities
with a length scale of approximately one diameter just downstream of the hole exit. The
shear layer behaves much the same as it did at M = 2, with what appear to be periodic
Kelvin-Helmholtz style instabilities before mixing into turbulence further downstream.
The main difference between this M = 0.6 flow (Figure 4-17) and the M = 2 flow (Figure
4-15) is the strength of the vorticity and the direction of the shear layer roll-up. At the
same momentum flux ratio and high density ratio, the time-resolved data (Figure 4-18)
shows the same vortical structures as the low density ratio case but closer to the wall,
implying a high density ratio jet-to-freestream shear layer that is closer to the wall than
the low density ratio shear layer. This behavior was not noticeable in the time-averaged
vorticity data (Figure 4-8). Instabilities close to the wall could contribute to increased
turbulence and better spreading at high density ratio.
A second type of instability is seen in the time-resolved data for the highest
blowing ratio, M = 2. Figure 4-19 shows time-resolved images of the film-cooling flow
at DR = 1.2, M = 2 (I = 3.3, VR = 1.7). In Figure 4-19, there are five still-frame images,
each image representing a time step of Δt+ = 0.026. The location of the instability is
noted as it travels downstream, which is best described as a pocket of fluid breaking away
from the shear layer at x/D = 4 and traveling toward the wall and then downstream. It is
observed to be periodic, happening repeatedly at a frequency of approximately 200 Hz
(StD = 0.16), however a more detailed frequency analysis needs to be done to determine
the precise frequency response. This instability is not observed in the lower blowing
ratio cases.
This instability can be seen at the hole centerline plane only at M = 2 starting at a
streamwise location of about x/D = 4. This streamwise location is also equivalent to the
approximate location of jet reattachment as shown in Figure 4-20. The adiabatic
effectiveness curve at the centerline decreases just downstream of the hole exit, and then
increases again beginning at about x/D = 4. This decrease and subsequent increase in
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effectiveness at the hole centerline coincides with jet detachment and reattachment. The
instability seen in the PIV data shows high velocity fluid splitting from what looks like a
jet of high-velocity fluid and traveling to the wall to reattach.

Figure 4-19. Time-resolved streamwise velocity contours for DR = 1.2, M = 2 (I =
3.3, VR = 1.7) at the hole center plane. These 5 frames depict a pocket of cold jet
air breaking free from the film-cooling jet and traveling towards the plate and then
downstream.
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Figure 4-20. Jet attachment and reattachment for M = 2, DR = 1.6 (I = 2.4, VR = 1.2)
case, shown in adiabatic effectiveness and time-resolved flowfield. The maximum
location of centerline effectiveness coincides with the clump of fluid detaching
from the jet.

4.3 Flowfield Summary
The goal in studying the film-cooling flow is to use the flowfield data to
determine what causes certain adiabatic effectiveness characteristics. In Chapter 3, we
saw jet attachment and detachment relationships, and also saw that the film-cooling jet
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had more lateral spreading at high density ratio than it did at low density ratio for all
blowing ratios, shown in Figure 3-11 and Figure 3-12. A velocity deficit existed in all
cases except for blowing ratio M = 0.6 at high and low density ratios, indicating that
these were the only cases that the jet was attached at the streamwise location x/D = 3 and
supporting that the jet was detached for I ≥ 0.6. An increased density ratio increased
lateral spreading in a detached jet by decreasing the momentum flux ratio and increasing
the jet’s attachment. The lateral spreading in an attached jet at high density ratio
appeared to be caused by turbulence intensity. At M = 0.6, the high density ratio (I =
0.23, VR = 0.38) flow had larger regions of high turbulence than the low density ratio M
= 0.6 case (I = 0.3, VR = 0.5). The effects of the CRVP were seen in the time-averaged
flowfield measurements. In all cases, the CRVP drew high velocity fluid from the
freestream in toward the wall. This fluid interaction would decrease the spreading in a
film-cooling jet.
Time-resolved flowfield data showed the shear layers rolling up in the form of
Kelvin-Helmholtz instabilities. The instabilities maintained the same approximate length
scale between changing blowing ratios and density ratios. The roll direction and strength,
however, scaled with velocity ratio. The M = 2, low density ratio (I = 3.3, VR = 1.7) jet
had distinct positive and negative vortical instabilities originating from the upstream or
downstream edge of the hole where the shear layer existed. The M = 0.6, high density
ratio (0.25, VR = 0.39) showed shear layer rollups significantly closer to the wall than the
low density ratio at M = 0.5 (I = 0.22, VR = 0.43). That the high density ratio shear layer
rollups were closer to the wall could also explain extra turbulence generated and
increased lateral spreading at high density ratio over low density ratio.
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Chapter 5
Conclusions

5.1 Test Facility Development

A new wind tunnel facility was developed to study the performance of filmcooling at high and low density ratios. The facility used a combination of cryogenic
cooling and freestream heating to achieve high density ratios. It was shown that it was
possible at high density ratios to remove enough moisture from the wind tunnel air to
prevent frost from forming in the test section. The facility was versatile in that both
adiabatic effectiveness and flowfield measurements can be gathered at high density ratio
with a variety of film-cooling hole geometries and flow conditions.
In its development, the facility went through a few modifications to allow for
greater control over the experimental system. An interchangeable ceiling piece allowed
for both adiabatic effectiveness and flowfield data to be gathered in the facility.
Iterations were performed to achieve the optimum tunnel sealing to prevent humid air
from entering the facility and depositing frost onto the testing surface. Temperature
uniformity in the test section was not suitable at first, and so an improved heater bank
with 16 vertical elements was installed and an external heated box was added to prevent
heat leaks. The boundary layer was controlled through the use of boundary layer suction,
a specially-designed leading edge geometry, and a boundary layer trip. These
modifications, though they added a challenge to the development of the test facility,
contributed to a well-engineered facility that produced high-quality adiabatic
effectiveness and flowfield data.
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5.2 Film-Cooling Performance

Adiabatic effectiveness testing was conducted at high and low density ratios for
three film-cooling hole geometries: P/D = 3 and P/D = 6.7 for a streamwise directed hole
(α = 30°), and /D = 6.7 for a compound angle hole (α = 30°, β = 60°) at variable
blowing ratios. In addition to effectiveness measurements, TRDPIV measurements were
gathered at high and low density ratios for the streamwise directed hole at P/D = 6.7 at
blowing ratios ranging from 0.6 to 2.
The adiabatic effectiveness results found that jet detachment occurred for all but
the lowest blowing ratios tested (M = 0.6), for momentum flux ratios of I = 0.6 and
higher. An increase in lateral spreading of the jet was found at the high density ratio over
the low density ratio for both the attached and the detached jets. Geometrically, adding a
compound angle increased film-cooling effectiveness while increasing the lateral hole
spacing decreased film-cooling effectiveness.
The time-averaged flowfield data for the widely-spaced axially-oriented holes
supported the claims found in the adiabatic effectiveness testing. Detachment was
observed in the form of a velocity deficit measured at a near-wall location for blowing
ratios M = 1 and M = 2 at both high and low density ratios. Consequently, the M = 0.6
high and low density ratio cases were the only ones that maintained an attached jet. The
results were consistent with the effectiveness results and Thole et al. [5], which claimed
that jet detachment begins to occur at I = 0.4. The momentum flux ratios that
experienced detachment in this study began at I = 0.6.
For the detached jet at M = 1, there was an improved effectiveness and increased
spreading at high density ratio (I = 0.6, VR = 0.6) over low density ratio (I = 0.83, VR =
0.83). For attached jets at M = 0.6, there was also improved cooling and spreading at the
higher density ratio (I = 0.23, VR = 0.38) over the lower density ratio (I = 0.3, VR = 0.5).
The results indicated that increased spreading for the detached jets scaled with
momentum flux ratio, while the increased spreading for the attached jet scaled with
turbulence intensity.
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The turbulence of the exiting jet was found to scale with the jet momentum flux
ratio, with the lowest momentum flux ratio exhibiting the minimum turbulence intensity.
In the shear layer, the minimum turbulence intensity peak was experienced at M = 1
because of the matched mass flux between the jet and the freestream. A higher shear
layer turbulence intensity at the high density ratio contributed to better lateral jet
spreading that at low density ratio.
The counter-rotating vortex pair had an effect on the velocity of the flow near the
wall at the hole edge, bringing in high velocity fluid from the hot freestream close to the
wall. The presence of the CRVP negatively influenced film-cooling effectiveness
because of its tendency to mix hot freestream fluid with coolant fluid, increasing heat
transfer from the freestream to the surface.
Time-resolved flowfield measurements showed the behavior of the shear layer
vortices, which took the form of Kelvin-Helmholtz instabilities. The size and spacing of
the shear layer vortices were relatively consistent between blowing ratio and density
ratio. M = 2 flow exhibited the shear layer rollup in the form of distinct vortices being
shed in the positive direction from the upstream edge of the film-cooling hole and
negative vortices being shed from the downstream edge of the film-cooling hole. At M =
0.6 at high density ratio, the shear layer vortices were closer to the wall than they were at
M = 0.6 and low density ratio, possibly causing the turbulence intensity to peak closer to
the wall and enhancing the near-wall jet spreading. The shear layer vortices broke down
into turbulence at approximately four diameters downstream of injection.
In addition to providing time-averaged and time-resolved data for a film-cooling
flow for a widely-spaced cylindrical geometry, this set of flowfield data can be used to
compare to computational work at high and low density ratios. The time-resolved data
set can be further analyzed to characterize frequency response of the periodic shear
vortices seen in the flow.
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5.3 Future Work
The removable test plate provides ample opportunities for multiple hole
geometries to be tested in addition to cylindrical holes. Additional opportunities for fanshaped, laidback fan-shaped, and novel film-cooling hole geometries for both flowfield
and adiabatic effectiveness testing are endless. The flow structures that characterize filmcooling effectiveness for cylindrical holes are likely vastly different than those that
characterize film-cooling for shaped holes, so an in-depth study of shaped holes would be
beneficial to the understanding of film-cooling performance.
Additional analysis can be done on the current data that was outside the scope of
this thesis. A frequency analysis can be performed on the time-resolved data to
characterize the periodic frequencies involved in the flow. A proper orthogonal
decomposition (POD) could be applied to the flow data. POD separates flowfield modes
based on the energy content of the flow. For more information about POD, the reader is
referred to Abry et al. [35] and Berkooz et al. [36].
The location of the jet could not be identified without corresponding temperature
information to separate the hot freestream from the coolant. Pairing the PIV data with
temperature data would be a large improvement on the test setup and would give
information about the film-cooling jet location.
The effects of the CRVP were seen in the flowfield data, but details could not be
observed because of limitations with the measurement geometry available for the facility.
Much more information would be learned by measuring the plane normal to the CRVP.
Because of the test section geometry in the tunnel, measuring this plane would require the
use of mirrors or data processing and calibration techniques that take advantage of unique
camera angles. Time-resolved data of the CRVP would be valuable to the understanding
of film-cooling flow at high density ratio.
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Appendix
Uncertainty Analysis
The following sections describe the methods used for calculating uncertainties for
the adiabatic effectiveness and flowfield experiments. In Chapter 2, we mentioned that
the propagation of error method was used as described by Figliola and Beasley [23]. For
the PIV measurements, the uncertainty calculation process outlined by Raffel et al. [20]
and Scarano and Riethmuller [25] was used. Uncertainty was calculated for blowing
ratio (M), momentum flux ratio (I), velocity ratio (VR), density ratio (DR), adiabatic
effectiveness (η), and instantaneous velocity ( ̃ and ̃).

A.1 Uncertainty in Flow Conditions
Table A-1 shows the progression of calculating the uncertainty in the flow
conditions. The densities of the freestream and the coolant were calculated first using the
measured temperatures and pressures. The error propagated through the calculations for
flow conditions as shown in Table A-1.
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Table A-1. Uncertainty Progression

Measured quantities
patm , T∞ , Δppit

Calculated
quantity

pc , Tc , Δpvent , dc

Propagated error
1⁄
2

p
ρ∞ = ∞
RT∞

ρ
ρ
uρ∞ = [( ∞ uT∞ ) + ( ∞ up∞ ) ]
T∞
p∞

p
ρc = c
RTc

ρ
ρ
uρ = [( c uTc ) + ( c upc ) ]
Tc
pc

2∆p it 1/2
U∞ = [
]
ρ∞

U∞
U∞
uU∞ = [(
uρ∞ ) + (
uΔppit ) ]
ρ∞
Δp

Uc =

4Qc
Nc d2c

Uc
VR=
U∞
ρ
DR= c
ρ∞

2

2

2

2

1⁄
2

2

2

2

2
Uc
Uc
uUc = [(
uQc ) + (
udc ) ]
Qc
dc

1⁄
2

1⁄
2

1⁄
2

2
2
VR
VR
uVR = [(
u ) +(
u ) ]
Uc Uc
U∞ U∞
2

2

DR
DR
uDR = [(
uρc ) + (
u ) ]
ρc
ρ∞ ρ∞

1⁄
2

Uc ρc
M=
U∞ ρ∞

2
2
M
M
M
M
uM = [(
uUc ) + (
uρc ) + (
uU∞ ) + (
u )]
Uc
ρc
U∞
ρ∞ ρ∞

Uc
I=M
U∞

2
2
2
I
I
uI = [(
u ) +(
u ) +(
u ) ]
Uc Uc
U∞ U∞
M M

2

2

1⁄
2

1⁄
2

A Venturi meter was used to calculate the volume flow rate of the coolant. For
the low blowing ratio cases, the uncertainty in blowing ratio was dominated by the bias
uncertainty of the Venturi meter, which was ±0.25% of the full-scale volume flow rate.
This value was calculated by comparing the Venturi measurements to measurements with
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a laminar flow element. For the high blowing ratio cases, the bias uncertainty of the
Venturi meter played a smaller role in the total uncertainty in the blowing ratio. The
pressure transducer used to measure the pressure differential in the Venturi differed
depending on the flow rates measured. Atmospheric pressure was measured by a Setra
model 370 barometer. The bias uncertainties in this transducer accounted for the
accuracy reported by the manufacturer (0.02% full scale) and the effects of thermal
variation, combining to provide a bias uncertainty of 37 Pa. Freestream pressure
differential was measured using a Pitot-static probe. All pressure differentials were
measured on Setra pressure transducers and calibrated individually, lowering the
uncertainty. Bias uncertainty in the transducers was brought about by the uncertainty of
the slope of the calibration curve when measured in the lab with a manometer. Since
pressure differences were measured with respect to the barometer reading, the barometer
bias uncertainty played a large role than the transducer bias uncertainty for the pressure
differentials measured in this test campaign.
Values for bias and precision uncertainties for all of the measured quantities and
the total uncertainty are given in Table A-2 for high blowing ratio and Table A-3 at low
blowing ratio. Precision uncertainty was found to be negligible in many cases because of
the large number of measurements taken that were averaged over time. Uncertainty in
density ratio is low because there are fewer calculations through which error propagates.
Table A-2. Bias, Precision, and Total Uncertainties for Measured and Calculated
Quantities at High Blowing Ratio

Bias

Precision

Total

37

-

37

Tc (K)

1.2

0.06

1.2

Qc (cm3/s)

59

-

59

dc (mm)

0.005

-

0.005

T∞ (K)

.35

0.06

.35

U∞ (m/s)

0.15

-

0.15

Patm,
Δ
Δ

vent,

pit (Pa)
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M

-

-

0.08 (4.0% at M = 2)

I

-

-

0.19 (8.0% at I = 2.4)

DR

-

-

0.005 (0.3% at DR = 1.6)

VR

-

-

0.05 (4.0% at VR = 1.2)

Table A-3. Bias, Precision, and Total Uncertainties for Measured and Calculated
Quantities at Low Blowing Ratio

Bias

Precision

Total

37

-

37

Tc (K)

1.2

0.06

1.2

3

Qc (cm /s)

59

-

59

dc (mm)

0.005

-

0.005

T∞ (K)

0.35

0.06

0.35

U∞ (m/s)

0.15

-

0.15

M

-

-

0.05 (8.7% at M = 0.6)

I

-

-

0.04 (17% at I = 0.19)

DR

-

-

0.005 (0.3% at DR = 1.6)

VR

-

-

0.03 (8.7% at VR = 0.36)

Patm,
Δ
Δ

vent,

pit (Pa)

A.2 Uncertainty in Adiabatic Effectiveness
The adiabatic effectiveness, calculated using Equation A-1, was the combination
of the three measured temperatures: T∞, Tc, and Taw.
η=

T∞ -Taw
T∞ -T

A-1

The freestream and coolant temperatures were measured through the average of
four or five thermocouples respectively. The wall temperature was measured as an
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average of five IR images and calculated through a calibration equation. The bias
uncertainty for the freestream and coolant temperature measurements was measured
using an ice bath and a liquid nitrogen bath. The bias uncertainty for the IR
measurements was measured as the difference between a thermocouple measured wall
temperature and the predicted temperature from the calibration equation at the same
location. The precision uncertainty for the freestream and coolant temperatures was
found to be negligible because the measurements were taken as an average over a
sufficient amount of time. The precision uncertainty for the adiabatic wall combined the
scatter of the calibration data about the calibration curve with the standard deviation in
the IR measurements between the five images. The propagation of error from the
temperature measurements to the adiabatic effectiveness is given by Equation A-2.
η
uη = [(
u )
T∞ T∞

η
(
u )
Taw Taw

η
(
u ) ]
T T

⁄

A-2

Uncertainty was calculated for a particular test plate at an area of both high and
low effectiveness. Additionally, a high density ratio test and a low density ratio test were
both analyzed for uncertainty. The maximum uncertainty was experienced to be uη =
±0.025. Precision and bias uncertainties for the IR calibration and adiabatic effectiveness
are given in Table A-4 for high density ratio and Table A-5 for low density ratio.
Table A-4. Uncertainties for Adiabatic Effectiveness at High Density Ratio

η = 0.58

η = 0.16

Temperature (°C, IR Image 1)

-5.9

35.1

Temperature (°C, IR Image 2)

-6

35.1

Temperature (°C, IR Image 3)

-6

35

Temperature (°C, IR Image 4)

-6

35.1

Temperature (°C, IR Image 5)

-6.5

34.9

Average Temperature (°C, IR)

-6.1

35.0

IR Standard Deviation

0.24

0.09

IR t value (5 measurements)

2.77

2.77

Predicted Temperature (°C)

-17.9

35.3
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TC Temperature (°C)

-15.3

34.9

TC Standard Deviation (°C)

0.14

0.04

Thermocouple t Value

2

2

TC Bias Uncertainty (°C)

1.2

0.35

TC Precision Uncertainty (°C)

0.06

0.06

IR Bias Uncertainty (°C)

2.6

0.39

Taw Bias Uncertainty

2.9

0.53

0.95

0.27

Taw Total Uncertainty (°C)

3.0

0.59

T∞ Uncertainty (°C)

0.35

0.35

Tc Uncertainty (°C)

1.2

1.2

η Uncertainty

0.025

0.005

Taw Precision Uncertainty
(°C)

Table A-5. Uncertainties for Adiabatic Effectiveness at Low Density Ratio

η = 0.50

η = 0.13

Temperature (°C, IR Image 1)

-2.4

16.1

Temperature (°C, IR Image 2)

-2.8

16

Temperature (°C, IR Image 3)

-2.8

16.1

Temperature (°C, IR Image 4)

-2.8

16.1

Temperature (°C, IR Image 5)

-2.9

15.9

Average Temperature (°C, IR)

-2.7

16.0

IR Standard Deviation

0.19

0.09

IR t value (5 measurements)

2.77

2.77

Predicted Temperature (°C)

-4.1

15.5

TC Temperature (°C)

-4.0

15.6

TC Standard Deviation (°C)

0.08

0.03

Thermocouple t Value

2

2
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TC Bias Uncertainty (°C)

0.35

0.35

TC Precision Uncertainty (°C)

0.03

0.03

IR Bias Uncertainty (°C)

0.04

0.07

Taw Bias Uncertainty (°C)

0.35

0.35

0.59

0.27

Taw Total Uncertainty (°C)

0.69

0.45

T∞ Uncertainty (°C)

0.35

0.35

Tc Uncertainty (°C)

0.35

0.35

η Uncertainty

0.014

0.010

Taw Precision Uncertainty
(°C)

For high density ratio and high adiabatic effectiveness, the bias uncertainty due to
the particular thermocouple chosen from the calibration curve is relatively large, making
the uncertainties high in that case. The other uncertainties were significantly lower
because of tightened scatter about the calibration curve and lower bias uncertainties for
the adiabatic wall temperature. These uncertainties are much lower than previous
adiabatic effectiveness studies in this lab because of an increased ΔT and an improved
calibration method. Also, uncertainty estimates are conservative because of the bias
uncertainty associated with the high density ratio coolant temperature (Tc). At the boiling
point of liquid nitrogen, the bias uncertainty was measured to be 1.2°C. However,
temperatures in the coolant were never as low as boiling liquid nitrogen, so the true bias
uncertainty in Tc was likely lower than the value used in the uncertainty calculations at
high density ratio.
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