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ABSTRACT
Gas turbine engines are an important technology for power generation and aircraft
propulsion due to their relatively high efficiencies compared to other methods of power generation.
To further improve the efficiency, pressure ratios in modern gas turbine engines continue to rise,
which also causes higher temperatures in the turbine and combustor. As such, advanced cooling
methods are necessary to protect the engine components from the high temperatures that occur in
the engine and to maintain durability. Modern combustors commonly use a double-walled liner
with impingement and effusion cooling plates. The impingement cooling enhances the backside
cooling, while the effusion cooling creates a protective film on the external surface. In addition,
modern combustor liners also include large dilution holes to promote mixing of the air and fuel in
a process that reduces NOx emissions. However, the dilution jets interrupt the cooling film, making
it difficult to cool the combustor walls, especially near the dilution holes.
This study evaluates the surface cooling effectiveness and flowfield for a double-walled
combustor liner with impingement and effusion cooling as well as a row of large dilution holes.
The effusion cooling hole pattern was varied with three different hole patterns in the region
surrounding the dilution holes including: no additional effusion holes, effusion holes blowing
radially outward from the dilution holes, and effusion holes blowing radially inward toward the
dilution holes. The momentum flux ratio of the dilution jets and approaching freestream turbulence
were also varied. The effusion hole patterns with addition effusion holes surrounding the dilution
holes improved the cooling effectiveness through in-hole convection. For each panel geometry,
increasing the momentum flux ratio generally increased effectiveness levels with diminishing
returns. In addition, decreasing the approaching freestream turbulence intensity increased the
effectiveness across the panels. Flowfield measurements showed that the outward blowing effusion
jets created a vortex that transported a significant amount of freestream fluid toward the surface at
the leading edge of the dilution hole.
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Chapter 1
Introduction
Gas turbine engines are most commonly used for land based power generation and aircraft
propulsion. They are particularly useful for aerospace applications because of their reliability and
high power to weight ratio. The power cycle of a gas turbine engine can be approximated by the
Brayton cycle. In the first stage of the cycle, air enters the compressor causing a rise in both
temperature in pressure. The compressed air is then sent into the combustor where it mixes with
fuel and is ignited to increase the enthalpy of the system. Some of the compressed air bypasses the
combustor and is used as coolant in various parts of the engine. Following the combustor, the flow
enters the turbine where the flow expands and converts the enthalpy into work. Part of the
generated work is used to spin the compressor shaft, which allows the engine to be a self-sustaining
process. In the case of a land based gas turbine engine, the remaining work can be extracted by an
electric generator. For aerospace applications, such as a turbojet engine, the flow is sent through a
nozzle converting the enthalpy into a high speed jet, which generates the thrust to propel the aircraft.
Figure 1.1 shows a cross-section of a Pratt & Whitney PW4000 turbofan engine, highlighting the
compressor, combustor, and turbine.

Figure 1.1. Cross-section of a Pratt & Whitney PW4000 turbofan engine (adapted from [1])
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1.1 Motivation
Given the rising fuel costs and concern for the environment, designers strive to increase
the fuel efficiency of engines and reduce harmful emissions. The ideal Brayton cycle suggests that
the efficiency of a gas turbine engine can be improved by increasing the overall pressure ratio, as
shown in Figure 1.2. However, increasing the pressure ratio also causes an increase in the
temperature in the combustor and turbine sections of the engine.

With higher operating

temperatures, the lifespan and durability of the engine components rapidly decreases. To improve
durability, modern gas turbine engines use high temperature materials and coatings, as well as
direct cooling methods to protect the engine hardware. Because operating temperatures in the
combustor and turbine sections of the engine are significantly higher than the melting temperature
of the metal components, direct cooling methods are essential.

Figure 1.2. Thermal efficiency of an ideal Brayton cycle as a function of pressure ratio [2].
As mentioned earlier, a portion of the air is bled from the compressor to be used in cooling
various components in the combustor and turbine. Figure 1.3 shows a cross-section of a combustor
with a simplified illustration of the main and secondary air paths. Increasing the amount of bleed
air is not a realistic option to improve engine efficiency because adding more coolant would detract
from the necessary air in the combustion process. Instead, designers must develop more effective
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methods of cooling components so that the engines can withstand higher temperatures with a
limited amount of coolant. While there are multiple cooling methods that are relevant to the turbine
section, the scope of this thesis is limited to the combustor.

Igniter
Fuel Injector

Outer Casing
Liner

Diffuser

Figure 1.3. Cross-section of a General Electric CF6-50 annular combustor with a simplified
schematic of the secondary air path (adapted from [3])
To combat the high temperatures in the combustion chamber, modern gas turbines
commonly use double-walled combustor liners with impingement and effusion cooling as shown
in Figure 1.4. The impingement cooling plate contains an array of small perpendicular holes that
create jets of coolant that strike the backside of the effusion cooling plate. The impingement jets
increase the internal heat transfer coefficient, which enhances the backside internal cooling of the
effusion cooling plate. The coolant is then fed through the effusion plate, which contains an array
of shallow angled effusion holes. The coolant exits through the effusion holes and creates a
protective film layer of coolant over the external surface of the combustor liner to create a barrier
between the metal liner and the high temperatures in the combustion chamber.
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Effusion
Plate

Impingement
Plate

Figure 1.4. Sketch of a double-walled cooling liner with impingement and effusion cooling
(adapted from [4])
As shown in Figure 1.5, modern combustor liners also include large dilution holes, which
inject high-momentum jets of coolant into the combustion chamber. These dilution jets generate
high levels of turbulence which helps to mix the fuel and air, allowing for lean fuel burn. Through
the lean burning process, harmful NOx emissions are significantly decreased. Additionally, the
coolant from the dilution jets mix with the air in the combustor to reduce the air temperature before
entering the turbine. Unfortunately, the need for dilution jets in the combustor highly complicates
the flow, making it difficult to cool the liner walls, especially in the regions near the dilution jets.

Figure 1.5. Photographs of a combustor liner with effusion and dilution holes [5].
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1.2 Objectives and Uniqueness of Research
The primary goal of this research is to investigate the cooling effectiveness and flowfields
of a realistic double-walled combustor liner in the region near the dilution hole. Three different
effusion cooling hole patterns that were varied in the region surrounding the dilution holes are
presented in this thesis to evaluate the interactions between the effusion cooling and dilution jets.
This thesis presents both surface temperature measurements and flowfield measurements for each
effusion cooling hole pattern. Unlike previous literature, the current study focuses on the region
near the dilution hole. In addition, this study also evaluates a double-walled combustor liner with
internal cooling and conduction effects, whereas all relevant past studies with both effusion and
dilution holes used a single-walled liner with adiabatic walls. The detailed surface temperature and
flowfield measurements presented in this thesis will provide insight as to how cooling methods
near the dilution hole can be improved.
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Chapter 2
Effects of Effusion Cooling Pattern Near the Dilution Hole for a DoubleWalled Combustor Liner – Part 1: Overall Effectiveness Measurements1

Abstract
The complex flowfield in a gas turbine combustor makes cooling the liner walls a
challenge. In particular, this paper is primarily focused on the region surrounding the dilution
holes, which is especially challenging to cool due to the interaction between the effusion cooling
jets and high-momentum dilution jets. This study presents overall effectiveness measurements for
three different cooling hole patterns in a double-walled combustor liner. Only effusion hole
patterns near the dilution holes were varied, which included: no effusion cooling; effusion holes
pointed radially outward from the dilution hole; and effusion holes pointed radially inward toward
the dilution hole. The double-walled liner contained both impingement and effusion plates as well
as a row of dilution jets. Infrared thermography was used to measure the surface temperature of
the combustor liners at multiple dilution jet momentum flux ratios and approaching freestream
turbulence intensities of 0.5% and 13%.
Results showed the outward and inward geometries were able to more effectively cool the
region surrounding the dilution hole compared to the closed case. A significant amount of the
cooling enhancement in the outward and inward cases came from in-hole convection. Downstream
of the dilution hole, the interactions between the inward effusion holes and the dilution jet led to
lower levels of effectiveness compared to the other two geometries. High freestream turbulence
caused a small decrease in overall effectiveness over the entire liner and was most impactful in the
first three rows of effusion holes.

Shrager, A. C., Thole, K. A., and Mongillo, D., 2018, “Effects of Effusion Cooling Pattern Near the Dilution
Hole for a Double-Walled Combustor Liner – Part 1: Overall Effectiveness Measurements,” Proc. ASME
Turbo Expo, GT2018-77288.
1
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2.1 Introduction
Firing temperatures in modern gas turbine combustors are much higher than the melting
temperatures of the metal combustor liners. Effectively cooling the walls of the combustion
chamber in a gas turbine is essential for durability. A modern gas turbine engine often employs a
double-walled combustor liner with impingement and effusion cooling plates. Impingement
cooling enhances the backside internal cooling, while effusion cooling creates a protective film of
coolant along the external liner walls. Additionally, modern combustors use large dilution jets,
which are necessary for mixing the fuel and air. The mixing produced by the dilution jets allow
for lean burning of the remaining fuel, which reduces NOx emissions.
Cooling the liner walls is a difficult challenge, particularly near the dilution holes where
the effusion flow and the dilution jets interact. Although there have been many past studies on the
thermal performance of combustor liners, the region near the dilution holes is not well understood.
To better understand the thermal performance near the dilution holes, the current study examines a
double-walled combustor liner with three different effusion cooling patterns near the dilution holes.
The effusion hole patterns, which were varied in the region surrounding the dilution hole included:
no effusion cooling (closed); a ring of effusion holes pointed radially outward from the dilution
hole (outward); and a ring of effusion holes pointed radially inward from the dilution hole (inward).
Overall effectiveness results will be presented for each of the effusion hole patterns. The
primary objective of this paper is to evaluate the cooling in the region near the dilution hole;
however, data is also presented for the entire combustor liner. Each geometry will also be evaluated
over a range of dilution jet momentum flux ratios and approaching freestream turbulence
intensities. This study provides a unique understanding of how the effusion cooling pattern near
the dilution jets affect the surface temperature of a realistic combustor liner.

2.2 Relevant Past Studies
Multiple past studies have been published on effusion cooling, also known as full-coverage
film-cooling, with and without dilution holes. This section reviews the general effects of effusion
cooling and how a dilution jet impacts the coolant film. Although the current study evaluates a
double-walled combustor liner, all relevant past studies only contained single-walled combustor
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liners that focused on the external cooling. Additionally, all effusion liner studies discussed were
for angle effusion holes only.
Scrittore et al. [6] measured the flowfield and adiabatic effectiveness of a single-walled
effusion liner without dilution holes. Their results indicated that the velocity profile became fully
developed after 15 rows of effusion holes and scaled with blowing ratio. They also found that
increasing the effusion momentum flux ratio from Ieff,in = 11 to 26 did not affect the penetration
height of the cooling jets after the flow became fully developed. In addition, they found that the
momentum flux ratio for the effusion jets did not have any impact on the effectiveness for the first
three rows of holes. In a different study with only effusion cooling, Facchini et al. [7] found that
increasing the effusion blowing ratio generally led to decreased adiabatic effectiveness due to jet
separation; however, overall effectiveness increased at high blowing ratios due to in-hole
convection. Martin and Thorpe [8] studied the effects of freestream turbulence intensity on effusion
cooling without dilution jets and found that at low blowing ratios of the effusion jets (Meff,in < 0.5),
high freestream turbulence resulted in decreased adiabatic effectiveness; whereas at relatively high
blowing ratios, up to Meff,in = 1.4, high freestream turbulence caused an increase in adiabatic
effectiveness. This phenomena was attributed to the turbulent mixing that brought separated
coolant back toward the surface. Kakade et al. [9], also found similar effects of high freestream
turbulence to Martin and Thorpe for blowing ratios of the effusion jets up to Meff,in = 1.5. However,
Kakade et al. found that high freestream turbulence had an adverse effect on adiabatic effectiveness
at the highest evaluated blowing ratio (Meff,in = 2). This adverse effect of high freestream turbulence
was believed to be a caused by turbulent mixing of hot mainstream flow towards the surface.
Multiple studies have evaluated the effects of the interaction between a slot film and
dilution jet. Odgers and Son [10] found that when the momentum flux ratio of the dilution jet was
below unity, there was a benefit in the cooling effectiveness behind the dilution hole due to the slot
film. However, for the more engine-realistic case, where the momentum flux ratio of the dilution
jet is much above unity, there was a decrease in slot film effectiveness behind the jet. Similar to
Odgers and Son, Button [11] found that the effectiveness of the film interrupted by a jet was always
lower than the film alone. Martiny et al. [12] found that there was a suction effect behind the
dilution jet due to the formation of counter-rotating vortices, which caused the film to lift off the
surface and resulted in a decrease in effectiveness. The decrease in effectiveness, downstream of
the dilution hole, was least detrimental when high film blowing ratios were paired with low dilution
jet momentum flux ratios.
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Ceccherini et al. [13] experimentally evaluated the overall effectiveness of a single-walled
effusion liner with a single dilution hole. These researchers found that the effectiveness steadily
increased due to the effusion cooling as the film developed along the liner; however, downstream
of the dilution jet, the effectiveness levels were relatively constant for the remainder of the test
plate. They also found that there was a decrease in adiabatic effectiveness at higher effusion
velocity ratios. Multiple other relevant studies [14,15] have been performed for the same liner
geometry used by Ceccherini et al. Facchini et al. [14] found that increasing the effusion blowing
ratio resulted in an increase in the heat transfer coefficient. They also found that downstream of
the dilution hole, there was no significant effect of the dilution jet on the heat transfer coefficient.
Andreini et al. [15] studied the effects of density ratio and found that the heat transfer coefficient
scaled with velocity ratio; however, adiabatic effectiveness scaled with blowing ratio.
For a single-walled combustor simulator that included both effusion cooling and dilution
jets, Vakil and Thole [16] experimentally found that the dilution jets dominated the flow and
thermal field after injection. In addition to generating high turbulence levels, the dilution jets
entrained coolant from the surface, causing the thermal boundary layer to become thin just behind
the jets. However, farther downstream of the dilution jets, the increased turbulence levels led to a
thick thermal boundary layer.
In a study with similar geometry to Vakil and Thole [16], Scrittore et al. [17] also reported
film coolant lifting off the wall due to dilution jet entrainment. Scrittore et al. also found that as
the momentum flux ratio for the dilution jets was increased from ID = 60 to 125 for the same
effusion cooling flows, the effectiveness behind the dilution hole decreased. In addition, farther
downstream from the dilution jet, the increased turbulence levels led to increased lateral spreading
of the effusion jets in both cases.
In another study by Scrittore [18], a single-walled combustor liner with dilution holes was
evaluated with and without effusion cooling. Without effusion cooling, a strong vortex formed
along the lateral edges of the dilution jets. However, when effusion cooling was present, the
intensity of the vortex diminished and shifted higher off the wall. Scrittore also found that there
was increased film attachment in the regions between the dilution jets due to the flow accelerating
around the dilution jets which decreased the local momentum flux ratio of the effusion jets.
The study presented in this paper is unique for several reasons. First, this study focuses on
the effusion cooling and dilution jet interactions near the dilution hole. Second, the current study
presents multiple effusion hole geometries near the dilution hole that provide insight into how to
improve cooling near the dilution hole.

Additionally, this study evaluates a double-walled
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combustor liner, which included the effects of internal cooling for a realistic combustor liner
geometry.

2.3 Experimental Methods
Overall effectiveness measurements of the combustor liner were made in a low speed,
closed loop wind tunnel. The combustor simulator used in this study is a modified version of what
has been previously described by Vakil and Thole [16] and Scrittore et al. [17]. The flow is driven
by an axial fan and is cooled through a heat exchanger before being split into a mainstream and
secondary path. The mainstream path is heated and passed through flow conditioning screens
before entering the test section shown in Figure 2.1. The test section includes symmetric quarter
rounds that reduce the area at a contraction ratio of 1.8:1, resulting in a final height of 0.55 m and
width of 1.11 m. The quarter rounds were located at x/D = -36.5, where D is the diameter of the
dilution hole and the origin is located at the center of the dilution hole.
As shown in Figure 2.1, a turbulence grid, modeled after the grid used by Schroeder and
Thole [19], was used to generate high freestream turbulence intensity of Tu = 13% at x/D = -2.
Note that x/D = -2 is the streamwise location where the first row of effusion holes on the combustor
liner panel is located. The large vertical bars in the grid had a diameter of b = 42 mm. The bars
were spaced 2b center-to-center and were located 10 bar diameters (10b) upstream of the first row
of effusion holes at x/D = -16.2. The low approaching freestream turbulence intensity, without the
grid, was Tu = 0.5%.
The mainstream velocity was measured using a pitot-static probe located 0.2 m in front of
the turbulence grid in the mid-height and mid-span center of the tunnel. The mainstream velocity
was kept at 3.4 m/s for all cases. The nominal mainstream flow temperature was measured at 40
°C using a thermocouple rake. The thermocouple rake, which was also located 0.2 m in front of
the turbulence grid, consisted of three pairs of thermocouples that spanned across the center region
of the wind tunnel. The maximum reported difference between the six mainstream thermocouples
was 1.7 °C, with more typical differences being 1.4 °C. The overall mainstream temperature was
measured as an average of those six thermocouples.
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Figure 2.1. Illustration of the combustor simulator test section.
The effusion and dilution jet flow was supplied by the coolant loop shown in Figure 2.1.
The flow through the secondary path was cooled downstream of the mainstream heater. The
coolant flowrate was provided by a blower installed on the top portion of the test section. The
flowrate of the coolant was measured with a venturi flow meter before entering the coolant supply
plenum for the double-walled combustor liner. Inside the supply plenum there was a baffle plate
to even out the flow and three pairs of thermocouples to measure the coolant temperature. Each
pair of thermocouples was evenly spaced throughout the plenum. Coolant temperature was
determined as an average of those six thermocouples. The nominal coolant temperature was 16 °C
with a maximum variation of 0.3 °C between the six thermocouples. Given the 23 °C temperature
difference between the mainstream and coolant, all test conditions were evaluated at a density ratio
of 1.08.
The test plate of interest was a double-walled combustor liner that contained both
impingement and effusion plates. Figure 2.2 shows 33% of the full span of the test plates
highlighting the region where surface measurements were taken. To span the entire wind tunnel
and ensure periodicity, the geometry shown in Figure 2.2, was repeated so that there were 15
dilution holes across. This arrangement of the effusion and dilution holes was based on the
geometry presented by Scrittore [18]. The panel design consisted of a cold side with impingement
holes that fed the effusion holes on the hot side as well as dilution holes that were fed directly from
the coolant supply plenum. The diameter of each dilution hole was D = 29.6 mm with pitchwise
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spacing of 2.1D. The radially surrounding effusion holes were located 0.69D from the center of
each dilution hole. Figure 2.3 shows the orientation and geometric parameters of the effusion and
impingement holes. The spacing of the impingement holes was identical to that of the effusion
holes, but were staggered from the effusion holes a distance of 1.8d, where d is the diameter of the
effusion and impingement holes.

Flow
x/D = 1.96

x/D = 4.4

y

x

x

y

Effusion Cooling (Hot Side)

Impingement (Cold Side)

Figure 2.2. Illustration of the center portion (33% of the span) of the test plate including the
effusion and impingement plates with a pitchwise spacing of the dilution holes at 2.1D. The
measurement area is defined by the blue box.
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Figure 2.3. Illustration of the effusion and impingement holes detailing the geometry and
parameters. Note for the top down view, solid lines indicate effusion holes and dashed lines
indicate impingement holes.
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As was discussed in the introduction, the focus of this study was to determine the effects
of different cooling hole patterns near the dilution hole. As shown in Figure 2.4a, the baseline,
closed pattern has no surrounding effusion holes. The other two patterns, shown in Figures 2.4b
and 2.4c include additional effusion holes that are directed radially outward and radially inward to
the dilution hole, respectively. The panels in this study were additively manufactured using powder
bed fusion of a glass filled nylon, with a thermal conductivity of k = 0.47 W/m-K. The closed
geometry was created by filling the radially surrounding effusion holes with water soluble wax.

Closed (a)

Outward (b)

Inward (c)
Figure 2.4. Cross sectional view of the cooling patterns near the dilution hole for the (a) closed,
(b) outward, and (c) inward cases.
All three liner geometries were evaluated at three momentum flux ratios based on the flow
through the dilution hole, ID = 30, 20, and 11. In order to determine the momentum flux ratio with
respect to the dilution hole, the mass flow through the dilution holes was experimentally determined
by evaluating flow parameters as a function of pressure ratio for the panels, with and without the
dilution holes plugged. Static pressure taps were installed inside the coolant supply plenum and on
the external surface of the panels to measure the pressure across the panel. The panels were tested
over a range of pressure ratios with and without the dilution holes plugged. At a given pressure
ratio the difference between the flow parameter on each curve represented the amount of flow
through just the dilution holes. This experimental study determined that 73% of the coolant supply
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flow went through the dilution holes while the other 27% went through the effusion holes for the
ID = 30 case. In addition, 74% and 75% of the coolant supply flow went through the dilution holes
for the ID = 20 and 11 cases respectively. The inlet momentum flux ratio based on the effusion jets,
Ieff,in, and blowing ratios based on both the dilution jets and effusion cooling jets, MD and Meff,in,
were also determined for each case. A summary of the test condition is listed in Table 2.1. Note
that the values given were based on the inlet velocity at the start of the test plate.

Table 2.1. Summary of Test Cases Based on the Inlet Parameters
Freestream
Turbulence Intensity

ID

Ieff,in

MD

Meff,in

DR

13%

30

24

6

5

1.08

13%

20

15

5

4

1.08

13%

11

7

3

3

1.08

0.5%

30

24

6

5

1.08

Due to the addition of mass at each row of effusion holes, there was an increase in the local
mainstream velocity at each row of effusion holes, thus decreasing the local momentum flux ratio.
Figure 2.5, shows the local effusion momentum flux ratio, Ieff, at each row of effusion holes
normalized by the inlet effusion momentum flux ratio, Ieff,in. Inlet velocity and the added mass at
each row were used to calculate the mass-averaged freestream velocity at each row. Due to the
large amount of coolant added, the case for Ieff,in = 24 had the greatest local momentum flux ratio
reduction of 11.7%. The cases for Ieff,in = 15 and 7 had lower momentum flux ratio reductions of
9.7% and 7.2% respectively. Overall, the addition of coolant did not have a significant impact on
the local momentum flux ratio because of the minimal change in the pressure ratio across the test
plates.
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Figure 2.5. Local effusion momentum flux ratio, Ieff, normalized by inlet effusion momentum
flux ratio, Ieff,in, for each of the flow conditions.

2.3.1 Overall Effectiveness Measurements
To obtain relevant data for a gas turbine engine, overall effectiveness measurements
require matching the Biot number, Bi, and the heat transfer coefficient ratio, h ∞/hi. As described
by Williams et al. [20] and Mensch and Thole [21], if the engine conditions are matched to the
experimental conditions, the overall effectiveness presented in Equation (1) provides engine
relevant data.

ϕ=

T∞ − Tw
T∞ − Tc,in

(1)

The external heat transfer coefficient, h∞, was calculated using a turbulent correlation for
average Nusselt number over the entire panel [22]. The internal heat transfer coefficient, hi, was
estimated at each momentum flux ratio of the dilution jet using an average Nusselt number
correlation for an impingement array with staggered impingement jets exiting through vent holes
from Hollworth and Dagan [4]. The relevant parameters for this study are summarized in Table
2.2 along with relevant engine values. Because no public literature lists this information for a
double-walled combustor liner, Bi and h∞/hi are engine conditions approximated from the turbine
blade endwall conditions given by Mensch and Thole [21]. The approximations were made by
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assuming that the velocity in the combustor was an order of magnitude less than the velocity in the
turbine.

Table 2.2. Summary of Relevant Parameters and Test Conditions
Parameter
Model
Engine Conditions
ID

11, 20, 30

33 [23]

k (W/m-K)

0.47

22

t (mm)

1.8

1

Bi = h∞t/k

0.066

~ 0.02

h∞/hi

ID=11

0.073

ID=20

0.060

ID=30

0.049

~ 0.15

To determine overall effectiveness, Surface temperature measurements were taken using
an infrared camera that was calibrated in situ. As shown in Figure 2.1, an infrared camera was
placed directly above the combustor panel in the upper bypass section of the wind tunnel. The
camera was located at a height of 0.6 m above the panel. Given the placement of the camera, the
resulting image resolution was 2.5 pixels/mm which equates to 2 pixels/d. For each data set, ten
images taken every ten seconds were averaged together. The images were calibrated in situ with
three ribbon thermocouples that were glued to the panel with a thermally conductive paste. Due to
the high emissivity of the glass-filled nylon, which was determined experimentally to be ε = 0.95
through the calibration, the panels were not painted. To ensure the calibration covered the entire
range of the surface temperatures, the thermocouples were placed in the hottest and coolest parts
of the panel and one intermediate area.

After calibration, the differences in the calibrated

temperature and the measured temperatures were at most ±0.7 °C, but were nominally ±0.4 °C.
Overall effectiveness was then calculated with Equation (1) using the mainstream temperature
which was measured in front of the turbulence grid and the coolant temperature which was
measured in the coolant supply plenum.
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2.3.2 Uncertainty Analysis
An uncertainty analysis was performed for the variables describing the test conditions and
the overall effectiveness measurements. Bias uncertainties were determined using the partial
differentiation method presented by Moffat [24]. The bias uncertainty for ID was at most ±12.4%
for ID = 11 and ±11% for ID = 30. The bias uncertainty for Ieff,in was at most ±16.8% for Ieff,in = 7
and ±14.5% for Ieff,in = 20. The precision uncertainties for the momentum flux measurements were
determined to be negligible.
The bias uncertainty of the effectiveness measurements was driven primarily by the
uncertainty of the coolant temperature and partially by the uncertainty of the surface temperature.
From the calibration, the uncertainty of the surface temperature was determined by the uncertainty
of the ribbon thermocouples on the surface which was ±0.5 °C. The uncertainty of the overall
effectiveness was highest at ±8% for ϕ=0.41 and lowest at ±5% for ϕ=0.97. Precision uncertainty
was determined by repeating the same case four times, each on different days. For a 95%
confidence interval as presented by Figliola and Beasley [25], the precision uncertainty was ±2.8%
for centerline effectiveness, ±2.5% for radially averaged effectiveness, ±1.8% for laterally averaged
effectiveness, ±2.3% for spatially averaged effectiveness in front of the dilution hole, and ±2.1%
for spatially averaged effectiveness behind the dilution hole.

2.4 Overall Effectiveness Results
Overall effectiveness measurements were made over the entire streamwise length of each
combustor panel within the span of three dilution jets. The effectiveness data will be first presented
for each of the geometries at Tu = 13% and ID = 30 with specific attention on the area near the
dilution hole. Next, the impact of momentum flux ratio will be discussed. Finally, effectiveness
will be evaluated at Tu = 0.5% to quantify the effects of freestream turbulence intensity.

2.4.1 Effects of the Effusion Hole Pattern
The effects of the different effusion patterns near the dilution hole were evaluated at a
dilution jet momentum flux ratio of ID = 30 and approaching turbulence intensity of Tu = 13%.
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Figures 2.6a-2.6c show the overall effectiveness contours for the closed, outward, and inward cases.
Observing the overall contours for each case, particularly around the dilution hole and in the wake
region, there was good symmetry and periodicity across the three dilution jets. In each of the cases,
there was a hot region in the first three rows of effusion holes that was similar for each case. Also
similar was a ring of low effectiveness that was formed around the dilution holes. The additional
effusion holes in the outward and inward cases, shown in Figures 2.6b and 2.6c, led to higher
effectiveness around the dilution holes.
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Figure 2.6. Overall effectiveness contour plots for the (a) closed, (b) outward, and (c) inward
geometries at ID = 30 and Tu = 13%.
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Upstream of the dilution hole for all three patterns, shown in Figures 2.6a-2.6c, there was
a region of low effectiveness at the leading edge of each test plate. This hot region was similar for
each case, which is expected since the upstream geometries are identical. For each case, the
effectiveness is relatively constant until the third row of effusion holes, at which point the
effectiveness begins to steadily increase until just before the dilution hole at x/D = -0.8. In
correspondence with the current study, previous work by Scrittore et al. [6] and Ceccherini et al.
[13] found that for a single-walled effusion plate, the effectiveness was relatively constant in the
first few rows of effusion holes before improving. Scrittore et al. also documented that this
phenomenon was caused by higher penetration of the effusion jets in the first few rows of effusion
holes.
For the closed and outward cases, shown in Figures 2.6a and 2.6b, a distinct triangular
region of lower effectiveness formed behind the jet as a result of the wake. This wake region behind
the jets narrowed farther downstream until it was no longer visible in the cooling pattern at x/D =
3. There were also noticeable effects of the wake for the inward case, shown in Figure 2.6c;
however, the regions in between the wakes had a lower effectiveness compared to the closed and
outward cases. This lower effectiveness was attributed to the flow interaction between the inward
facing effusion holes and the dilution jet, which created a wider, less defined wake region
downstream of the dilution jets, compared to the closed and outward cases.
Multiple past studies have described similar effects of the wake behind a dilution jet. As
mentioned earlier, Martiny et al. [12] studied the effects of a slot film interaction with a jet and
found a region of decreased effectiveness which lasted until approximately three dilution hole
diameters downstream. Scrittore [18] found that the wake region behind the dilution jet, which
caused low surface pressure lasting until x/D = 3, resulted in some of the film layer lifting off the
surface. Flow and thermal field measurements from Vakil and Thole [16] showed a region of
recirculation behind the dilution jet lasting two dilution hole diameters downstream of injection,
which transported hot gas below the core of the jet and led to a thin coolant layer. Additionally,
another study by Scrittore et al. [17] found that downstream of the dilution jet a significant amount
of the effusion cooling flow was entrained into the jet core. Similar to the past studies, the
decreased effectiveness shown in Figures 2.6a-2.6c can be explained by partial entrainment of the
coolant layer into the dilution jet.
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Figure 2.7. Close up view of overall effectiveness contour plots in the region near the dilution
hole for the (a) closed (b) outward, and (c) inward cases at ID = 30 and Tu = 13% with light
gray circles representing the locations of the impingement holes.
Figures 2.7a-2.7 show a close-up of the effectiveness around the dilution holes for the three
cases. Note that the dark blue effectiveness is where the external effusion jets are located and the
light gray circles that are superimposed provide the locations of the impingement jets. As shown
in in Figures 2.7a-2.7c, the general shape of the hot ring surrounding the dilution hole in each case
was widest at the leading edge, narrowed around the sides, and then widened again at the trailing
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edge. The shape of the hot ring around the dilution hole in each case appears to be dictated by the
surrounding impingement holes, indicating that the impingement cooling had a significant impact
on the overall cooling.
There were significant differences in the effectiveness surrounding the dilution hole due to
the different effusion hole patterns, shown in Figures 2.7a-2.7c. In Figure 2.7a, the effectiveness
levels around the dilution hole were significantly lower for the closed case than in outward and
inward cases, shown in Figures 2.7b and 2.7c. The additional effusion holes surrounding the
dilution hole for the outward and inward cases enhanced the cooling around the dilution hole, as
would be expected. However, compared to the inward case, the outward pointing effusion holes
were more effective in reducing the size of the hot region near the leading and trailing edges of the
dilution hole. Compared to the closed case (Figure 2.7a), the largest impact of the outward pointing
effusion holes (Figure 2.7b) was detected behind the jet from x/D = 0 to 0.8, where the addition of
coolant significantly enhanced the cooling.
Although the additional effusion holes for the outward and inward cases, shown in Figures
2.7b and 2.7c, improved the effectiveness compared to the closed case (Figure 2.7a), there were
generally no visible signs of coolant attaching to the surface. At such a high momentum flux ratio
of the effusion jet (Ieff,in = 24), jet lift-off would be expected. Because there was no coolant attached
to the surface, the improved cooling effectiveness for the outward and inward cases compared to
the closed case must have come from in-hole convection. Similar to the current study, Facchini et
al. [7] found that when there were conduction effects, effusion holes acted as a heat sink due to the
in-hole convection, especially at higher blowing ratios.
As mentioned before, compared to the outward case (Figure 2.7b), the inward case (Figure
2.7c) had a wider hot region at the leading and trailing edges of the dilution hole. This difference,
in part, can be explained by the physical hole location of the closest effusion hole. As was shown
in Figures 3.4b and 3.4c, the outward effusion holes sloped toward the edges of the dilution hole
while the inward effusion holes sloped away. Because the outward pointing effusion holes were
physically closer to the edges of the dilution hole, compared to the inward pointing holes, the
outward holes drew more heat away from the edges of the dilution hole through in-hole convection.
Centerline overall effectiveness measurements shown in Figure 2.8 for each of the effusion
cooling patterns near the dilution hole, provide a quantitative comparison of the cooling
effectiveness of each pattern in the region near the dilution hole. Note that across the dilution hole
from from x/D = -0.5 to 0.5, the centerline overall effectiveness, ϕCL = 1, since the temperature in
this range was measured inside the coolant plenum. In addition, the peaks in effectiveness indicate
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where the core of the effusion jet exited the hole. The peaks in effectiveness for the outward and
inward holes were in different locations due to the physical outlet of the effusion holes.
As expected, the centerline effectiveness for each case, shown in Figure 2.8, was the same
upstream of x/D = -0.8, where the geometries were identical. After x/D = 0.9, where the geometries
became the same again, the centerline effectiveness for each case was also similar, with the outward
case having only slightly higher effectiveness than the other two cases. The differences in effusion
cooling patterns in the centerline effectiveness data, started upstream of the dilution hole at x/D =
-0.9. For the closed case, where there was no additional effusion cooling, the effectiveness steadily
decreased up until the leading edge of the dilution jet. Conversely, the effectiveness of the outward
and inward cases showed a second peak upstream of the dilution hole, where the effusion holes
were located.

In addition to the increase in effectiveness across the outlet of each respective

effusion hole, the effectiveness of the outward and inward cases was also enhanced by internal
cooling and in-hole convection. Although there were no internal impingement holes after x/D = 1 for any of the cases, the outward and inward effusion holes were drawing coolant from the
impingement jets that provided additional internal cooling upstream of the dilution hole.
Furthermore, the heat sink effect, due to in-hole convection, in the outward and inward effusion
holes improved the effectiveness compared to the closed case.
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Figure 2.8. Centerline overall effectiveness near the dilution hole plot at I D = 30 and Tu =
13% near the dilution hole.
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Also shown in Figure 2.8, the outward and inward case had similar centerline effectiveness
levels directly at the leading and trailing edges of the dilution hole. However, as mentioned before,
the hot region surrounding the dilution hole for the outward case, was narrower compared to the
inward case because the internal cooling for the outward holes occurred closer to the edges of the
dilution hole.
Figure 2.9a, shows radially-averaged effectiveness levels around the inner and outer rings
surrounding the dilution hole, where β = 180° refers to the leading edge of the dilution hole. The
inner ring, marked by the solid circles in Figure 2.9b, extends from D to 1.24D. The outer ring,
which extends from 1.24D to 1.7D, captures the region where the effusion holes directly influence
the overall effectiveness. Figure 2.9b shows the overall effectiveness contours in the region near
the dilution hole and illustrates the inner and outer rings as well as the orientation of the axis of
rotation.
For all cases in both the inner and outer rings, shown in Figure 2.9a, the regions of highest
effectiveness were located at β = 60° and 300°, where the cooling was enhanced by nearby
impingement holes. Over the entire inner ring for each case, the lowest levels of effectiveness were
located at the leading and trailing edges. At the leading edge, from β = 115° to 225°, there was a
slight improvement in the inner ring effectiveness for the outward case compared to the closed case.
Conversely, the inner ring effectiveness of the inward case was similar to the closed case at the
leading edge, despite the additional cooling holes. However, at the trailing edge, the inner ring
effectiveness levels for the outward and inward cases, which were similar to each other, were
significantly higher than the closed case. In the outer ring, the outward and inward cases had nearly
the same effectiveness levels around the entire dilution hole.

In addition, the outer ring

effectiveness for the closed case was consistently lower than that of the outward and inward cases,
especially at β = 180°.
Although the centerline effectiveness data, shown in Figure 2.8, showed that the
effectiveness for the inward case was higher at the leading edge compared to the closed case, Figure
2.9a, shows that over the entire leading edge (115° < β < 225°), the inner ring effectiveness was
relatively similar to the closed case. Figure 2.9a also shows that there was a small improvement in
the inner ring effectiveness for the outward case at the leading edge compared to both the closed
and inward case. As mentioned before, this increase in effectiveness is due to the physical location
of the outward pointing effusion holes which drew heat away from the leading edge through inhole convection.
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Figure 2.9. (a) Inner and outer ring effectiveness surrounding the dilution hole at ID = 30 and
Tu = 13% and (b) contour plots of the region surrounding the dilution hole illustrating the
inner and outer ring areas as well as the axis of rotation.
As shown in Figure 2.9a, the additional effusion holes in the outward and inward cases
most improved the outer ring effectiveness at the leading edge compared to the closed case. The
outer ring effectiveness for the outward and inward cases was also consistently higher than the
closed case around the entire dilution hole. However, at the trailing edge, from β = 315° to 360°,
effectiveness was lower for the inward case compared to the outward case and was only slightly
higher compared to the closed case.
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2.4.2 Effects of Momentum Flux Ratio
Effectiveness measurements for each effusion hole pattern were made for three different
momentum flux ratios: ID = 30, 20, and 11, at an approaching freestream turbulence intensity of
Tu = 13%. Note that because the effusion and dilution holes were fed by the same plenum,
decreasing the momentum flux ratio of the dilution jets also decreased the momentum flux ratio of
the effusion jets, as was discussed in the experimental methods section. Figure 2.10a shows the
laterally averaged effectiveness for the outward cases with a comparison to the baseline, which are
the closed cases, while Figure 2.10b shows the data for the inward cases with a comparison to that
of the closed cases.
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Figure 2.10. Laterally averaged effectiveness at ID = 30, ID = 20, and ID = 11 at Tu = 13% for
(a) the closed cases compared to the outward cases and (b) the closed cases compared to the
inward cases.
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Shown in both Figures 2.10a and 2.10b, there was no significant effect of changing the
momentum flux in the first few rows of cooling holes until just upstream of the dilution holes (x/D
= -0.5), where the effects of no cooling are noted for the closed cases. Similar to this study, Scrittore
et al. [6] found that for an effusion plate at Ieff,in = 11 and 26, the adiabatic effectiveness levels were
identical for the first three rows of effusion holes.
In the region just upstream and downstream of the dilution hole, Figures 2.10a and 2.10b
showed larger differences in the overall effectiveness levels for the different momentum flux ratios,
particularly at ID = 11 where the effectiveness was lowest compared to the ID = 30 cases for all
three geometries. For the closed and inward cases, there was no significant difference between the
ID = 30 and 20 cases. However, for the outward cases there was a small decrease in effectiveness
for the ID = 20 case compared to ID = 30. These effects of low effectiveness at low momentum flux
ratios also continued farther downstream of the dilution hole for the remainder of each test plate.
In correspondence with the current study, multiple past studies have also shown that
increasing the effusion or film momentum flux ratio increases the effectiveness downstream of the
dilution jet. As mentioned earlier, Martiny et al. [12] found that for a slot film that was interupted
by a dilution jet, the adiabatic effectiveness downstream of the jet decreased more at a lower film
blowing ratio of M = 1 compared to M = 2. Additionally, Scrittore et al. [17] found that the
entrainment of the film into the jet was less detrimental to the effectiveness at higher effusion
momentum flux ratios because a thick layer of coolant was more resistant to the effects of the jet.
Also in correspondence with the current study, Scrittore et al. [17] found that downstream
of the dilution jet, at the higher effusion momentum flux ratios, Ieff,in = 20, 25, and 30, there was no
significant difference between the adiabatic effectiveness levels. However, at the lowest effusion
momentum flux ratio, Ieff,in = 15, there was a noticeable decrease in effectiveness compared to the
higher effusion momentum flux ratio case, indicating that increasing the effusion momentum flux
ratio also increased the effectiveness with diminishing returns.
It can also be seen in Figures 2.10a and 2.10b, that at each respective dilution jet
momentum flux ratio, the laterally averaged effectiveness of the closed cases was higher compared
to the outward and inward cases after x/D = 3 where the wake no longer affected the flow.
However, as expected, the effectiveness of the closed cases were significantly lower than the
outward and inward cases at the leading and trailing edges of the dilution hole.
Area averaged overall effectiveness, shown in Figure 2.11, also shows there was no
significant effect from varying the momentum flux ratio upstream of the dilution hole (-2.0 < x/D
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< -0.5) for all three effusion cooling patterns. For each respective pattern, the differences upstream
of the dilution hole due to momentum flux ratio were at most 1%. Downstream of the dilution jet
(0.5 < x/D < 4.4), for the closed and inward cases, the ID = 20 and 30 cases were the same. Although
the effectiveness for the outward case at ID = 30 case was higher than at ID = 20, the difference was
only 1%. Note the precision uncertainty for area averaged effectiveness behind the dilution jet is
±2.1%. However, for each geometry, the ID = 11 case consistently had the lowest respective
effectiveness.
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Figure 2.11. Area averaged overall effectiveness for ID = 11, 20, and 30, upstream of the
dilution holes (-2.0 < x/D < -0.5) and downstream of the dilution hole (0.5 < x/D < 4.4) for Tu
= 13% with error bars displaying precision uncertainty.

2.4.3 Effects of Approaching Freestream Turbulence
To evaluate the effects of freestream turbulence, overall effectiveness data was measured
for approaching turbulence intensities of Tu = 0.5% and 13%. Figure 2.12 shows the laterally
averaged overall effectiveness for the closed, outward, and inward geometries at ID = 30 for low
and high freestream turbulence intensities. Compared to the high freestream turbulence cases, low
freestream turbulence resulted in slightly higher effectiveness for each effusion cooling pattern.
However, freestream turbulence had the most significant impact in the first three rows of effusion
holes. In addition, the impact of approaching freestream turbulence decayed downstream of the
wake region after x/D = 3.
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Figure 2.12. Laterally averaged effectiveness at ID = 30 for Tu = 0.5% and Tu = 13%.
As shown in Figure 2.12, downstream of the dilution hole, there was a larger variation
between the three effusion cooling patterns for the low freestream turbulence cases than for the
high freestream turbulence cases. Compared to the closed and inward cases, the difference between
the outward cases at Tu = 0.5% and 13% was significantly greater, particularly in the wake region
from x/D = 0.5 to 3. These same trends of decreased effectiveness can be seen in Figure 2.13,
which shows the area averaged effectiveness in the area upstream (-2.0 < x/D < -0.5) and
downstream (0.5 < x/D < 4.4). For the low freestream turbulence case, the inward jets had the
lowest and the outward jets had the highest effectiveness levels. For the high freestream turbulence
cases, the differences were quite small between the cases where the largest difference was that the
inward case showed slightly lower effectiveness values relative to the other two cases. However,
at low freestream turbulence, the differences between the outward and inward cases were more
significant.
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Figure 2.13. Area averaged overall effectiveness at ID = 30 upstream of the dilution holes (-2.0
< x/D < -0.5) and downstream of the dilution hole (0.5 < x/D < 4.4) for Tu = 0.5% and Tu =
13% with error bars displaying precision uncertainty.
The conclusion that high freestream turbulence decreased the overall effectiveness is
contradictory to previous studies that look at adiabatic effectiveness of effusion liners. As
mentioned before Martin and Thorpe [8] and Kakade et al. [9] found that high freestream
turbulence, compared to low freestream turbulence, resulted in a higher adiabatic effectiveness for
effusion blowing ratios in the range of Meff,in = 0.5 to 1.5. The reason given by each author for the
increased effectiveness was that when there was jet lift off, the turbulent mixing brought some of
the coolant back to the surface. However, Kakade et al. also found an adverse impact on adiabatic
effectiveness at high freestream turbulence for Meff,in = 2. This result implied that at very high
effusion blowing ratios, like the blowing ratio presented in the current study (Meff,in = 5), the
turbulent mixing transported more hot mainstream flow toward the surface instead of detached
coolant.

2.5 Conclusions
Three double-walled combustor liners with different effusion cooling hole patterns near
the dilution hole were evaluated for overall effectiveness. The three effusion cooling hole patterns
surrounding the dilution holes included: closed (no effusion cooling), outward pointing effusion
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holes, and inward pointing effusion holes. The effects of momentum flux ratio and approaching
freestream turbulence were also evaluated for these three patterns.
Overall effectiveness measurements showed that there was a hot ring around the dilution
hole for each effusion hole pattern, particularly where there was no impingement cooling.
Compared to the closed case, the additional effusion holes in the outward and inward cases led to
overall improved effectiveness around the dilution hole. However, due to the high effusion
momentum flux ratio, the effusion jets lifted off the surface that indicated that most of the cooling
benefits from the outward and inward cases came from in-hole convection.
When considering the effectiveness near the leading edge of the dilution hole, the inward
case was unsuccessful in improving the effectiveness compared to the closed case. Conversely,
compared to the closed and inward cases, the outward holes resulted in slightly higher effectiveness
near the leading edge of the dilution hole, due to the close proximity of the effusion holes to the
edges of the dilution hole. However, at the trailing edge, both the outward and inward pointing
effusion holes led to improved effectiveness compared to the closed case.
Overall effectiveness was also evaluated for each effusion hole pattern at three different
momentum flux ratios, ID = 30, 20, and 11. Far upstream of the dilution jet, momentum flux ratio
did not have a significant effect on any of the geometries. However, in the region near the dilution
hole and farther downstream of the dilution hole, increasing the momentum flux ratio resulted in
higher effectiveness levels with diminishing returns.
In addition, the effect of approaching freestream turbulence intensity was also evaluated at
Tu = 0.5% and 13%. Results showed that high freestream turbulence intensity generally reduced
the effectiveness across each test panel. However, freestream turbulence was most impactful in the
first three rows of effusion holes. Downstream of the dilution hole, the outward pattern was most
affected by the approaching freestream turbulence compared to the closed and inward patterns.
The results of this study showed that in-hole convection had a significant impact on the
surface cooling of the effusion cooling hole patterns surrounding the dilution holes. From a design
perspective, the outward pointing effusion holes resulted in the best cooling at the leading and
trailing edges of the dilution hole due to the close proximity of the physical effusion hole relative
to the dilution hole. However, moving the inward pointing effusion holes closer to the dilution
hole would improve the cooling closer the edges of the dilution hole through in-hole convection.
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Chapter 3
Effects of Effusion Cooling Pattern Near the Dilution Hole for a DoubleWalled Combustor Liner – Part 2: Flowfield Measurements2

Abstract
The complex flowfield inside a gas turbine combustor creates a difficult challenge in
cooling the combustor walls. Many modern combustors are designed with a double-wall that
contain both impingement cooling on the backside of the wall and effusion cooling on the external
side of the wall. Complicating matters is the fact that these double-walls also contain large dilution
holes whereby the cooling film from the effusion holes is interrupted by the high-momentum
dilution jets. Given the importance of cooling the entire panel, including the metal surrounding the
dilution holes, the focus of this paper is understanding the flow in the region near the dilution holes.
Near-wall flowfield measurements are presented for three different effusion cooling hole patterns
near the dilution hole. The effusion cooling hole patterns were varied in the region near the dilution
hole and include: no effusion holes; effusion holes pointed radially outward from the dilution hole;
and effusion holes pointed radially inward toward the dilution hole. Particle image velocimetry
(PIV) was used to capture the time-averaged flowfield at approaching freestream turbulence
intensities of 0.5% and 13%.
Results showed evidence of downward motion at the leading edge of the dilution hole for
all three effusion hole patterns. In comparing the three geometries, the outward effusion holes
showed significantly higher velocities toward the leading edge of the dilution jet relative to the
other two geometries. Although the flowfield generated by the dilution jet dominated the flow
downstream, each cooling hole pattern interacted with the flowfield uniquely. Approaching
freestream turbulence did not have a significant effect on the flowfield.

Shrager, A. C., Thole, K. A., and Mongillo, D., 2018, “Effects of Effusion Cooling Pattern Near the Dilution
Hole for a Double-Walled Combustor Liner – Part 2: Flowfield Measurements,” Proc. ASME Turbo Expo,
GT2018-77290.
2
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3.1 Introduction
Given the high temperatures in a modern gas turbine combustor, cooling the walls of the
combustion chamber is critical for durability. Modern gas turbine engines commonly use doublewalled combustor liners that contain both impingement and effusion cooling plates. The purpose
of the impingement cooling is to enhance the backside internal cooling, while the effusion cooling
protects the external walls by creating a protective film of coolant on the surface. Modern
combustors also require the use of large dilution jets for mixing the fuel and air as well as generating
high levels of turbulence. The mixing provided by the dilution jets allows for lean burning, which
reduces NOx emissions.
Cooling the liner walls is particularly difficult near the dilution holes due to the complex
interactions of the effusion flow with the high-momentum dilution jets. In order to better
understand the flow near the dilution hole, the current study evaluates the flowfield for a doublewalled combustor liner with three effusion cooling patterns that were varied near the dilution holes.
The effusion hole patterns include: no surrounding effusion cooling (closed); a ring of effusion
holes blowing radially outward from the dilution hole (outward); and a ring of effusion holes
blowing radially inward into the dilution hole (inward). Flowfield measurements were made in the
centerline plane for each of the effusion hole patterns.
The objective of this paper is to evaluate the flow in the region surrounding the dilution
hole. The flowfield of each effusion pattern will also be evaluated over a range of momentum flux
ratios and at two different approaching freestream turbulence intensities. The results provide a
unique understanding of how different effusion cooling patterns interact with the dilution jet for a
realistic combustor geometry. In addition, this paper will also provide a brief discussion on how
the flowfields relate to the surface cooling measurements, which were presented in a companion
paper [26].

3.2 Relevant Past Studies
There have been several past studies that have documented the complex three-dimensional
flowfield of a jet in crossflow. There have also been multiple studies that evaluated the flowfields
of combustor relevant geometries with dilution jets interacting with a coolant layer produced from
either discrete effusion holes or a slot. This section reviews the fundamental flowfield of a jet in
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crossflow alone, the fundamental flowfield of effusion cooling without dilution jets, and the
combined flowfield effects of a dilution jet interacting with either effusion or slot cooling. All
relevant studies with effusion cooling contained angled holes and were for single-walled combustor
liners.
Through extensive flow visualization of a jet in crossflow, Fric and Roshko [27] showed
that there were multiple vortical structures that formed from the interactions of the jet and
freestream. A horseshoe vortex formed at the leading edge of the jet, shear layer vortices rolled up
the sides of the jet, a pair of counter-rotating vortices developed as the jet was bent over with the
freestream flow, and wake vortices formed behind the jet. In addition, Fric and Roshko observed
that at low velocity ratios, the jet remained closer to the surface, even entraining some of the nearwall flow.
Kelso et al. [28] also used flow visualization to evaluate a jet in crossflow and found the
same vortical flow structures as Fric and Roshko [27]. In addition, Kelso et al. showed that flow
from the freestream was drawn toward the leading edge of the jet. Just above the leading edge of
the jet hole, the flow was either drawn into the jet hole or formed a horseshoe vortex just upstream.
They also found that the flow at the leading edge of the jet was very unsteady as a result of the
vortices. Multiple other jet in crossflow studies have also found evidence of downward motion of
the freestream into a jet hole [29–31]. Andreopoulos [29] found that there was an adverse pressure
gradient inside the leading edge of the jet hole. At low velocity ratios, the boundary layer inside
the jet hole separated and created a recirculation region that drew fluid from the freestream.
Peterson and Plesniak [30] measured the flowfield inside the a jet hole and found a region of
reversed flow and separation at the leading edge, which was thought to be caused by ingestion of
freestream fluid into the hole. Additionally, in an unsteady computational study, Holloway and
Walters [31] found ingestion of freestream flow into the leading edge of the jet hole due to low
pressure inside the hole.
Kelso et al. [28] also measured time-averaged velocity fields for a jet in crossflow and
found that behind the jet, there was a stagnation point that dictated where the flow was either
entrained into the jet or convected downstream. In a numerical jet in crossflow study, Sykes et al.
[32] also observed a stagnation point behind the jet. In addition, Scrittore [18] found a similar
downstream stagnation point to these jet in crossflow studies for a single-walled combustor liner
with effusion cooling and dilution jets.
Holdeman and Walker [33] evaluated multiple arrangements of dilution jets without
effusion holes at momentum flux ratios ranging from ID = 6 to 60. These researchers found that
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the momentum flux ratio was the most important flow parameter that affected the jet penetration
and the mixing. They also found that for a given dilution hole diameter, increasing the spanwise
spacing of the dilution holes resulted in non-uniform, three-dimensional flow effects.
For a single-walled effusion liner without dilution jets, Scrittore et al. [6] found that the
velocity profiles and turbulence levels of the effusion jets scaled with the blowing ratio of the
effusion jets. In addition, they found that once the flow was fully developed, the momentum flux
ratio of the effusion jets did not affect the penetration height. In another flow visualization study
of an effusion liner without dilution holes, Fric et al. [34] found that the film coverage from the
effusion jets was made worse as the blowing ratio increased between Meff,in = 1.7 to 3.3, while the
coverage of the effusion film improved beyond this range, resulting from an increased level of
coolant.
Scrittore [18] evaluated a single-walled combustor liner that contained a row of dilution
holes with and without effusion cooling to measure the impact of the effusion flow on the flowfield
created by the dilution jets. Through this study, Scrittore found that the dilution jet flowfield was
sensitive to the effusion flow. Even though the penetration height of the effusion jets was minimal,
the added upward momentum from the effusion jets resulted in less negative vertical velocities as
high as the midspan of the test section, compared to the case without effusion cooling.
Additionally, without effusion cooling, a vortex formed along the lateral edge of the dilution jet,
which resulted in a localized region of high streamwise velocity at the lateral edge of the dilution
jet. However, when effusion cooling was added, the vorticity was significantly reduced and the
region of high streamwise velocity shifted higher off the surface.
For a different single-walled combustor liner with effusion cooling and dilution holes,
Vakil and Thole [16] found a large recirculation region downstream of the dilution jet that
transported warm flow toward the surface. This recirculation was propagated by the counterrotating vortices that were developed by the dilution jet. They also found that a significant amount
of the coolant downstream of the dilution jet was lifted off the surface due to entrainment into the
dilution jet, resulting in a thin coolant layer. This lift-off of coolant downstream of the dilution jet
was also observed by Martiny et al. [12] for a slot film interacting with a dilution jet and by Scrittore
et al. [17] for a single-walled combustor liner with effusion cooling and dilution jets, similar to the
geometry presented by Vakil and Thole. Additionally, Scrittore et al. found that for the same
dilution jet flow, a higher momentum flux ratio for the effusion jets (Ieff,in = 25) resulted in a thicker
coolant layer behind the jet compared to a lower momentum flux ratio (Ieff,in = 12) due to the
presence of more effusion cooling flow.
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Given the limited information about the flowfield near the dilution hole with effusion
cooling in the previous literature, the current study is unique in that it presents detailed flow
measurements that are focused in the region near the dilution hole. In addition, this study presents
multiple effusion hole patterns, varied near the dilution hole, that provide insight into how different
effusion jet orientations affect the flow upstream and downstream of the dilution jet. The current
study also uses a realistic double-walled combustor liner geometry.

3.3 Experimental Methods
Flowfield measurements of a combustor liner were made in in a low speed, closed loop
wind tunnel. The combustor simulator used in this study is the same as described in a companion
paper [26] and is a modification of the combustor simulator previously described by Vakil and
Thole [16] and Scrittore et al. [17]. The flow is driven by an axial fan and sent through a
mainstream and secondary path. The mainstream flow is sent through conditioning screens before
entering the test section, shown Figure 3.1. In the test section, the area reduces at a contraction
ratio of 1.8:1 with symmetric quarter rounds, located at x/D = -36.5, where D is the diameter of the
dilution hole and the origin is at the center of the dilution hole. The height of the test section was
0.55 m with a width of 1.11 m.
A turbulence grid, shown in Figure 3.1, which is modeled after a grid used by Schroeder
and Thole [19], is used to achieve high approaching freestream turbulence intensity of Tu = 13%
at the first row of effusion holes located at x/D = -2. The grid is composed of large vertical bars of
diameter, b = 42 mm, each spaced apart 2b center-to-center. The turbulence grid is located at x/D
= -16.2 which is 10 bar diameters (10b) upstream of the first row of effusion holes. Without the
turbulence grid, the approaching freestream turbulence intensity is Tu = 0.5%.
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Figure 3.1. Illustration of the combustor simulator test section.
The mainstream velocity was measured with a pitot-static probe, set 0.2 m upstream of the
turbulence grid in the mid-height and mid-span of the wind tunnel. The mainstream velocity was
maintained at 3.4 m/s for each of the test cases presented. Although the mainstream was not heated,
the mainstream temperature was measured as an average of six thermocouples that were evenly
spaced across the mid-span of the wind tunnel, which indicated a uniform temperature field to
within 1 °C.
Also shown in Figure 3.1, is the coolant loop, which supplied the effusion and dilution jet
flow. The flow through the secondary path is driven by a blower that was installed on the top
section of the wind tunnel. The coolant flowrate is measured with a venturi flow meter before the
flow enters a supply plenum and exits through the double-walled combustor liner. The supply
plenum contained six evenly spaced thermocouples to measure the coolant temperature, which
indicated a uniform temperature field to within 0.2 °C. Flow tests were performed at a density ratio
of 1.
As previously discussed, the test plate presented in this paper was a double-walled
combustor liner with both impingement and effusion cooling plates, shown in Figure 3.2. Note that
Figure 3.2 highlights the measurement plane along the centerline of the dilution hole and only
shows 33% of the span. Also note that the measurement plane contains effusion holes which were
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located in rows 5 and 15. The geometry was repeated so that there were 15 dilution holes across
the span of the wind tunnel to ensure periodicity. The same panel geometry was presented in a
companion paper [26] and was originally modeled after a single-walled effusion liner with dilution
holes presented by Scrittore [18]. Flow from the supply plenum traveled through the impingement
holes, which then fed the effusion holes. The dilution holes, which had a diameter of D = 29.6 mm,
were directly fed from the supply plenum. The pitchwise spacing of each dilution hole was 2.1D
and the radially surrounding effusion holes were located 0.69D from the center point of each
dilution hole. The geometry and parameters of the effusion and impingement holes are defined in
Figure 3.3. Note that the spacing of the impingement holes, indicated by dashed lines, was the
same as the spacing for the effusion holes, indicated by solid lines; however, the impingement holes
were staggered a distance of 1.8d from the effusion holes, where d is the diameter of the effusion
and impingement holes.

Flow
x/D = 1.96

x/D = 4.4

y
x

Row 5

x
y

Row 15

Effusion Cooling (Hot Side)

Impingement (Cold Side)

Figure 3.2. Illustration of the center portion (33% of the span) of the combustor panel
including the effusion and impingement plates with a pitchwise spacing of the dilution holes
at 2.1D. The flowfield measurement plane is defined by the red line contains effusion holes
in row 5 and 15.
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Figure 3.3. Illustration of the effusion and impingement holes detailing the geometry and
parameters as well as defining u and w velocity directions. Note for the top down view, solid
lines indicate effusion holes and dashed lines indicate impingement holes.
As was previously mentioned, the purpose of this study was to evaluate the flowfields of
different effusion cooling patterns surrounding the dilution hole. The closed pattern, without any
surrounding effusion holes is shown in Figure 3.4a. The outward and inward patterns, shown in
Figures 3.4b and 3.4c respectively, included additional effusion holes that radially surrounded the
dilution hole and were pointed either outward or inward toward the dilution hole, respectively. The
test plates used in this study were additively manufactured from glass-filled nylon with powder bed
fusion. The closed pattern was made by filling the radially surrounding effusion holes with water
soluble wax.

Closed (a)

Outward (b)

Inward (c)
Figure 3.4. Cross sectional view of the cooling patterns near the dilution hole for the (a) closed,
(b) outward, and (c) inward cases.
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Each of the three effusion cooling patterns were evaluated over a range of dilution jet
momentum flux ratios, including ID = 30, 20, and 11. Because the effusion and dilution holes were
supplied by the same plenum, the percentage of mass flow through each set of holes was
experimentally determined. The pressure difference across the panel was measured with static
pressure taps that were installed inside the supply plenum and on the external surface of the panels.
Over a range of pressure ratios, flow parameters were evaluated for the panels with and without the
dilution holes plugged. At a given pressure ratio, the difference in the flow parameter curves
represented the amount of flow through just the dilution holes. For the ID = 30 case, 73% of the
coolant supply flow went through the dilution holes and the other 23% went through the effusion
holes. For the other two dilution jet momentum flux ratios, 74% and 75% of the supply flow went
through the dilution holes for the ID = 20 and 11 cases respectively. In addition, the inlet momentum
flux ratio based on the effusion jets, Ieff,in, and the dilution jet and effusion jet blowing ratios, MD
and Meff,in, were determined for each of the cases. Table 3.1 summarizes the test conditions, which
were based off of the inlet velocity at the start of the test plate.

Table 3.1. Summary of Test Cases Based on the Inlet Parameters
Freestream
Turbulence Intensity

ID

Ieff,in

MD

Meff,in

DR

13%

30

24

6

5

1.08

13%

20

15

5

4

1.08

13%

11

7

3

3

1.08

0.5%

30

24

6

5

1.08

Due to the addition of mass through the effusion and dilution holes, there was a local
increase of the mass-averaged freestream velocity, which decreased the local momentum flux ratio
of the effusion jets. Figure 3.5 shows the reduction of the local momentum flux ratio for the
effusion jets, Ieff, normalized by the inlet momentum flux ratio of the effusion jets, Ieff,in. The local
mass-averaged velocity was calculated with the inlet velocity and the added mass at each row of
effusion holes. The Ieff,in = 24 case had the largest reduction of local momentum flux ratio at 11.7%
because more coolant was added into the flow compared to the other two cases. The local
momentum flux ratio reductions of the Ieff,in = 15 and 7 cases were 9.7% and 7.2% respectively.
Due to the large test section and minimal change in the pressure ratio across the panel, the additional
mass added to the flow did not have a large impact on the local momentum flux ratio.
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Figure 3.5. Local effusion momentum flux ratio, Ieff, normalized by inlet effusion momentum
flux ratio, Ieff,in, for each of the flow conditions.

3.3.1 Flowfield Measurement Methods
Flowfields were measured near the dilution hole along the centerline plane, shown in
Figure 3.1, using two-dimensional particle image velocimetry (PIV). Using a dual-head laser, seed
particles were illuminated and tracked with a high-speed camera. The seed particles were atomized
with an aerosol generator and fed into the wind tunnel. The laser sheet entered normal to the
freestream through a glass window. As shown in Figure 3.1, the beam was turned 90° by a mirror
that was placed far downstream of the test plate so it would not affect the flow. The camera was
placed normal to the laser plane. Given the placement of the camera, the images had a resolution
of 11 pixels/mm. 4000 sets of image pairs captured at 1000 Hz were averaged together to generate
time-averaged flowfields, which was sufficient to achieve statistical convergence. The time delay
between each image pair was 30 µs, which resulted in near-wall particle displacement of 6-8 pixels.
The particle displacements in the dilution jet flow were typically 14 pixels given the higher
velocities. The images were processed using commercial software [35].
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3.3.2 Uncertainty Analysis
An uncertainty analysis was performed for the variables describing the test conditions and
the overall effectiveness measurements. Bias uncertainties were determined using the partial
differentiation method presented by Moffat [24]. The bias uncertainty calculated for ID was at most
±12% for ID = 11 and ±11% for ID = 30. The bias uncertainty for Ieff,in was at most ±17% for Ieff,in
= 7 and ±15% for ID = 20. The precision uncertainties, as described by Figliola and Beasley [25]
for a 95% confidence interval, of the momentum flux ratio measurements were determined to be
negligible.
Repeatability tests were also performed to determine precision uncertainty of the PIV
measurements for a 95% confidence interval [25]. The same case was repeated four separate times
on multiple days. Upstream of the dilution jet, precision uncertainty near the wall was found to be
±3% for u, ±2% for w, and ±3% for TL. Downstream of the dilution jet, precision uncertainty near
the wall was found to be ±9% for u, ±3% for w, and ±5% for TL.

3.4 Flowfield Results
Flowfield measurements were made along the centerline plane of the dilution jet for the
closed, outward, and inward effusion hole patterns, centered on the dilution holes. First, the effects
of the different effusion hole patterns will be discussed for the flowfields near the dilution hole at
an approaching high freestream turbulence of Tu = 13%. Next, the impact of momentum flux ratio
on the flowfield for each geometry will be evaluated. Finally, the effects of approaching freestream
turbulence intensity will be discussed with a comparison to low approaching freestream turbulence,
Tu = 0.5%.

3.4.1 Effects of the Effusion Hole Pattern
To observe the effects of the different effusion hole patterns near the dilution hole,
flowfields were evaluated for the closed, outward, and inward geometries. Figures 3.6a-3.6c show
contours of turbulence level with time-averaged streamlines in the centerline plane for the baseline
flow conditions of ID = 30 and Tu = 13%. Note that the turbulence levels reported are the root-
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mean-square of the two fluctuating velocity components normalized by the incoming freestream
velocity. In all three configurations, the dilution jet streamlines and turbulence levels were nearly
identical, indicating that the effusion cooling configurations had little effect on the core of the
dilution jet above the wall. Turbulence levels downstream of the dilution jet were significantly
higher than upstream due to the shear and unsteady dilution jet. Also shown in Figures 3.6a-3.6c
are effusion jets at x/D = -1.1 and 0.9 for all cases that correspond with effusion cooling rows 5
and 15 respectively, as labeled in Figure 3.1. Because the upstream geometries were the same, the
row 5 effusion jet was similar for each case, with jet lift-off and high turbulence levels resulting
from the shear, as shown in Figures 3.6a-3.6c. Between x/D = -0.75 and 0.75, the near-wall
flowfield for each case differed. In this region, the outward and inward cases contained additional
effusion holes surrounding the dilution hole, as compared to the closed case.

ID = 30, Tu = 13%
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(c) Inward
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Figure 3.6. Contours of the turbulence levels and time-averaged streamlines in the centerline
plane for the (a) closed, (b) outward, and (c) inward geometries at ID = 30 and Tu = 13%.

Of the three effusion cooling patterns, the outward case (Figure 3.6b) resulted in a
significantly different flowfield compared to the closed and inward cases (Figures 3.6a and 3.6c),
generating vortices upstream and downstream of the dilution hole. Figure 3.6b shows that for the
outward case, the shear between the effusion jet and freestream resulted in a clockwise vortex at
the leading edge of the dilution hole. Similar to a horseshoe vortex, this vortex transported
freestream flow toward the surface. For the inward case, shown in Figure 3.6c, the effusion jet just
upstream of the dilution hole, had a similar shape and magnitude relative to the row 5 jet. Compared
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to the closed case, the inward blowing effusion jet did not significantly alter the flow near the
leading edge of the dilution hole since the coolant was directly injected into the dilution jet.
Downstream of the dilution hole, there were notable differences in the flowfields resulting
from effusion hole patterns as shown in Figures 3.6a-3.6c. The closed and inward geometries
(Figures 3.6a and 3.6c) were similar with stagnation regions in the flowfield just downstream of
the dilution jet. The stagnation region defined the location where the flow was either entrained into
the dilution jet or was convected downstream. As mentioned previously, Kelso et al. [28] and
Sykes et al. [32] documented a similar stagnation region behind a jet in crossflow. Similarly,
Scrittore [18] found a stagnation region downstream of the dilution jet for a single-walled
combustor liner with effusion cooling and dilution jets. There were also differences between the
closed and inward cases downstream of the dilution hole. Compared to the closed case, the
additional effusion jet for the inward case caused the stagnation region to shift slightly downstream
with a weak vortex that formed at the trailing edge of the dilution hole.
In contrast to the closed and inward cases, the outward case (Figure 3.6b) was significantly
different. Just downstream of the dilution hole, the outward blowing effusion jet was injected
nearly vertically and then entrained into the dilution jet. Because of the trajectory of the outward
effusion jet, the stagnation region shifted downstream just above the leading edge of the row 15
effusion hole (x/D = 0.9). At the stagnation region, the shear between the entrained flow and the
row 15 effusion jet resulted in a counter-clockwise vortex that caused considerable jet lift-off of
the row 15 effusion jet.
Figures 3.7a-3.7c show close up turbulence level contours with velocity vectors at the
leading edge of the dilution hole for each geometry at ID = 30 and Tu = 13%. Upstream of the
dilution hole, Figures 3.7b and 3.7c show high levels of turbulence due to the shear of the outward
and inward effusion jets, respectively. For all three geometries, there was significant downward
motion of the flow toward the leading edge of the dilution hole that could lead to ingestion into the
dilution hole. The downward motion shown in Figures 3.7a-3.7c was consistent with previous
literature for a jet in crossflow. As mentioned before, Kelso et al. [28] showed that flow from the
freestream was ingested into the leading edge of the jet hole. In addition, Andreopoulos [29] and
Peterson and Plesniak [30] found a region of flow separation occurred inside the jet hole at the
leading edge. A similar region of flow separation was also found in a computational study by
Holloway and Walters [31], which resulted in a low pressure region that drew flow from the
freestream into the jet hole at the leading edge. Additionally, in a single-walled combustor liner
study with effusion cooling and dilution jets, Scrittore [18] showed flowfield measurements with
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downward trajectories toward the leading edge of the dilution hole that were similar to the current
study.

u / U∞ =

ID = 30, Tu = 13%
(a) Closed
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(b) Outward
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(c) Inward

z/D

x/D

Figure 3.7. Contours of the turbulence level and time-averaged velocity vectors in the
centerline plane, upstream of the dilution jet for the (a) closed, (b) outward, and (c) inward
geometries at ID = 30, Tu = 13%.
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Figure 3.7a shows that there was a significant amount of downward motion at the leading
edge of the dilution hole for the closed case, which was due to the previously mentioned low
pressure region inside the dilution hole. In comparison to the closed case, the vortex created by the
outward effusion jet at the leading edge of the dilution hole, shown in Figure 3.7b, caused
significantly more downward motion toward the leading edge of the dilution hole. For the inward
case, shown in Figure 3.7c, the effusion jet at the leading edge of the dilution hole lifted off the
surface and was entrained directly into the dilution jet. Compared to the closed and outward cases,
the effusion jet at the leading edge of the dilution hole for the inward case significantly reduced the
downward motion at the leading edge of the dilution hole due to the upward momentum of the
effusion jet.
Figures 3.8a-3.8c show close up turbulence level contours with velocity vectors
downstream of the dilution hole. Note that the field of view downstream of the dilution hole is
twice the size of the field of view upstream of the dilution hole, shown in Figures 3.7a-3.7c, to
illustrate the effects of the effusion jets that extended farther downstream. As was previously
mentioned, the flowfield downstream of the dilution hole was notably different for the outward
effusion cooling pattern relative to the closed and inward cases. The outward case (Figure 3.8b)
was most unique compared to the other two geometries downstream of the dilution hole. The
reason that the closed and inward cases were more similar downstream of the dilution hole
compared to the outward case was because the inward effusion jet injected directly into the dilution
jet and did not impact the downstream flow as much as the outward effusion jet did.
Compared to the flowfields upstream of the dilution hole (Figures 3.7a-3.7c), the
magnitudes of the velocities downstream (Figures 3.8a-3.8c) were lower in the wake of the dilution
jet. Note that the scale of the velocity vectors in Figures 3.8a-3.8c are magnified compared to the
vectors shown in Figures 3.7a-3.7c. In addition, compared to the effusion jets upstream of the
dilution hole, the region of high turbulence downstream of the dilution jets resulted in the effusion
jets quickly mixing with the mainstream. However, the turbulence levels in the cores of the
downstream effusion jets were comparable to the turbulence levels in the upstream effusion jet
cores.
As mentioned before, there was a clear stagnation region from which the flow emanates at
x/D = 0.6 for the closed case, shown in Figure 3.8a. A similar stagnation region occurred in the
inward case (Figure 3.8c) at x/D = 0.75; however, due to the shear from inward blowing effusion
jet at the trailing edge of the dilution hole, a weak vortex developed around the stagnation region.
In comparing the inward case to the closed case, there was strong reverse flow between x/D = 0.5
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to 0.7, resulting from the added momentum of the inward blowing effusion jet that was entrained
into the dilution jet. Additionally, in the region between the two effusion holes downstream of the
dilution hole (0.75 < x/D < 0.95), there was downward motion in the inward case, which was
induced by the weak vortex.

ID = 30, Tu = 13%

u / U∞ =

(a) Closed

z/D

(b) Outward
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x/D

Figure 3.8. Contours of the turbulence level and time-averaged velocity vectors in the
centerline plane, downstream of the dilution jet for the (a) closed, (b) outward, and (c) inward
geometries at ID = 30, Tu = 13%. Note that the field of view is from x/D = 0.4 to 1.2.
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Compared to the closed and inward cases (Figures 3.8a and 3.8c), the downstream
flowfield of the outward case (Figure 3.8b) was significantly different due to the interactions of the
two downstream effusion jets. As mentioned before, the effusion jet at the trailing edge of the
dilution hole for the outward geometry was entrained by the strong dilution jet, which resulted in
an upward trajectory of the effusion jet. Due to the trajectory, the outward blowing effusion jet
entrained flow from farther downstream toward the dilution jet and the shear between the entrained
flow and the row 15 effusion jet resulted in the formation of a vortex just upstream of the row 15
effusion jet at x/D = 0.9. There was also downward motion at the trailing of the dilution hole in
the outward case. However, compared to the flow upstream of the dilution hole, shown in Figures
3.7a-3.7c, the magnitude of downward motion at the trailing edge of the dilution hole was much
less.

3.4.2 Effects of Momentum Flux Ratio
Flowfield measurements were made for each effusion hole pattern for three momentum
flux ratios of the dilution jet, ID = 30, 20, and 11, at an approaching freestream turbulence intensity
of Tu = 13%. As mentioned in the experimental methods section, the dilution holes and effusion
holes were supplied by the same plenum, which meant that as the momentum flux ratio of the
dilution jets decreased, so did the momentum flux ratio of the effusion jets. Figures 3.9a-3.9i show
the turbulence level contours with time-averaged streamlines for each geometry at Tu = 13% and
each momentum flux ratio. For all cases, decreasing the momentum flux ratio resulted in lower
turbulence levels in the shear layer of the dilution jet due to a decreased velocity gradient between
the dilution jet and freestream. Additionally, at the lowest momentum flux ratio of the dilution jet,
ID = 11, there was a noticeable bend in the dilution jet for all geometries. Similar to the dilution
jets for each geometry, the turbulence levels of the effusion jets decreased with decreasing
momentum flux ratio of the dilution jet, which would be expected since the effusion momentum
flux ratio was also decreasing. Upstream of the dilution hole, decreasing the momentum flux ratio
did not significantly impact the streamlines for any of the geometries. However, the vortex that
formed at the leading edge of the dilution hole for the outward cases weakened with decreasing
momentum flux ratio, as shown in Figures 3.9d-3.9f.
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Figure 3.9. Contours of turbulence level with time-averaged streamlines at Tu = 13% for (a)
closed, ID = 30, (b) closed, ID = 20, (c) closed, ID = 11, (d) outward, ID = 30, (e) outward, ID =20,
(f) outward, ID = 11, (g) inward, ID = 30, (h) inward, ID = 20, and (i) inward, ID = 11.
Downstream of the dilution jet there were noticeable differences that occurred in the nearwall region for the closed and inward cases between the highest and lowest momentum flux ratios,
shown in Figures 3.9a-3.9c and 3.9g-3.9i. For the closed case, Figures 3.9a and 3.9b show that for
ID = 30 and 20, respectively, decreasing the momentum flux ratio had negligible effect on the nearwall flowfield pattern. However, in Figure 3.9c, which shows the closed case at ID = 11, the
stagnation region moved closer to the surface, indicating that flow closest to the wall was entrained
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into the dilution jet, as compared to the higher momentum flux ratio cases. The increased
entrainment of near-wall flow from the ID = 11 case was the result of the of the dilution jet bending
closer to the surface. In correspondence with the current study, Fric and Roshko [27] found that
for a jet in crossflow the wake structure downstream of the jet was dependent on how much the jet
was bent toward the surface. Similar to the closed cases, there were no significant differences in
the near-wall flowfield downstream of the dilution hole for the inward cases at ID = 30 and 20,
shown in Figures 3.9g and 3.9h. Also similar to the closed cases, the stagnation region downstream
of the dilution jet for the inward, ID = 11 case moved closer to the surface in comparison to the ID
= 30 and 20 cases.
Unlike the closed and inward cases, shown in 3.9a-3.9c and 3.9g-3.9i, there were
significant differences in the near-wall flowfield downstream of the dilution jet for the outward
cases at each momentum flux ratio, shown in Figures 3.9d-3.9f. As the momentum flux ratio
decreased from ID = 30 (Figure 3.9d) to ID = 20 (Figure 3.9e), which also decreased the momentum
flux ratio of the effusion jets, the vortex at x/D = 0.9, weakened due to the decreased velocity
gradient from the row 15 effusion jet. As the momentum flux ratio of the dilution jet decreased to
ID = 11, the combined effects of increased entrainment into the dilution jet and the weaker effusion
jets, which resulted in less entrainment of downstream flow and decreased velocity gradient from
the row 15 effusion jet, caused the vortex to completely disappear. Similar to the closed and inward
cases, there was also more upward motion resulting from the entrainment into the dilution jet for
the outward case at ID = 11 compared to the higher momentum flux ratio cases. In comparing all
of the geometries to each other, the flowfields downstream of the dilution hole for each geometry
were more similar to each other at ID = 11 compared to ID = 30 and 20. The similarity of the
flowfields at the lowest momentum flux ratio of the dilution jet for the three geometries is expected
because the impact of the effusion holes decreased and the impact of the dilution jet increased with
decreasing momentum flux ratio.
To compare the flowfields to the cooling effectiveness, Figure 3.10 shows the centerline
overall effectiveness of each geometry at ID = 30, which was presented in a companion paper [26].
Figure 3.10 also shows the centerline effectiveness for each geometry at ID = 11. The peaks in
effectiveness represent the locations of the effusion hole outlets. Near the dilution hole the outward
and inward cases had additional peaks in effectiveness, compared to the closed case, due to the
additional effusion holes. The increased effectiveness levels of the outward and inward effusion
holes also extended upstream and downstream of each respective effusion hole, as compared to the
closed cases. However, the flowfields showed significant jet lift-off and the surface temperature
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measurements showed no coolant trails attaching to the surface, which indicated that the additional
cooling was from in-hole convection. Because the outward effusion holes extended closer to the
dilution hole than the inward effusion holes, the outward case was more effective at cooling the
surface closer to the leading and trailing edges of the dilution hole through in-hole convection. The
outward case also showed slightly better cooling effectiveness downstream of the row 15 effusion
hole compared to the other geometries.

ID = 30

Closed

Outward

Inward

ID = 11

Closed

Outward

Inward

1
0.8

ϕCL

0.6
Closed

0.4

Outward
Inward

0.2
-1.5

-1

-0.5

0

0.5

1

1.5

x/D
Figure 3.10. Centerline overall effectiveness for each effusion hole geometry near the dilution
hole for ID = 30 and 11 at Tu = 13%. Note the contours shown are from the ID = 30 case.
As shown in Figure 3.10, the effect of the momentum flux ratio of the dilution jet on overall
effectiveness was relatively small upstream of the dilution hole, which was consistent with the
relatively small changes in the flowfields upstream of the dilution hole with varying momentum
flux ratio. However, downstream of the dilution hole, from x/D = 0.5 to 1, there was a significant
reduction in effectiveness at ID = 11 compared to ID = 30 for each geometry. This reduction in
effectiveness was consistent with previous work by Vakil and Thole [16] and Scrittore et al. [17].
Vakil and Thole found that the film layer behind the dilution jet was thinner compared to layer
upstream. Scrittore et al. found that the thinner downstream film layer was caused by entrainment
into the dilution jet. Scrittore et al. also found that this reduction in effectiveness was minimized
at higher momentum flux ratios of the effusion jets due to the presence of more coolant. In
correspondence with the previous studies, there was a greater difference in the effectiveness
between the ID = 30 and 11 cases downstream of the dilution hole compared to upstream of the

51
dilution hole due the increased entrainment of the coolant layer into the dilution jet. Additionally,
the effectiveness was decreased at lower momentum flux ratios of the dilution jets because there
was also less coolant in the film layer due to the corresponding lower momentum flux ratio of the
effusion jets.
Also shown in Figure 3.10, the centerline effectiveness for each case was the same after
x/D = 1 for ID = 11, which corresponds to the similarity in downstream flow fields for each case at
ID = 11 shown in Figures 3.9c, 3.9f, and 3.9i. In addition, the flowfields of the current study
correspond with the companion study [26], which found no significant change in effectiveness
between the ID = 30 and 20 cases for the closed and inward geometries and a small decrease in
effectiveness between the ID = 30 and 20 cases for the outward geometry.

3.4.3 Effects of Approaching Freestream Turbulence
In addition to evaluating each geometry at Tu =13%, flowfields were also measured at Tu
= 0.5% for ID = 30 to evaluate the effects of approaching freestream turbulence. Figures 3.11a3.11f show contours of each geometry, upstream of the dilution jet at Tu = 0.5% and Tu = 13%.
Note the scale change on the contours, which was done to illustrate the approaching turbulence
levels. Also note that only the upstream flowfields are shown given that the downstream flowfields
were dominated by the turbulence generated by the dilution jet with relatively no effect of the
approaching freestream turbulence. For the closed, outward, and inward cases at Tu = 0.5%, shown
in Figures 3.11a-3.11c respectively, the turbulence levels in the freestream were lower than in the
high approaching freestream turbulence cases at Tu = 13%, shown in Figures 3.11d-3.11f
respectively.

The overall streamlines for each case indicated no real effect resulting from

freestream turbulence intensity. For the closed and inward geometries, flowfields and turbulence
levels did not significantly change near the wall due to freestream turbulence. However, for the
outward geometry, there were higher turbulence levels near the leading edge of the dilution hole
for the Tu = 13% case (Figure 3.11e) compared to Tu = 0.5% case (Figure 3.11b).
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Figure 3.11. Contours of turbulence level with time-averaged streamlines for (a) closed, Tu
= 0.5%, (b) outward, Tu = 0.5%, (c) inward, Tu = 0.5%, (d) closed, Tu = 13%, (e) outward,
Tu = 13%, and (f) inward, Tu = 13% at ID = 30 upstream of the dilution jet. Note the scale of
the turbulence level contours is from 0 to 0.8.

3.5 Conclusions
The flowfields for three effusion cooling hole patterns of a double-walled combustor liner
were evaluated with particular attention to the near-wall flow at the leading and trailing edges of
the dilution holes. The different effusion patterns located radially surrounding the dilution hole
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that were evaluated included: no effusion cooling holes (closed), effusion holes blowing radially
outward from the dilution hole (outward), and effusion holes blowing radially inward from the
dilution hole (inward). The flowfields were measured over a range of momentum flux ratios of the
dilution jets and approaching freestream turbulence intensities.
The outward effusion hole pattern was found to produce a unique flowfield that
significantly differed from that of the closed and inward cases. Coherent vortices formed both
upstream and downstream of the dilution hole as a result of the outward effusion jets. In contrast,
the inward effusion jets were entrained directly into the dilution jet and did not significantly alter
the flowfield compared to the closed case. In addition, decreasing the momentum flux ratio from
ID = 30 to 20 had a noticeable impact on the downstream flowfield for the outward effusion hole
pattern, but did not have an effect on the closed and inward effusion hole patterns. At the lowest
momentum flux ratios for all geometries, there was a noticeable bend in the dilution jet, which
resulted in entrainment of fluid from closer to the surface downstream of the dilution hole, relative
to the higher momentum flux ratio cases. The flowfield measurements indicated no significant
effect near the dilution hole from varying the approaching freestream turbulence intensity for each
of the three effusion hole pattern.
A key finding from this research was that at the leading edge of the dilution hole, each
effusion hole pattern resulted in some degree of entrainment into the dilution hole. However, for
the outward case, there was a formation of a vortex at the leading edge of the dilution hole, which
increased the downward velocity toward the dilution hole compared to the closed and inward cases.
Although a companion study [26] found that the outward holes resulted in better surface cooling
closer to the leading edge of the dilution hole, as compared to the closed and inward cases, the
increased downward velocity due to the vortex created by the outward effusion jets could lead to
ingestion of freestream fluid into the dilution hole. Conversely, the upward momentum of the
inward blowing effusion jet counteracted some of the downward velocity at the leading edge of the
dilution hole compared to the closed and outward cases.
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Chapter 4
Conclusions and Recommendations
Overall effectiveness and flowfield measurements were made for a double-walled
combustor liner, with a focus on the region near the dilution hole. The effusion cooling pattern
surrounding the dilution hole was varied to show how different cooling hole patterns interact with
the high-momentum dilution jets. The effusion patterns surrounding the dilution holes included:
no effusion cooling (closed), radially surrounding effusion holes blowing outward from the dilution
hole (outward), and radially surrounding effusion holes blowing inward toward the dilution hole
(inward). Each effusion hole pattern was evaluated over a range of momentum flux ratios and was
evaluated at high and low approaching freestream turbulence intensities.
The overall effectiveness measurements showed that impingement cooling and in-hole
convection played a significant role in the cooling. In the region surrounding the dilution holes,
where there were no impingement holes, the outward and inward cases had significantly better
surface cooling than the closed case due to the in-hole convection inside the radially surrounding
effusion holes. Compared to the inward case, the outward blowing effusion holes were able to
more effectively cool the leading and trailing edges of the dilution hole through in-hole convection
because the outward effusion holes were physically closer to the dilution hole.
The flowfields showed that each effusion hole pattern resulted in a unique flowfield near
the wall. For each geometry, there was some degree of downward motion at the leading edge of
the dilution hole; however, the outward effusion jets created a clockwise vortex at the leading edge
of the dilution hole that increased the downward velocity into the dilution hole, as compared to the
other geometries. Conversely, the added upward momentum from the inward effusion jet decreased
the downward motion of fluid into the leading edge of the dilution hole as compared to the closed
and outward cases.
When the momentum flux ratio of the dilution jets was varied, the overall effectiveness
results corresponded well with the flowfield results. At the lowest momentum flux ratio, there was
a significant decrease in the overall effectiveness compared to the higher momentum flux ratios for
all three effusion hole patterns. In correspondence with the effectiveness data, the flowfields for
each case showed increased entrainment of near-wall flow into the dilution jet at the lowest
momentum flux ratio compared to the highest momentum flux ratio. In addition, there was a
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noticeable decrease in the effectiveness downstream of the dilution hole for the outward case at the
middle momentum flux ratio as compared to highest momentum flux ratio, which corresponded
with a change in flowfield downstream of the dilution hole between the highest and middle
momentum flux ratios.
Increasing the approaching freestream turbulence from low to high resulted in a general
decrease in overall effectiveness; however, there was no significant effect from approaching
freestream turbulence on the flowfields for any of the effusion hole patterns. It is important to note
that in a real combustor the turbulence would not be isotropic and homogeneous as it was in this
experiment.

4.1. Design Considerations
When considering the effusion cooling design near the dilution hole, the results from this
study provide insight into multiple considerations. Compared to the closed and inward effusion
hole patterns, the outward effusion hole pattern cooled the regions closer to the leading and trailing
edges of the dilution hole more effectively. Additionally, at the highest momentum flux ratio, the
outward case resulted in better cooling downstream of the dilution hole as compared to the closed
and inward cases. Although the outward case was advantageous in cooling the region near the
dilution hole, the outward blowing effusion jets created a vortex at the leading edge of the dilution
hole, which transported a significant amount of mainstream flow toward the surface and into the
dilution hole. Conversely, the inward blowing effusion holes decreased the amount of fluid
traveling into the dilution hole compared to both the closed and outward cases. In addition, along
the lateral edges of the dilution hole, the cooling effectiveness near the dilution hole for the inward
case was better as compared to the closed case and was similar to the outward case. However, at
the leading edge of the dilution hole, the cooling of the inward case was comparable to the closed
case, where there were no additional cooling holes.
Further improvements to the cooling design could be achieved by placing the effusion holes
closer to the edges of the dilution hole. Because the effects of in-hole convection were so
significant, moving the inward blowing effusion holes closer to the dilution hole would enhance
the cooling effectiveness closer to the edges of the dilution hole. In addition, the upward
momentum provided by the inward blowing effusion jets at the leading edge of the dilution hole
would prevent fluid from becoming entrained into the dilution hole.
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4.2 Recommendations for Future Work
The high resolution flowfield measurements presented in this thesis have provided insight
into how different effusion hole patterns near the dilution hole affect the cooling and flowfield.
However, there are many opportunities to expand on this study. For example, measuring other
flowfield planes, such as the spanwise plane centered on the dilution hole or a spanwise plane
behind the dilution hole, would lead to a better understanding of the three-dimensional attributes
of the different effusion cooling hole patterns. Time-resolved PIV measurements would also be
useful in understanding the instantaneous effects of the unsteady flowfields. In addition, thermal
field measurements would provide insight into how each geometry affects the thermal boundary
layer thickness, especially in the wake of the dilution jet. Thermal fields would also show if there
is ingestion of hot fluid into the dilution hole.
Additional experiments could be performed by reducing the amount of impingement holes
for each of the test panels. Decreasing the amount of impingement holes would allow for the lower
momentum flux ratios of the effusion jets while maintaining the same momentum flux ratios of the
dilution jets that were presented in this study, which would provide insight into how much of the
effect of decreasing the momentum flux ratio is dominated by the dilution jet or the effusion jets.
In addition, decreasing the amount of impingement holes would also cause the internal heat transfer
coefficient to decrease, resulting in a more engine relevant heat transfer coefficient ratio compared
to the current study.
Finally, future studies could investigate other effusion cooling hole patterns. The effusion
hole patterns presented in this thesis were relatively simple; however, this study could serve as a
benchmark for more novel effusion cooling hole patterns, such as a hybrid pattern that includes
combination of outward and inward blowing effusion holes surrounding the dilution hole.

57

References
[1]
[2]
[3]
[4]

[5]
[6]
[7]

[8]
[9]

[10]
[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]
[19]

United Technologies Corporation, P. & W., 2014, “PW4000 94-Inch Fan Engine” [Online].
Available: http://pw.utc.com/PW4000112_Engine. [Accessed: 07-Sep-2017].
Cengel, Y. A., and Boles, M. A., 2005, Thermodynamics: An Engineering Approach,
McGraw-Hill.
Lefebrvre, A. H., and Ballal, D. R., 2010, Gas Turbine Combustion: Alternative Fules and
Emissions, Taylor & Francis Group.
Hollworth, B. R., and Dagan, L., 1980, “Arrays of Impinging Jets With Spent Fluid
Removal Through Vent Holes on the Target Surface, Part 1: Average Heat Transfer,” J.
Eng. Power, 102(2), pp. 393–402.
Paradigm
Precision,
P.,
“Combustor
Liner”
[Online].
Available:
http://www.palmermfgco.com/capabilities/. [Accessed: 09-Sep-2017].
Scrittore, J. J., Thole, K. A., and Burd, S. W., 2007, “Investigation of Velocity Profiles for
Effusion Cooling of a Combustor Liner,” ASME Conf. Proc., (4238X), pp. 503–512.
Facchini, B., Tarchi, L., Toni, L., and Ceccherini, A., 2010, “Adiabatic and Overall
Effectiveness Measurements of an Effusion Cooling Array for Turbine Endwall
Application,” J. Turbomach., 132(4), p. 041008.
Martin, D., and Thorpe, S. J., 2012, “Experiments on Combustor Effusion Cooling Under
Conditions of Very High Free-Stream Turbulence,” ASME Turbo Expo, pp. 1–13.
Kakade, V. U., Thorpe, S. J., and Gerendas, M., 2012, “Effusion-Cooling Performance at
Gas Turbine Combustor Representatitve Flow Conditions,” ASME Turbo Expo,
Copenhagen, Denmark, pp. 1–13.
Odgers, J., and Son, N. N., 1975, “Film Cooling - The Effect of a Cold Jet Normal to the
Coolant Layer.”
Button, B. L., 1984, “Effectiveness Measurements for a Cooling Film Disrupted by a Single
Jet,” Int. Commun. Heat Mass Transf., 11(6), pp. 505–516.
Martiny, M., Schulz, A., Wittig, S., and Dilzer, M., 1997, “Influence of a Mixing-Jet on
Film Cooling,” Int. Gas Turbine Aeroengine Congr. Expo., pp. 1–8.
Ceccherini, A., Facchini, B., Tarchi, L., Toni, L., and Coutandin, D., 2009, “Combined
Effect of Slot Injection, Effusion Array and Dilution Hole on the Cooling Performance of a
Real Combustor Liner,” ASME Turbo Expo, pp. 1–10.
Facchini, B., Maiuolo, F., Tarchi, L., Coutandin, D., and Engineering, A. S. P. A., 2010,
“Combined Effect of Slot Injection, Effusion Array and Dilution Hole on the Heat Transfer
Coefficient of a Real Combustor Liner - Part 1 Experimental Analysis,” ASME Turbo Expo,
pp. 1–10.
Andreini, A., Caciolli, G., Facchini, B., Tarchi, L., Coutandin, D., Taddei, S., and Peschiulli,
A., 2012, “Density Ratio Effects on the Cooling Performances of a Combustor Liner Cooled
by a Combined Slot/Effusion System,” ASME Turbo Expo, pp. 1–12.
Vakil, S. S., and Thole, K. a., 2005, “Flow and Thermal Field Measurements in a Combustor
Simulator Relevant to a Gas Turbine Aeroengine,” J. Eng. Gas Turbines Power, 127(2), p.
257.
Scrittore, J. J., Thole, K. A., and Burd, S. W., 2005, “Experimental Characterization of FilmCooling Effectiveness Near Combustor Dilution Holes,” ASME Turbo Expo, (GT200568704).
Scrittore, J. J., 2008, “Experimental Study of the Effect of Dilution Jets on Film Cooling
Flow in a Gas Turbine Combustor,” Virginia Polytechnic Institute and State University.
Schroeder, R. P., and Thole, K. A., 2016, “Effect of High Freestream Turbulence on

58

[20]

[21]
[22]
[23]
[24]
[25]
[26]

[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]

Flowfields of Shaped Film Cooling Holes,” J. Turbomach., 138(September 2016), pp. 1–
10.
Williams, R. P., Dyson, T. E., Bogard, D. G., and Bradshaw, S. D., 2013, “Sensitivity of the
Overall Effectiveness to Film Cooling and Internal Cooling on a Turbine Vane Suction
Side,” J. Turbomach., 136(3), p. 031006.
Mensch, A., and Thole, K. A., 2013, “Overall Effectiveness of a Blade Endwall With Jet
Impingement and Film Cooling,” J. Eng. Gas Turbines Power, 136(3), p. 031901.
Incropera, F. P., DeWitt, D. P., Bergman, T. L., and Lavine, A. S., 2007, Fundamentals of
Heat and Mass Transfer, John Wiley & Sons, Inc.
Leonetti, M., Lynch, S., O’Connor, J., and Bradshaw, S., 2017, “Combustor Dilution Hole
Placement and Its Effect on the Turbine Inlet Flowfield,” J. Propuls. Power, 33(3).
Moffat, R. J., 1985, “Using Uncertainty Analysis in the Planning of an Experiment,” J.
Fluids Eng., 107(2), p. 173.
Figliola, R. S., and Beasley, D. E., 2011, Theory and Design for Mechanical Measurements,
John Wiley & Sons, Inc.
Shrager, A. C., Thole, K. A., and Mongillo, D., 2018, “Effects of Effusion Cooling Pattern
Near the Dilution Hole for a Double-Walled Combustor Liner - Part 1: Overall
Effectiveness Measurements,” ASME Turbo Expo, (GT2017-77288 *under review).
Fric, T. F., and Roshko, A., 1994, “Vortical Structure in the Wake of a Transverse Jet,” J.
Fluid Mech., 279, pp. 1–47.
Kelso, R. M., Lim, T. T., and Perry, a. E., 1996, “An Experimental Study of Round Jets in
Cross-Flow,” J. Fluid Mech., 306(-1), p. 111.
Andreopoulos, J., 1982, “Measurements in a Jet-Pipe Flow Issuing Perpendicularly Into a
Cross Stream,” J. Fluids Eng., 104(4), p. 493.
Peterson, S., and Plesniak, M., 2002, “Short-Hole Jet-in-Crossflow Velocity Field and Its
Relationship to Film-Cooling Performance,” Exp. Fluids, 33(6), pp. 889–898.
Holloway, D. S., and Walters, D. K., 2005, “Unsteady-Based Turbulence Model,” pp. 1–
11.
Sykes, R. I., Lewellen, W. S., and Parker, S. F., 1986, “On the Vorticity Dynamics of a
Turbulent Jet in a Crossflow,” J. Fluid Mech., 168(-1), p. 393.
Holdeman, J. D., and Walker, R. E., 1977, “Mixing of a Row of Jets with a Confined
Crossflow,” AIAA J., 15(2), pp. 243–249.
Fric, T. F., Campbell, R. P., and Rettig, M. G., 1997, “Quantitative Visualization of FullCoverage Discrete Hole Film Cooling,” ASME.
LaVision, 2015, “Product Manual for DaVis 8.3.0.”

59

Appendix
Single Component Fluctuating Velocity Contours

This section includes an additional discussion on the individual fluctuating velocity
components at high and low approaching freestream turbulence intensity. Figures A.1a-A.1f show
contours of the fluctuating streamwise velocity, u’, normalized by the mainstream velocity, U∞,
with time averaged streamlines upstream of the dilution hole. Figures A.1a-A.1c show the closed,
outward, and inward geometries at Tu = 0.5% and Figures A.1d-A.1f show the closed, outward,
and inward geometries at Tu = 13%. There were no significant differences of the streamwise
velocity fluctuations for any of the effusion cooling patterns due to varying the approaching
freestream turbulence intensity.
Figures A.2a-A.2f show contours of the fluctuating vertical velocity, w’, normalized by the
mainstream velocity, U∞, with time averaged streamlines upstream of the dilution hole. Figures
A.2a-A.2c show the closed, outward, and inward geometries at Tu = 0.5% and Figures A.2d-A.2f
show the closed, outward, and inward geometries at Tu = 13%. As shown in Figures A.2b and
A.2e, there was a decrease in the fluctuations of vertical velocity in the core of the outward effusion
jet at the leading edge of the dilution hole for the Tu = 13% case as compared to Tu = 0.5%.
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Figure A.1. Contours of u’/U∞ with time-averaged streamlines for (a) closed, Tu = 0.5%, (b)
outward, Tu = 0.5%, (c) inward, Tu = 0.5%, (d) closed, Tu = 13%, (e) outward, Tu = 13%,
and (f) inward, Tu = 13% at ID = 30 upstream of the dilution jet.
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Figure A.2. Contours of w’/U∞ with time-averaged streamlines for (a) closed, Tu = 0.5%, (b)
outward, Tu = 0.5%, (c) inward, Tu = 0.5%, (d) closed, Tu = 13%, (e) outward, Tu = 13%,
and (f) inward, Tu = 13% at ID = 30 upstream of the dilution jet

