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Demand for clean energy has increased motivation to design gas turbines capable of
burning alternative fuels such as coal derived synthesis gas (syngas). One challenge
associated with burning coal derived syngas is that trace amounts of particulate matter
in the fuel and air can deposit on turbine hardware reducing the effectiveness of film-
cooling. For the current study, a method was developed to dynamically simulate multi-
phase particle deposition through injection of a low melting temperature wax. The
method was developed so the effects of deposition on endwall film-cooling could be
quantified using a large scale vane cascade in a low speed wind tunnel. A microcrystal-
line wax was injected into the mainstream flow using atomizing spray nozzles to simulate
both solid and molten particulate matter in a turbine gas path. Infrared thermography
was used to quantify cooling effectiveness with and without deposition at various loca-
tions on a film-cooled endwall. Measured results indicated reductions in adiabatic effec-
tiveness by as much as 30% whereby the reduction was highly dependent on the location
of the film-cooling holes relative to the vane. �DOI: 10.1115/1.4002962�
Introduction

Utilizing available coal resources to efficiently generate power
hile minimizing the production of greenhouse gases has become
major challenge for the current generation of engineers. Among

he methods that exist for utilizing available coal resources in a
lean manner is coal gasification. Integrated gasification combined
ycle �IGCC� power plants utilize coal gasification technology to
roduce hydrogen and carbon monoxide based synthesis gas �syn-
as� that can be combusted in a combined cycle gas turbine power
ystem.

A major challenge associated with gas turbine design is devel-
ping cooling technologies for turbine components that operate at
emperatures above material melting limits. Turbine components

ust be cooled to withstand mechanical stresses that are exacer-
ated by the extreme temperatures and pressures that exist in the
urbine section. In addition, particles as large as 10 �m that origi-
ate from the fuel and air supply can create a potential hazard by
epositing on turbine components and impairing sophisticated
ooling technologies such as film-cooling. It is essential to under-
tand how particle deposition occurs so that film-cooling designs
an be developed to mitigate the negative effects of deposition.
ecause full engine tests are costly, methods for simulating depo-

ition in a laboratory setting are needed.
The region most susceptible to the negative effects of particle

eposition is the first stage vane where gas temperatures are high-
st and the largest particles are most likely to deposit because of
heir molten state. For the current study, particle deposition is
imulated dynamically using wax in a large scale turbine vane
ascade. Lawson and Thole �1� showed that deposition is highly
ependent on whether a particle is in solid or molten form upon
mpacting the surface. Deposition is simulated at different thermal
onditions to observe how deposition develops. The effects of
eposition on endwall film-cooling are quantified using infrared
IR� thermography to measure surface temperatures and thereby
alculate adiabatic effectiveness in a spatially resolved manner.
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2 Review of Relevant Literature
The idea of shifting to alternative fuels has led to numerous

studies related to the effects of deposition on turbine cooling.
These studies can be categorized based on the methods used to
mimic surface deposition. One method used to mimic surface
deposition was to condition a surface with deposits based on sur-
face measurements from actual turbine hardware. Cardwell et al.
�2�, Sundaram and Thole �3�, and Somawardhana and Bogard �4�
conducted studies related to the effects of roughness on airfoil and
endwall cooling relevant to gas turbines for which roughness
simulations were based on turbine hardware measurements made
by Bons et al. �5�.

Cardwell et al. �2� simulated roughness on a film-cooled end-
wall using sandpaper on a large scale turbine airfoil platform to
model the roughness measured by Bons et al. �5�. By measuring
adiabatic effectiveness at various blowing ratios, Cardwell et al.
�2� determined that roughness had little-to-no effect on cooling at
low blowing ratios but caused a decrease in cooling effectiveness
at high blowing ratios because of the thick boundary layer pro-
moted by the roughened surface.

An extensive study was conducted by Sundaram and Thole �3�
to determine the effects of deposition on endwall film-cooling
near the leading edge of a nozzle guide vane. Sundaram and Thole
�3� manufactured deposits of ideal two-dimensional shapes and
sizes based on measurements made by Bons et al. �5�. They found
that small deposits placed downstream of leading edge cooling
holes actually enhanced cooling effectiveness by 25% for a de-
posit height of 0.5D and a blowing ratio of 1.5.

Somawardhana and Bogard �4� conducted a study to determine
the effects of varying surface roughness and near-hole obstruc-
tions on adiabatic effectiveness. Similar to the methods used by
Sundaram and Thole �3�, Somawardhana and Bogard �4� placed
idealized obstructions upstream and downstream of film-cooling
holes to simulate deposits caused by large agglomerations of par-
ticles that could deposit randomly. The reduction of cooling per-
formance due to deposition was highly dependent on blowing ra-
tio and the location of the deposits relative to the cooling holes.
Deposition caused as much as a 30% reduction in adiabatic effec-
tiveness at low blowing ratios and a 30% improvement in adia-
batic effectiveness at high blowing ratios. In addition, Somaward-

hana and Bogard �4� showed that obstructions placed upstream of
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lm-cooling holes reduced adiabatic effectiveness while obstruc-
ions placed downstream of cooling holes could actually improve
ffectiveness.

Another method used to mimic surface deposition is dynamic
imulation. Jensen et al. �6�, Bons et al. �7�, Crosby et al. �8�, Ai
t al. �9�, and Lewis et al. �10� conducted studies in the Turbine
ccelerated Deposition Facility �TADF� designed to dynamically

imulate deposition also in a laboratory environment. These stud-
es simulated particle deposition resulting from the combustion of
arious alternative fuels in land based gas turbines.

By increasing the concentration of particulate matter in the hot
as path, Jensen et al. �6� could simulate 10,000 h of turbine
peration in a 4 h test. Bons et al. �7� observed deposition evolu-
ion by operating the TADF through multiple burn cycles for each
oupon. By recreating roughness models in acrylic, they measured
eat transfer at different stages in the deposition evolution.
hrough four burn cycles, they found that heat transfer coeffi-
ients increased by 27% relative to the smooth baseline. Crosby et
l. �8� conducted tests in the TADF and found that deposition rate
ncreased with an increase in particle size, an increase in gas
emperature, and an increase in surface temperature.

Using the TADF, Ai et al. �9� concluded that increased deposit
eight resulted in increased surface temperatures. They found that
n increase in blowing ratio decreased surface temperatures and
educed the amount of deposition in coolant wakes. Lewis et al.
10� recreated film-cooling models with deposition based on ex-
eriments conducted in the TADF. They found that cooling effec-
iveness was highest when deposition only existed upstream of the
ooling holes.

A computational study was performed by Sreedharan and Tafti
11� to determine the effect of blowing ratio on deposition for a
ane leading edge film-cooling geometry. They observed the
eposition and erosive behavior of 5 �m and 7 �m ash particles
nd found that coolant jets were successful at minimizing leading
dge deposition by cooling particles and pushing them away from
he surface and preventing them from depositing. They found that
n increase in blowing ratio from 0.5 to 2.0 increased deposition
f 5 �m particles by 4% but decreased deposition of 7 �m par-
icles by 5%.

Much has been learned from the deposition studies described
bove; however, dynamic deposition simulations are missing in
he presence of complex secondary flow structures that exist near
ndwalls of turbine cascades. Lawson and Thole �1� developed a
ethod to simulate deposition dynamically in a laboratory envi-

onment at near standard temperature and pressure conditions
20°C and 101.325 kPa� using wax as the particulate. Wax was
sed to simulate deposition in the vicinity of a row of endwall
ooling holes in a low speed wind tunnel. Lawson and Thole �1�
ound that downstream cooling effectiveness decreased and ap-
roached an equilibrium state as deposition is collected on the
urface. They found that deposition reduced downstream effec-
iveness by as much as 25% at momentum flux ratios of 0.23 and
.5 and only 6% at a momentum flux ratio of 0.95. Albert et al.
12� used a similar wax injection technique to simulate deposition
ynamically on a vane leading edge model with film-cooling.
imilar to Lawson and Thole �1�, Albert et al. �12� found that
eposition increased in time to reach a quasi-steady thickness.
lbert et al. �12� also found that film-cooling blowing ratio and

he difference between mainstream and wax solidification tem-
eratures had a strong effect on deposition.

The objective of the current study was to further develop the
ax deposition method used by Lawson and Thole �1�. The
ethod was improved such that it could be used in a large scale

urbine cascade to observe how deposition occurs on a film-cooled
ndwall under the influence of complex flow structures such as the
eading edge vortex. The development of the wax simulation
ethod was discussed, including environmental scanning electron
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microscope photos of fly ash deposition compared with wax depo-
sition, in a previous paper published by the same authors of Law-
son and Thole �1�.

3 Experimental Methods
Experiments for the current study were conducted in the large

scale turbine cascade model in The Pennsylvania State University
Experimental and Computational Convection Laboratory
�PSUExCCL�. The turbine cascade test section was located in a
closed loop wind tunnel shown in Fig. 1. Flow through the wind
tunnel was supplied by a 50 hp axial fan. Downstream of the fan,
the primary flow was cooled by a heat exchanger before dividing
into two secondary coolant passages and a mainstream passage.
The mainstream flow in the center passage was directed through a
heater bank that increased the mainstream temperature to 328 K.
The secondary flow passages were cooled to 298 K by heat ex-
changers to achieve a temperature difference between the primary
and secondary air of 30 K. After passing through the heater bank,
the mainstream flow was directed through a series of screens and
flow straightening honeycomb. A turbulence grid located 3.6
chord lengths upstream of the vane cascade was used to achieve
4% mainstream turbulence intensity at the entrance to the vane
cascade test section �13�.

The turbine cascade test section consisted of two full passages
with one center vane, a full neighboring vane, and a half neigh-
boring vane. The vane geometry is a commercial vane described
in detail by Radomsky and Thole �14�. The operating conditions
and geometric specifications for the vane cascade are shown in
Table 1. The inlet Reynolds number shown in Table 1 was
matched with the engine operating conditions to scale the main-
stream flow. A film-cooled endwall was constructed with low ther-
mal conductivity polyurethane foam �k=0.033 W /m K� for
which the specific cooling hole pattern designed by Knost and
Thole �15� is shown in Fig. 2. For the current study, attention was
focused specifically on the passage and leading edge cooling
rows, as identified in Fig. 2. The passage row had a compound
angle of 90 deg relative to the flow while the leading edge row
had holes that were inline with the incoming flow direction. Low
thermal conductivity foam was used to create an adiabatic wall
condition so that adiabatic effectiveness measurements could be
made. Wire mesh, window screen, and a filter were placed in the

Fig. 1 Illustration of wind tunnel facility

Table 1 Geometric and flow conditions

Scaling factor 9
Scaled up chord length, C 59.4 cm
Pitch/chord, P/C 0.7
Span/chord, S/C 0.93
Hole, L/D 8.3
Rein 2.25�105

Inlet and exit angles 0 deg and 72 deg
Inlet, exit Mach number, Main, Maex 0.012, 0.085
Inlet mainstream velocity, U� 6.3 m/s
Transactions of the ASME
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ind tunnel elbow section downstream of the test section and
pstream of the fan to capture injected wax particles that passed
hrough the test section.

For the current study, air from the top cooling passage was used
o supply coolant to two separate plenums. One plenum was used
o supply coolant to a two-dimensional flush slot angled 45 deg
ith the flow to simulate coolant flow through the combustor

urbine interface. Another plenum was located beneath the end-
all of the turbine cascade test section and was used to supply

oolant to the endwall film-cooling holes, which were angled at
0 deg relative to the endwall surface. A variable speed blower
ocated on top of the wind tunnel controlled the airflow to the
oolant plenums and could be used to set the coolant flow condi-
ions. Film-cooling flows were characterized by Mideal of the lead-
ng edge cooling hole upstream of the stagnation point. For every
est conducted for the current study, the coolant to mainstream
ensity ratio was 1.10.

3.1 Adiabatic Effectiveness Measurements. Steady state IR
hermography was used to measure surface temperatures at vari-
us film-cooling operating conditions with and without deposi-
ion. Contrary to conventional methods in which surface tempera-
ure measurement resolution is limited by the number of
hermocouples on the surface, a FLIR P20 IR camera was used to

easure surface temperatures with high spatial resolution. IR im-
ges were acquired at five port locations perpendicular to the end-
all around the vane leading edge at a distance of 55 cm from the

ndwall surface. Each IR image had a resolution of 320
240 pixels and a viewing area of 24�18 cm2 resulting in

15 �m �0.16D� resolution.
During experiments, thermocouple measurements were moni-

ored periodically to determine when steady state was achieved.
pon reaching steady state for a given experiment �approximately
h�, IR images were taken at each of the five port locations. At

ach port location, five images were acquired and calibrated using
hermocouples placed in discrete locations on the endwall surface.
mages were calibrated by adjusting the background temperature
nd emissivity until the IR temperatures matched the thermo-
ouple measurements for each corresponding thermocouple
ocation.

Although the endwall was constructed with low thermal con-
uctivity foam, it was still necessary to apply a one-dimensional
onduction correction described by Ethridge et al. �16�. To per-
orm the conduction correction, cool air was supplied to the cool-
nt plenums while the upstream slot and the film-cooling holes

Fig. 2 Endwall film
ere blocked to prevent external surface cooling. By simulating

ournal of Turbomachinery
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the temperature difference between the external surface with no
cooling and the internal surface exposed to the coolant air, a con-
duction correction could be imposed on the final effectiveness
results. The spatially resolved correction indicated values as high
as �=0.12 upstream of the test section and �=0.06 on the foam
endwall areas. To apply a local correction, the spatially resolved
values were subtracted from the measured values and normalized.

3.2 Uncertainty Analysis. An uncertainty analysis was per-
formed for the blowing ratio, momentum flux ratio, and adiabatic
effectiveness calculations using the uncertainty propagation
method described by Moffat �17�. The blowing ratio uncertainty
was �0.0218 �2.1% at M=1.0� and the momentum flux ratio un-
certainty was �0.0285 �3.0% at I=0.95�. Uncertainty in the adia-
batic effectiveness measurements was directly attributable to the
temperature measurement methods used. The bias uncertainty for
thermocouples that were used to measure coolant jet and main-
stream temperatures was 0.5°C while the precision uncertainty
for thermocouple measurements was 0.12°C. The bias and preci-
sion uncertainties associated with the adiabatic wall temperatures
measured by the IR camera were 0.51°C and 0.34°C, respec-
tively. Adiabatic effectiveness uncertainty was �0.028 at an �
value of 0.14 and �0.021 at an � value of 0.89.

3.3 Dynamic Deposition Simulation and Analysis. Deposi-
tion was simulated dynamically using a two nozzle wax injection
system with both nozzles located at 33% span, as illustrated in
Fig. 3. A stream of liquid wax was injected through the center of
each nozzle head while two atomizing air jets aimed toward the
wax stream served to break up the liquid wax into a mist of wax
particles. A molten wax supply was stored in a heated reservoir
and compressed air was used to pressurize the wax reservoir and
supply atomizing air. Air and liquid regulators were used to con-
trol the atomizing air pressure and liquid wax flowrate indepen-
dently. For a given wax flowrate, adjustment of the atomizing air
pressure varied the particle size distribution. The atomizing air
and heated wax lines were routed through the bars of the turbu-
lence grid, which housed the two spray nozzles. The turbulence
grid was located 3.6 chord lengths upstream of the vane row al-
lowing adequate distance for the injected particles to be evenly
distributed across the width of the vane row. Deposition patterns
on the endwall were periodic across the span of the test section.

To simulate the aerodynamic properties of fly ash particles in an
engine, it was necessary to match the Stokes number range be-
tween the laboratory and engine environments. A method similar

oling configuration
-co
to that used by Lawson and Thole �1� was used to determine that
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ax particles in simulation conditions must be 10 times larger
han fly ash particles in engine conditions to achieve the same
article trajectory, as shown in Fig. 4. Therefore, wax particles
etween 1 �m and 100 �m were required to simulate particle
rajectories of 0.1–10 �m fly ash particles that exist in engine
onditions �18�.

A Malvern Spraytec particle analyzer capable of characterizing
erosol droplets in the size range of 0.1–2000 �m was utilized to
easure the size distribution of particles generated using the wax

njection system. For a liquid wax pressure of 138 kPa �20 psi�
hat resulted in a wax flow rate of 1.9 g/s from each nozzle,
article sizes were measured for various atomizing air pressures.
igure 5 shows the particle size distribution for a liquid wax flow
ate of 1.9 g/s at atomizing air pressures of 69 kPa �10 psi�, 207
Pa �30 psi�, 276 kPa �40 psi�, and 414 kPa �60 psi�. Increasing
tomizing air pressure increased air jet velocity, which broke up
he liquid stream and decreased particle size distribution. To

ig. 3 „a… Schematic of wax injection facility and „b… photo-
raph of wax spray nozzle

ig. 4 Wax particle size range necessary to match Stokes

umbers of fly ash particles in engine conditions

11003-4 / Vol. 134, JANUARY 2012
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achieve particle sizes less than the 100 �m limit necessary to
match Stokes number, the atomizing air pressure was set to 276
kPa with a liquid flowrate of 1.9 g/s from each nozzle for all
deposition simulation experiments.

In addition to simulating particle trajectories, it was also desir-
able to simulate the thermal properties of particles that exist in
engine conditions. Lawson and Thole �1� concluded that the par-
ticle phase �solid or liquid� is of particular importance to deposi-
tion; therefore, it was necessary to scale the phase of fly ash as it
exists in engine conditions. The time it takes a particle to solidify
after the combustion process was chosen as the appropriate pa-
rameter to scale the phase change process. Biot numbers for fly
ash particles and wax particles were calculated to be 0.2 and 0.04,
respectively. Because the Biot number for both cases was much
less than 1, a lumped mass approximation could be used to calcu-
late temperature as a function of time for fly ash and wax par-
ticles. The solidification of a particle immersed in a fluid with
constant temperature takes place in two separate processes. First,
the temperature drops exponentially with time until it reaches the
material solidification temperature. The time required for a par-
ticle to reach the material solidification temperature, t1, can then
be expressed by Eq. �1�.

t1 = −
�pCpVp

hAp
ln�Tp,s − T�

Tp,i − T�
� �1�

Second, the temperature remains at the solidification tempera-
ture until the particle loses the equivalent of the latent heat of
fusion to the surrounding gases. The time it takes for the particle
to lose the heat necessary to change from liquid to solid, t2, is
shown in Eq. �2�.

t2 =
�hfus�pVp

hAp�Tp,s − T��
�2�

To scale the solidification time from engine conditions to labo-
ratory conditions, it is normalized by the time it takes the particle
to travel from the injection location to the nozzle guide vane. The
expression for this thermal scaling parameter �TSP� is shown in
Eq. �3�

TSP =
t1 + t2

Lp/U�

�3�

where Lp is the distance a particle travels while immersed in the
surrounding gases traveling at velocity U�. A particle with a
TSP�1 solidifies prior to reaching the turbine while a particle

Fig. 5 Particle size histograms at a wax flowrate of 1.9 g/s and
various atomizing air pressures
with a TSP	1 is in molten form as it encounters the turbine.
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ecause the TSP is highly dependent on particle size, the TSP of
he maximum particle size, TSPmax, is used in the current study to
haracterize the particle phase. By ensuring that the TSPmax is
atched between different experiments, the phase of the particle

pon reaching the test section can be consistent.
For each experimental condition, two tests were conducted. The

rst test consisted of the deposition simulation during which wax
as injected at steady state conditions to simulate deposition on

he test section surfaces. Following the deposition simulation, a
hin coat of flat black paint was applied to the wax-covered sur-
ace to ensure uniform surface emissivity with a value close to 1.
he IR data were then calibrated as described in the previous
ection to account for any changes in emissivity caused by the
eposition. After paint application, an adiabatic effectiveness test
as conducted to determine the effects of the existing deposition
n cooling.

To simulate deposition, microcrystalline wax with a melting
emperature of 351 K was used to simulate deposition. It was
ecessary to simulate deposition using a high melting point wax to
revent the deposits from melting because of the 328 K main-
tream temperature needed to achieve maximum temperature dif-
erence between the mainstream and coolant during the adiabatic
ffectiveness tests. For all experiments in the current study, wax
as injected during steady state at either a mainstream tempera-

ure of 295 K to achieve a TSPmax=0.3 or a mainstream tempera-
ure of 337 K to achieve a TSPmax=1.2. It is important to note that
ax was injected at a constant temperature of 364�1.3 K

hroughout the duration of each deposition test. As previously
tated, wax was injected from two nozzles with a mass flowrate of
.9 g/s per nozzle amounting to a total wax mass flowrate of 3.8
/s for a duration of 240 s. A wax mass flowrate of 3.8 g/s for a
uration of 240 s results in a particle loading of 56 ppmwh �parts
er million by weight hour�, which is experienced by 8000 h of
as turbine operation with a hot gas path particulate concentration
f 0.007 ppmw. Table 2 shows the particle material properties,
perating conditions, and particle scaling parameters for fly ash
articles in a gas turbine compared with wax particles in the labo-
atory wind tunnel �18–23�.

Figure 6 shows particle temperatures plotted with respect to
SP for a 10 �m fly ash particle in engine conditions and a
00 �m wax particle in laboratory conditions. Although fly ash
articles and wax particles are subject to different surroundings,
he TSP value can be matched to scale the particle solidification
ime between engine and laboratory conditions. Particle solidifi-
ation times, t1 and t2, from Eqs. �1� and �2� are illustrated in Fig.
.

Surface deposition was quantified using a two-dimensional area
overage technique similar to that used by Lawson and Thole �1�.
o quantify the surface coverage, the endwall surface was photo-
raphed using a Nikon D40� 10.2 megapixel digital single lens

Table 2 Particle propert

Particle diameter, dp ��m�
Particle density, �p �kg /m3�
Specific latent heat of fusion, �hfus �J/kg�
Specific heat, Cp �J/kg K�
Particle solidification temperature, Tp,s �K�
Mainstream gas temperature, T� �K�
Particle initial temperature, Tp,i �K�
Gas viscosity, � �kg/m s�
Particle travel distance �combustor to turbine�, L� �m
Particle velocity �mainstream velocity�, U� �m/s�
Film-cooling hole diameter, D �mm�
Maximum thermal scaling parameter, TSPmax

Stokes number, Stk
eflex �SLR� camera with a polarizing filter. For each experiment,

ournal of Turbomachinery
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diffuse surface lighting was created by placing a white sheet over
the test section and providing upward lighting from inside the
wind tunnel. By directing the lights toward the white sheet, light
could be diffusely reflected evenly to prevent glare and uniformly
light the surface.

After each experiment, photographs were taken through four
port locations on the ceiling of the test section. The photos were
then stitched together to create a composite image of the surface.
The composite image was then cropped and converted to an 8 bit
image in which every pixel had a gray value between 0 and 255
representing the light intensity of that pixel. The white wax that
deposited on the black surface created excellent contrast and easy
deposition identification. The 8 bit surface image was then con-
verted to a binary image in which all black pixels represented
deposition. Deposition area coverage could then be calculated by
counting the ratio of black to white pixels for a given area of
interest. IMAGEJ �24� software was utilized to perform the digital
image processing described above.

Figure 7 shows a composite endwall photo taken at the vane
leading edge along with its corresponding 8 bit composite image
binary representation. Figure 7�d� shows a color contour in which
each pixel from the 8 bit image was assigned a color based on the
pixel gray value. These color surface deposition plots allowed for
improved contrast for qualitative deposition analysis. It is impor-
tant to note that the method described above is a two-dimensional
analysis method and color contour levels do not necessarily rep-
resent deposition thickness.

and scaling parameters

Engine �fly ash� Laboratory �wax�

0.1–10 1–100
1,980 �18� 800

650,000 �19� 225,600
730 �20� 2,090

1,533 �21� 351
1,500 �22� 295/337
1,593 �22� 364
5.55�10−5 1.82�10−5

0.26 2.34
93 �23� 6.3

0.5 4.6
1.2 0.3/1.2

0.004–40 0.004–40

Fig. 6 Fly ash and wax particle temperatures plotted with re-
ies

�

spect to TSP
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Discussion of Results
For the current study, a test matrix was designed to explore the

ffects of film-cooling momentum flux ratio, TSPmax, and wax
pray duration on endwall deposition and adiabatic effectiveness.
y increasing the wax spray duration, the total mass of wax in-

ected in a given test was increased. Table 3 shows the test matrix
or the current study. It is important to note that the upstream slot
ow was 0.75% of the mainstream for every experiment con-
ucted in this study.

Prior to simulating deposition on a film-cooled surface, a flat
ndwall without film-cooling holes was installed to observe the
eposition that occurred because of secondary flow structures
lone. Figure 8 shows the 8 bit composite photographs and corre-
ponding surface deposition plots for the deposition tests con-
ucted using a flat endwall with no film-cooling. As shown in Fig.
�a�, deposition that occurred with TSPmax=0.3 was isolated
ostly to the leading edge region. When exposed to a mainstream

emperature of 337 K, the TSPmax=1.2 particles are soft and more
ikely to stick, resulting in deposition that was more widespread
ut less dense at the leading edge than the TSPmax=0.3 deposition.

Deposition patterns shown by both cases in Fig. 8 illustrate well
here deposition collects because of secondary flow structures
ear the endwall. The densest deposition is collected near the
tagnation point downstream of the leading edge vortex. The lead-
ng edge vortex is formed by the total pressure gradient that be-
omes the static pressure gradient as the boundary layer flow stag-
ates at the vane leading edge. The pressure gradient causes the
ow to move toward the endwall at which point particles with
igh inertia do not follow the vortex streamlines, resulting in
eposition on the endwall between the vortex and the stagnation
oint. Also illustrated well by the deposition is the saddle point
here flow separates from the endwall upstream of the leading

dge vortex.
Dense deposition can also be observed inside the trailing edge

f the slot upstream of the stagnation region. Local pressures on
he endwall at the exit of the slot upstream of stagnation are high,

ig. 7 Photographs illustrating the „a… composite image, „b… 8
it image, „c… binary image, and „d… the surface deposition plot

Table 3

Test No. I M
Wax mass

�g� TS

1 - - 600
2 - - 600
3 0.23 0.5 - N
4 0.95 1.0 - N
5 3.60 2.0 - N
6 0.23 0.5 300
7 0.23 0.5 600
8 0.23 0.5 900
9 0.95 1.0 900

10 3.60 2.0 900
11 0.23 0.5 900
12 0.95 1.0 900
13 3.60 2.0 900
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resulting in either ingestion or very low coolant velocities exiting
the slot. The low coolant velocity is not enough to prevent par-
ticles from impacting the surface.

Following deposition tests on the uncooled endwall, the film-
cooled endwall illustrated in Fig. 2 was installed. Prior to simu-
lating deposition, a series of baseline �no deposition� adiabatic
effectiveness tests were conducted at momentum flux ratios of I
=0.23, I=0.95, and I=3.6. Contours illustrating spatially resolved
adiabatic effectiveness values on the film-cooled endwall are
shown in Fig. 9. Recall that the coolant flow condition is charac-
terized by the momentum flux ratio of the leading edge coolant
hole immediately upstream of the stagnation point. The contours

t matrix

ax Description

Deposition simulation—slot only
Deposition simulation—slot only
Baseline adiabatic effectiveness
Baseline adiabatic effectiveness
Baseline adiabatic effectiveness

Deposition simulation/adiabatic effectiveness
Deposition simulation/adiabatic effectiveness
Deposition simulation/adiabatic effectiveness
Deposition simulation/adiabatic effectiveness
Deposition simulation/adiabatic effectiveness
Deposition simulation/adiabatic effectiveness
Deposition simulation/adiabatic effectiveness
Deposition simulation/adiabatic effectiveness

Fig. 8 Deposition photographs and surface deposition plots
with no film-cooling for „a… TSPmax=0.3 and „b… TSPmax=1.2
Tes

Pm

0.3
1.2
/A
/A
/A

0.3
0.3
0.3
0.3
0.3
1.2
1.2
1.2
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how that coolant from the leading edge row is pulled toward the
uction side of the vane, causing increased effectiveness on the
uction side of stagnation. Similar to the findings of Sundaram
nd Thole �25�, effectiveness increases with an increase in blow-
ng ratio. Separation reduces the effectiveness immediately down-
tream of the leading edge row at I=3.6; however, the leading
dge vortex pulls the coolant toward the endwall near the stagna-
ion region, resulting in increased effectiveness.

Adiabatic effectiveness was laterally averaged in the stream-
ise direction at different locations across the pitch of the leading

dge cooling row. Figure 10 shows the baseline laterally averaged
ffectiveness distribution for the leading edge cooling row at the
hree momentum flux ratios tested. Laterally averaged effective-
ess increased with an increase in momentum flux ratio with a
arge jump in effectiveness between I=0.95 and I=3.6.

4.1 Effects of Deposition Evolution. Prior to testing the ef-
ects of mainstream temperature and momentum flux ratio, the
ffect of differing wax spray durations was explored to determine
he effects of deposition evolution on cooling effectiveness. Three
eparate tests were conducted with three wax spray durations at
=0.23. Figure 11 shows the effectiveness contours and surface
eposition plots for the case with no deposition along with the
ases after the injection of 300 g, 600 g, and 900 g of wax. Similar
o the cases with no film-cooling, deposition was densest at the
tagnation region of the vane and inside the trailing edge of the
pstream slot. As expected, surface deposition increased with an
ncrease in wax injection with a larger difference between 300 g

ig. 9 Adiabatic effectiveness contours at „a… I=0.23, „b… I
0.95, and „c… I=3.6 with no deposition

ig. 10 Laterally averaged effectiveness of the leading edge

ooling holes with no deposition
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and 600 g than between 600 g and 900 g. Comparing directly
between effectiveness contours and deposition plots, it is evident
that the regions with the highest effectiveness �i.e., coldest surface
temperatures� had the least deposition. Ai et al. �9� found that
deposition capture efficiency decreased with an increase in blow-
ing ratio and Lawson and Thole �1� observed a decrease in coolant
wake deposition with an increase in momentum flux ratio. Bons et
al. �5� observed trough patterns caused by the lack of deposition in
cooling hole wakes on actual turbine hardware. The lack of depo-
sition in the wakes of coolant holes on the suction side of the vane
leading edge in this case is most likely because of high coolant jet
velocities, preventing surface impaction of particles.

Not only did the coolant holes have an effect on deposition but
deposition had an effect on the cooling effectiveness of the lead-
ing edge row. The laterally averaged effectiveness plots in Fig. 12
show that an increase in deposition causes a decrease in effective-
ness everywhere along the leading edge cooling row. Deposition
has a greater effect on the cooling effectiveness on the suction
side of stagnation than on the pressure side. It is interesting to
note that laterally averaged effectiveness values for the 600 g and
900 g cases are practically the same, indicating that effectiveness

Fig. 11 Adiabatic effectiveness contours and corresponding
surface deposition plots „a… before deposition, „b… after 300 g,
„c… after 600 g, and „d… after 900 g of wax injection at I=0.23

Fig. 12 Laterally averaged effectiveness of the leading edge
cooling holes after 300 g, 600 g, and 900 g of wax injection at

I=0.23
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pproaches an equilibrium state between 600 g and 900 g of in-
ection. Lawson and Thole �1� also observed that effectiveness
eached an equilibrium state with an increase in deposition for a
imple flat plate film-cooling study. As deposition approaches an
quilibrium state, the rate at which particles deposit approaches
he rate at which particles are eroded from the surface.

Area-averaged effectiveness values were calculated for the re-
ion illustrated by the white box in Fig. 11�a�. Figure 13 shows
he leading edge area-averaged effectiveness and effectiveness re-
uction relative to the baseline plotted with respect to deposition
rea coverage for the three wax spray duration tests. Figure 13
hows that after 300 g of wax injection the leading edge cooling
ffectiveness is reduced by 10%. After 600 g, effectiveness is
educed by 25% and after 900 g, effectiveness reduction reaches
6%. The difference in effectiveness reduction between 600 g and
00 g of wax injection is only 1%, which is well within the ex-
erimental uncertainty, indicating that the effect of deposition on
ooling effectiveness is approaching an equilibrium state as it did
n Lawson and Thole �1�.

The spray duration tests presented in Figs. 11–13 revealed that
00 g of wax injection was adequate to capture the effects of
eposition on cooling effectiveness. For the remainder of the tests
onducted for the current study, a spray duration of 4 min �900 g�
as used to explore the effects of momentum flux ratio and main-

tream temperature on cooling effectiveness.

4.2 Effects of Momentum Flux Ratio. As the momentum of
he jet exceeds the momentum of the mainstream fluid, the jet
ecomes more likely to separate from the surface. Figures 14–16
how adiabatic effectiveness contour plots and surface deposition
lots for I=0.23, I=0.95, and I=3.6, respectively. The leading
dge coolant jets are likely separated at I=3.6; therefore, there are
ast differences between the deposition pattern observed at I
3.6 compared with the two lower momentum flux ratios. At I
3.6 deposition is widespread downstream of the leading edge
ooling holes on the pressure side of stagnation. It is clear that
eposition collects everywhere outside of the coolant jet wakes, as
een in Figs. 16�a� and 16�b�. At I=3.6 deposition is very dense
etween cooling holes especially near the leading edge of the
ooling holes. Mounds of deposition developed between the lead-
ng edge coolant holes at I=3.6, implying that there was a block-
ge effect that created a recirculation region.

Sundaram and Thole �26� made laser Doppler velocimetry mea-
urements at the stagnation point for the same cooling geometry
ested in the current study. The location of the flowfield measure-

ent plane illustrated in Fig. 17 is shown by the white line in Fig.
6�a�. The flowfield in Fig. 17 shows the recirculation regions

ig. 13 Area-averaged effectiveness of the leading edge cool-
ng row plotted with respect to deposition area coverage at I
0.23
pstream and downstream of the coolant holes at M=2.5. The

11003-8 / Vol. 134, JANUARY 2012
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recirculation regions correspond with deposition collection in the
surface deposition plots shown in Fig. 16. Deposition is also col-
lected downstream of the passage cooling holes most likely be-
cause jet separation created a recirculation region immediately
downstream of these cooling holes.

It is apparent from Figs. 14–16 that deposition has a negative
impact on cooling at all three momentum flux ratios tested. Figure
18 shows the area-averaged effectiveness of the leading edge
cooling row for the baseline case along with the TSPmax=0.3 and
TSPmax=1.2 cases. For validation purposes, Fig. 18 also shows

Fig. 14 Effectiveness contours and surface deposition plots
at I=0.23 for „a… no deposition, „b… TSPmax=0.3, and „c… TSPmax
=1.2

Fig. 15 Effectiveness contours and surface deposition plots
at I=0.95 for „a… no deposition, „b… TSPmax=0.3, and „c… TSPmax

=1.2
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he area-averaged effectiveness of the same leading edge cooling
ow geometry tested by Sundaram and Thole �25�. The results in
ig. 18 show that leading edge effectiveness increased with an

ncrease in momentum flux ratio with and without surface depo-
ition. Deposition caused a noticeable reduction in area-averaged
ffectiveness of the leading edge cooling row at all three momen-
um flux ratios.

4.3 Effects of Thermal Scaling Parameter. For the cases
llustrated in Figs. 14–16, the results are similar to those with no
ooling in that deposition at TSPmax=1.2 appears less dense at the
tagnation region but more widespread than deposition at
SPmax=0.3. Recall that TSP was varied by changing the main-
tream air temperature. Effectiveness contours show that deposi-
ion at TSPmax=1.2 has a more negative impact on cooling than
eposition at TSPmax=0.3. Deposition at TSPmax=1.2 is collected
ensely around cooling holes near stagnation and appeared to par-
ially block some cooling holes. This blocking effect is the expla-
ation for the increased reduction in effectiveness observed at
SPmax=1.2. Particles with TSPmax=1.2 have higher temperatures

han particles with TSPmax=0.3. Particles with higher tempera-
ures are softer and stickier, allowing them to deposit more readily

ig. 16 Effectiveness contours and surface deposition plots
t I=3.6 for „a… no deposition, „b… TSPmax=0.3, and „c… TSPmax
1.2
Fig. 17 Vane leading edge flowfield by
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upon impaction in the vicinity of cooling holes. Deposition at
TSPmax=1.2 is less dense near stagnation than deposition at
TSPmax=0.3 because the sticky particles entrained in the leading
edge vortex at TSPmax=1.2 are likely to deposit on the vane sur-
face before impacting the endwall. The photographs in Fig. 19 at
I=0.23 for both TSPmax conditions illustrate the thick deposition
on the vane surface at TSPmax=1.2.

Area-averaged effectiveness was calculated for the passage row
in addition to the leading edge row. The region used for taking the
passage row area-average was 11D�28D and is indicated by the
black box in Fig. 11�a�. Figure 20 shows the area-averaged effec-
tiveness reduction relative to the baseline case for the passage and
leading edge rows at TSPmax=0.3 and TSPmax=1.2 plotted with
respect to momentum flux ratio. The results show that leading
edge effectiveness reduction decreases with an increase in mo-
mentum flux ratio while passage row effectiveness reduction in-
creases with an increase in momentum flux ratio.

In addition to the different effect of momentum flux ratio be-
tween leading edge and passage cooling rows, the effect of
TSPmax is much greater on the passage row than on the leading
edge row. Passage row effectiveness reduction reaches 32% at
TSPmax=1.2 and only as high as 25% at TSPmax=0.3. The differ-
ence in effects observed between the passage row and the leading
edge row is most likely because the leading edge coolant is less
susceptible to separation because of the presence of the leading
edge vortex. The leading edge vortex holds the coolant on the

Fig. 18 Leading edge area-averaged effectiveness plotted with
respect to blowing ratio for no deposition, TSPmax=0.3, and
TSPmax=1.2
Sundaram and Thole †26‡ for M=2.5
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ndwall, which allows for increased effectiveness and reduces
ownstream deposition buildup. The passage row coolant, on the
ther hand, is more susceptible to separation, which leads to depo-
ition accumulation close to the trailing edges of coolant holes
ecreasing effectiveness. The extent of deposition downstream of
he coolant holes on the passage side is dependent on the TSPmax
alue. The soft sticky particles that exist at TSPmax=1.2 lead to
ense deposition downstream of passage row cooling holes ulti-
ately leading to increased effectiveness reduction.

Conclusions
A method was developed to dynamically simulate solid and
olten particle deposition using wax in a large scale turbine vane

ascade. The effects of wax spray duration, momentum flux ratio,
nd mainstream temperature on endwall film-cooling effective-
ess were quantified. A thermal scaling parameter was developed
o characterize the phase of particles immersed in the mainstream
as path. The thermal scaling parameter was used to scale the
hase of the particles from engine to laboratory conditions.

ig. 19 Photographs of leading edge deposition at I=0.23 with
a… TSPmax=0.3 and „b… TSPmax=1.2

ig. 20 Area-averaged effectiveness reduction for leading

dge and passage cooling holes
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At the lowest momentum flux ratio, three tests were conducted
with different wax spray durations to observe deposition develop-
ment and measure the effects of deposition evolution on cooling.
Little change in effectiveness and surface area coverage between
600 g and 900 g of wax injection indicated that deposition ap-
proached an equilibrium state.

Areas of dense deposition were observed at the stagnation re-
gion of the vane, downstream of the passage cooling rows, and
upstream of leading edge cooling rows at high momentum flux
ratios. Based on these observations compared with laser Doppler
velocimetry measurements from a previous study �26�, dense
deposition most likely collects in areas where high vorticity
causes particle impaction on the endwall.

Area-averaged effectiveness values were calculated for the
leading edge and passage cooling rows. Results showed that lead-
ing edge cooling row effectiveness reduction was comparable for
both low and high thermal scaling parameter values and decreased
with an increase in momentum flux ratio. On the other hand, the
passage cooling row experienced an increase in effectiveness re-
duction with an increase in momentum flux ratio. The difference
in effectiveness dependence on deposition between leading edge
and passage cooling rows was because jet separation at the lead-
ing edge cooling row was suppressed at high momentum flux
ratios by the leading edge vortex. The buildup of deposition
downstream of passage cooling holes led to a greater decrease in
effectiveness with the high thermal scaling parameter than with
the low thermal scaling parameter.

This study has shown that endwall cooling is highly sensitive to
deposition. Excess deposition could lead to reduced cooling effec-
tiveness and possibly turbine component failure. It is essential to
understand the driving mechanisms behind deposition so that ad-
vanced film-cooling configurations can be designed to mitigate
deposition.
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Nomenclature
a 
 speed of sound

A 
 surface area
C 
 chord length

Cp 
 particle specific heat
�hfus 
 specific latent heat of fusion

D 
 film-cooling hole diameter, D=0.46 cm
dp 
 particle diameter
h 
 heat transfer coefficient
I 
 momentum flux ratio, I=�cUc

2 /��U�
2

L 
 film-cooling hole length
Lc 
 characteristic length for Stokes number
Lp 
 particle travel distance
M 
 film-cooling blowing ratio, M=�cUc /��U�

Mideal 
 blowing ratio of a loss free hole,
Mideal=��c /�� ·Po,c−p� /Po,�−p�

Ma 
 Mach number, Ma=U� /a
p 
 static pressure
P 
 vane cascade pitch

Po 
 total pressure
Q 
 heat loss to surroundings

Re 
 Reynolds number, Re=�U�C/�

S 
 nozzle guide vane span
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Stk 
 Stokes number, Stk=�pdp
2Up /18�Lc

T 
 temperature
Tu 
 turbulence intensity percent, Tu=urms /U�

U 
 velocity
V 
 volume

X,Y,Z 
 local coordinates

reek
� 
 adiabatic effectiveness, �= �T�−Taw� / �T�−Tc�
�̄ 
 laterally averaged effectiveness
�� 
 area-averaged effectiveness

��o 
 baseline area-averaged effectiveness �no
deposition�

� 
 density
� 
 gas dynamic viscosity

ubscripts
aw 
 adiabatic wall

c 
 coolant
ex 
 exit

i 
 initial
in 
 inlet
p 
 particle
s 
 solidification

� 
 mainstream
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