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Simulations of Multiphase
Particle Deposition on a Gas
Turbine Endwall With
Impingement and Film Cooling
Replacing natural gas fuels with coal-derived syngas in industrial gas turbines can lead
to molten particle deposition on the turbine components. The deposition of the particles,
which originate from impurities in the syngas fuels, can increase surface roughness and
obstruct film cooling holes. These deposition effects increase heat transfer to the compo-
nents and degrade the performance of cooling mechanisms, which are critical for main-
taining component life. The current experimental study dynamically simulated molten
particle deposition on a conducting blade endwall with the injection of molten wax. The
key nondimensional parameters for modeling of conjugate heat transfer and deposition
were replicated in the experiment. The endwall was cooled with internal impingement jet
cooling and film cooling. Increasing blowing ratio mitigated some deposition at the film
cooling hole exits and in areas of coolest endwall temperatures. After deposition, the
external surface temperatures and internal endwall temperatures were measured and
found to be warmer than the endwall temperatures measured before deposition. Although
the deposition helps insulate the endwall from the mainstream, the roughness effects of
the deposition counteract the insulating effect by decreasing the benefit of film cooling
and by increasing external heat transfer coefficients. [DOI: 10.1115/1.4031177]

Introduction

An alternative power generation method in recent years uses
coal-derived fuels in a gas turbine power system known as inte-
grated gasification combined cycle. Coal is converted to hydrogen
and carbon monoxide synthesis gas (syngas), which is used as the
fuel instead of natural gas in a conventional industrial gas turbine.
One of the challenges associated with the use of this alternative
fuel technology comes from residual solids that remain through
the gasification process. These particles can become molten
upstream of the turbine due to the extreme temperatures experi-
enced in the combustor section. Downstream of the combustor,
the particles encounter relatively cooler surfaces along the cooled
airfoil components and tend to deposit on those surfaces. The dep-
osition can potentially interfere with critical turbine cooling tech-
nologies designed to maintain turbine component life. Without
proper cooling, the turbine components are at risk of operating
with metal temperatures that exceed material limits.

There are two objectives of this study on an internally and
externally cooled endwall of a turbine blade. The first is to evalu-
ate the influence of the endwall cooling on the distribution of dep-
osition. The deposition of molten particles in the turbine is a
complicated three-phase flow process that depends on many
dynamic parameters. It is necessary to understand the relevant
parameters controlling the deposition to be able to accurately
simulate the deposition in experiments.

Once the deposition has been applied to the endwall, the second
objective is to determine the change in endwall cooling perform-
ance and the causes for the change. The cooling performance is
quantified through temperature measurements of the surfaces. The
current study considers the effects of coolant blowing ratio as well

as cooling configuration, with and without internal impingement
cooling.

Relevant Literature

While many studies in the literature have studied the effects of
deposition geometry and roughness on gas turbine cooling, more
recent studies have dynamically simulated the deposition process
in a laboratory environment as well. Dynamic molten particle dep-
osition methods capture a variety of effects, most notably particle
Stokes number (Stk) and molten character of the particles, which
determine the amount and character of the deposition.

Molten coal ash particles were dynamically deposited on sta-
tionary hardware by combustion gases in accelerated blowdown
facilities used by Ai et al. [1], Webb et al. [2], and Casaday et al.
[3]. Ai et al. [1] optically measured the external temperature on a
film cooled surface and found that the temperature increased as
more particles deposited. Increasing the blowing ratio mitigated
the accumulation of deposition and rise in temperature. Webb
et al. [2] tested the consequences of injecting different types of
coal ash at different mainstream temperature conditions and dis-
covered that there was a threshold temperature for deposition that
varied depending on the type of ash. As the gas temperature was
increased beyond the threshold, the deposit size and thickness
increased. Casaday et al. [3] also found levels of increased deposi-
tion due to higher gas temperatures from simulated hot streaks. In
both studies, the deposition was thickest on the leading edge and
pressure side of the vanes. Film cooling provided some benefit in
reducing deposition for the types of ash that had the mildest
deposition amounts [2].

A method to dynamically simulate molten particle deposition
with wax in low-speed wind tunnel facilities has been employed
by several researchers [4–11]. Lawson et al. [4–6,11] simulated
deposition on adiabatic endwall geometries with film cooling. Ini-
tially, the degradation of the film cooling effectiveness increased
over time, but then reached an equilibrium, when the rate of depo-
sition was balanced by the rate of erosion. Lawson et al. [5,6,11]
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varied the molten character of the particles by changing the main-
stream temperature. A thermal scaling parameter (TSP) was
defined to quantify the molten character of the particles. For lower
values of TSP, corresponding to more solid than liquid particles,
the deposition had increased surface roughness and greater reduc-
tion in adiabatic film cooling effectiveness.

A similar wax deposition facility was employed by Albert and
Bogard [7,8], Davidson et al. [9], and Kistenmacher et al. [10] for
conducting vane geometries with internal cooling and film cool-
ing. In conducting wall experiments, the appropriate dimension-
less parameters must be engine-matched to model the correct
nondimensional temperature distributions [12]. The relevant
dimensionless parameters for conjugate studies include the Biot
number, Bi; the ratio of external to internal heat transfer coeffi-
cients, h1/hi; the Reynolds number, Re; and the scaled geometry.
Albert and Bogard [7,8] observed significant amounts of deposi-
tion on the leading edge and pressure sides of the vane. However,
there was a threshold for surface temperature above which a
significant amount of deposition was observed. When the vane
surface temperature was below the threshold, deposition was par-
tially mitigated. In light of the importance of surface temperature
to deposition, Davidson et al. [9] and Kistenmacher et al. [10]
included the thermal effect of a thermal barrier coating (TBC) on
the vane in their deposition simulations. Both wax and TBC ther-
mal conductivities were appropriately scaled to the vane conduc-
tivity. Measurements of the vane temperature, under the TBC,
showed lower temperatures for the case with deposition relative to
no deposition due to the insulating effect of the deposition layer.

To the best of our knowledge, there are no studies in the litera-
ture which focus on the deposition on an endwall with a conduct-
ing wall boundary condition to determine the effect on endwall
temperature. The studies mentioned above either focused on the
deposition on the vane surface or used an adiabatic boundary con-
dition for the endwall. The deposition behavior and effect on cool-
ing performance for the endwall are different than the vane
because of the orientation of the surface to the mainstream and the
presence of passage secondary flows. The vortices associated with
endwall flow have been shown to locally increase deposition
where the flow of the vortex impacts the endwall, as well as
locally mitigate deposition where the flow of the vortex pulls
away from the endwall [5,11,13]. The vortices in the passage also
locally increase the external heat transfer coefficient as shown by
Kang and Thole [14]. The distribution of the external endwall
heat transfer coefficients was investigated by Lynch et al. [15]
through both experiments and computational predictions of an
endwall with a constant wall heat flux boundary condition. The
thermal performance of a conjugate endwall with passage second-
ary flows was investigated by Mensch and Thole [16] without
deposition. For this previous study, the endwall was cooled with
the same cooling features as the current study. It was found that

the internal impingement cooling had a greater influence than film
cooling on the scaled endwall temperatures.

Conjugate Endwall and Deposition Model

A simplified model of an impingement and film cooled endwall
with a layer of deposition is depicted in Fig. 1. Figure 1 identifies
the critical parameters and temperatures for the conjugate model
development, the experiments, and the analysis. From the one-
dimensional heat transfer through the endwall in Fig. 1, Eq. (1)
can be derived for the dimensionless wall temperature with depo-
sition, /dep. Equation (1) is written in nondimensional form,
revealing the dimensionless parameters affecting heat transfer. By
matching these parameters and the relative dimensions of all the
geometric features to those in the engine, the experiments can pro-
vide engine-relevant dimensionless temperatures. Equation (1) is
written for the case with deposition, /dep whereby this is the
dimensionless outside wall temperature. In the case of no deposi-
tion, the equation for the outside wall temperature, /, reduces to
Eq. (2), previously reported in Refs. [16] and [17].

/dep ¼
T1 � Tw

T1 � Tc;in
¼ 1� vg

1þ Biþ h1=hi

Bi
tdep

tw

� �
kw

kdep

� �
þ 1

þ vg (1)

/ ¼ T1 � Tw

T1 � Tc;in
¼ 1� vg

1þ Biþ h1=hi

þ vg (2)

The dimensionless parameters revealed in Eqs. (1) and (2) include
the endwall Bi, the h1/hi, the coolant warming factor, v, which is
defined in Eq. (3), the adiabatic effectiveness, g, the ratio of depo-
sition thickness to endwall thickness tdep/tw, and the ratio of depo-
sition conductivity to wall conductivity kdep/kw.

v ¼ T1 � Tc;exit

T1 � Tc;in
(3)

The thickness ratio, tdep/tw, is a parameter that represents the
size and distribution of deposits on the endwall. Lawson and
Thole [5] have shown that the size and distribution of multiphase
particle deposition depend on the particle Stk and TSP. The parti-
cle Stk characterizes the trajectory of the particles. The TSP quan-
tifies the molten character of the particles and influences the
particle sticking behavior [5]. The TSP is the ratio of particle
solidification time, from a lumped capacitance analysis, to the par-
ticle travel time from the combustor to the turbine surface. For
TSP> 1, the particles are mostly molten. For TSP< 1, the par-
ticles are mostly solid.

The nondimensional endwall and deposition parameters for the
experiments in this study matched to engine conditions are given
in Table 1. The blowing ratio, Mavg, is the average ratio of coolant
to mainstream mass flux across the film cooling holes. The

Fig. 1 Configuration of a conjugate endwall with impingement
and film cooling and simulated deposition

Table 1 Conjugate endwall and deposition parameters

Parameter Exp. model Typical engine

Mavg 0.6, 1.0, 2.0 1.0–2.0
kw (W/m K) 0.99–1.06 22
tw (cm) 1.27 0.20
Bi¼ h1tw/kw 0.3–0.7 [18] 0.27
h1/hi M¼ 0.6 1.1–2.3 [18,19] 1.0

M¼ 1.0 0.7–1.4 [18,19]

kdep/kw 0.1 0.07–0.1 [20,21]
StkD Median: 6 [5] 0.004–40 [22]
StkCax

Median: 0.1 [5] 8� 10�5–0.7 [22]
TSP Median: 0.3[6] 1� 10�4–1.2 [22,23–25]
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distribution of endwall h1 is obtained from measurements by
Lynch et al. [18]. An engine-matched Bi is achieved by using a
Corian

VR

endwall. To estimate hi, a Nusselt number correlation for
an impingement array with staggered coolant extraction [19] is
used. A molten wax spray technique is used to achieve the deposi-
tion parameters in the laboratory. Details regarding this technique
can be found in the Experimental Methods section and in Lawson
and Thole [5]. The conductivity of the paraffin wax deposits
(Tmelt¼ 60 �C) is estimated assuming an air porosity of 0.6 in the
deposits, similar to the porosity of engine deposition [20]. The
thermal conductivity of coal ash deposition depends on deposition
temperature, chemical composition, and porosity, which is
reflected in the range of (kdep/kw)engine given in Table 1. Table 1
also shows a wide range of Stk and TSP for engines due to the
range of possible particle diameters [22]. The median values of
Stk and TSP in the experiment are chosen to simulate the distribu-
tion of these parameters in the engine. The Stk is provided for def-
initions based on the film cooling diameter, D, as well as the
mainstream length scale, Cax.

Besides the scaled outer wall temperature, two other tempera-
tures of interest in Fig. 1 are the scaled internal wall temperature,
/i, and the scaled external temperature of the deposition, x,
defined in Eqs. (4) and (5). As wax is used for deposition in the
experiments, x is referred to as the wax effectiveness. Since Tw,i

and Twax are on the same heat transfer circuit used to derive Eq.
(1), it follows that /i and x depend on the same parameters as
/dep.

/i ¼
T1 � Tw;i

T1 � Tc;internal

(4)

x ¼ T1 � Twax

T1 � Tc;in
(5)

Experimental Methods

The large-scale, low-speed, closed-loop wind tunnel depicted in
Fig. 2(a) is used to perform the deposition simulation and thermal

measurements on the endwall of the linear blade cascade shown in
Fig. 2(b). The procedure of the experiments involves first the
dynamic simulation of the deposition through a steady-state wax
spray issuing from small nozzles in the turbulence grid. Then, a
second steady-state experiment is performed to measure the tem-
perature distribution on the wax deposits and the endwall. In each
experiment, the flow and thermal conditions are controlled such
that the Re and the important parameters in Table 1 are achieved.

The wind tunnel facility allows for a temperature difference
between the mainstream and coolant streams. The coolant flow is
separated from the mainstream flow upstream of the cascade
where the tunnel widens in Fig. 2(a). The mainstream section is
heated by a heater bank and passes through flow conditioning ele-
ments including a turbulence grid 10Cax upstream of the test sec-
tion. A more detailed description of the wind tunnel and flow
conditioning elements can be found in Ref. [18]. The mainstream
temperature is measured 0.52Cax upstream of the blades in the
axial direction at multiple spanwise and pitchwise locations with a
thermocouple rake. The mainstream temperature varies by no
more than 6 0.6 �C from the average T1. A pitot probe, also
inserted 0.5Cax upstream, is used to measure the inlet mainstream
velocity, U1, at midspan for multiple spanwise locations. The
standard deviation over the spatially averaged U1 is less than 1%.

The coolant passes through a desiccant drier and two heat
exchangers that chill the coolant, before entering the plenum
located below the endwall. A laminar flow element directly meas-
ures the total coolant flowrate, which is adjusted to achieve the
necessary blowing ratios. The blowing ratios reported in this
study, Mavg, are an average of the local M at each film cooling
hole. The local mass flow through each film cooling hole is
weighted according to the local pressure drop across each hole.
The uncertainty in coolant flowrate is estimated for a 95% confi-
dence interval to be 6 3%, using sequential perturbation [26]. To
measure the internal coolant temperature, Tc,in, two thermocouples
are located approximately 8.7D below the impingement plate,
which agree within 6 3 �C. The mainstream to coolant tempera-
ture difference is about 40 �C, which provides a coolant to main-
stream density ratio of about 1.15.

The linear blade cascade contains seven blades based on the
low-pressure turbine Pack-B airfoil, which has been used in many
studies [6,15,16,18,27–29]. Although heat transfer and deposition
are most severe in the high-pressure stages, a low-pressure turbine
blade profile captures the relevant passage flow effects of pressure
gradient and curvature. In Fig. 2(b), the dark colored section of
the endwall in the passage is constructed from Corian

VR

, while out-
side the passage the endwall is constructed from medium density
fiberboard. Passage 2, film cooling only, and passage 3, film and
impingement cooling, are used for the experiments in this study.
A summary of the airfoil geometric parameters and mainstream
flow conditions is provided in Table 2. The test section inlet
boundary layer parameters were measured at 2.85Cax upstream of
the center blade previously by Lynch et al. [18]. At this location
upstream, the boundary layer thickness/span, d/S, was 0.061, and
the freestream turbulence was 6% [18]. Periodicity of the cascade
is confirmed by taking measurements of the pressure distribution
at the midspan of all seven blades and comparing to computa-
tional fluid dynamics (CFD) predictions [29].

The passage of the endwall is cooled with a generic configura-
tion of internal impingement cooling and film cooling. Coolant is
supplied by a plenum located beneath the endwall. In passages

Fig. 2 Depiction of (a) the large-scale low-speed wind tunnel,
and (b) the test section containing the Pack-B linear blade cas-
cade and conjugate endwall

Table 2 Flow conditions and blade geometry

Scale factor 8.6 Inlet U1 10.5 m/s
Cax 0.218 m Inlet flow angle 35 deg
p/Cax 0.826 Exit flow angle 60 deg
S/Cax 2.50 Inlet Ma 0.029
Inlet Re 1.22� 105 Exit Ma 0.047
Exit Re 1.98� 105

Journal of Turbomachinery NOVEMBER 2015, Vol. 137 / 111002-3

Downloaded From: https://turbomachinery.asmedigitalcollection.asme.org on 01/07/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



with impingement cooling, an impingement plate is located at a
gap height of H¼ 2.9D below the endwall. The coolant enters the
passage through film cooling holes in the endwall, angled 30 deg
to the surface. The locations of the 28 impingement holes and ten
film cooling holes are shown in Fig. 3. The spacing of the
impingement holes is 4.65D in both the x and y directions, and
two rows of film cooling holes are staggered between the impinge-
ment jets. The film cooling holes are oriented in the x–y plane to
align with the local endwall streaklines found by Lynch et al.
[18]. Additional details regarding the cooling geometry can be
found in Mensch and Thole [16].

The deposition is dynamically simulated with a molten wax
spray technique designed by Lawson and Thole [5,6]. The two-
nozzle wax injection system depicted in Fig. 4 is integrated into
the turbulence grid upstream of the test section. The nozzle heads,
located at one-third span, contain a center jet for liquid wax and
two air jets directed at the liquid stream to atomize the liquid into
a mist of particles. Separate pressure regulators are used to inde-
pendently control the liquid wax flowrate and the atomizing air
pressure. The liquid flowrate for each nozzle is set to 1.9 g/s for an
estimated particle loading of 0.8 ppm (570 ppmw). The air pres-
sure is set to 138 kPa (20 psi) to generate particles with a median
size of 34 lm, as discussed in Ref. [6], achieving a median StkD

of 6. The liquid wax and air lines are heated such that the injection

temperature, measured by a thermocouple in the nozzle, is about
84 �C. To achieve a TSP of 0.3, the mainstream temperature dur-
ing deposition, T1, is 47 �C. The deposition is performed once
steady state is reached for these thermal conditions as well as the
mainstream and coolant flow conditions of Re and Mavg. The wax
spray lasts more than 4 min, which is beyond the equilibrium point
identified by Lawson and Thole [5]. Following the deposition,
photographs are taken of the wax deposition, and a coat of flat
black spray paint is applied for the thermal measurements in the
second phase of the experiment. The thermal resistance of the
paint is estimated to be less than 5% of the thermal resistance of
the wax or the thermal resistance of the endwall.

In the second phase of the experiment, the same mainstream
Re, coolant flowrate, and DT of 40 �C are generated for steady-
state measurements of external wax temperature, x. These meas-
urements are made with infrared (IR) thermography using a FLIR
P20 IR camera. Using IR imaging to obtain the temperature distri-
bution on the surface allows for a high-spatial resolution of 5.7
pixels/D. Additional details regarding the IR measurement tech-
nique and calibration are available in Mensch and Thole [16]. The
uncertainty in the external effectiveness is estimated to be 6 0.02
for a 95% confidence interval.

Because access to the outer surface of the endwall is obstructed
by the wax deposition, measurements of / cannot be obtained
with IR imaging, and thermocouples on the outer surface of the
endwall would affect the deposition and the flow. Instead, the in-
ternal wall temperature, scaled to /i, can be used to assess the
endwall cooling performance after deposition at discrete locations
in the passage. To determine /i, four flat ribbon-type

Fig. 3 Schematic of internal and external cooling scheme from
the top view, also showing the area average outline and loca-
tions of internal thermocouples

Fig. 4 Schematic of two-nozzle wax injection system located
in the turbulence grid

Fig. 5 Film cooling only contours of overall effectiveness with-
out deposition, /f, contours of wax effectiveness, xf, and depo-
sition photographs for (a) Mavg 5 0.6 and (b) Mavg 5 1.0
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thermocouples are attached to the internal surface of the endwall
with a high-conductivity epoxy, k¼ 4.3 W/m K, at the solid
circles in Fig. 3. The average of the measurements at these loca-
tions was shown in Mensch and Thole [30] to demonstrate the
overall trends for the passage. Using a 95% confidence interval,
the uncertainty in /i is estimated to be 6 0.01 since temperature
measurements are made directly with thermocouples.

Results and Discussion

The effect of simulated contaminant deposition is examined
through measurements of external wax temperature, used to com-
pute wax effectiveness (x), and internal endwall surface tempera-
ture, used to compute internal overall effectiveness (/i,dep). The
experiments considered the cooling configurations of film cooling
only and combined film plus impingement for blowing ratios of
0.6 and 1.0.

Effects of Deposition on External Temperatures. Figures
5–8 compare the external endwall overall effectiveness before
deposition, /, to the external wax effectiveness after deposition,
x. The film cooling holes and plenum boundaries are shown on
the contours for reference. The horizontal lines just below each
blade indicate a wall in the plenum and in the impingement chan-
nel that prevents coolant from crossing from one passage to
another. Below the x contours are photographs of the deposition
patterns on the endwall prior to the application of black paint for

thermal measurements. The pitchwise laterally averaged / and x
are compared in Fig. 7, which is plotted as a function of the axial
direction, x/Cax. The area-averaged / and x are plotted in Fig. 8
along with the average /i and /i,dep, which is discussed in the
Effect of Deposition on Internal Temperatures section. The area
used for averaging the external effectiveness is shown in Fig. 3.

Film cooling only (no internal impingement) results are shown
in Fig. 5(a) for Mavg¼ 0.6 and Fig. 5(b) for Mavg¼ 1.0. As can be
seen in the photographs, the deposition generates roughness ele-
ments with the size of 0.2–0.5D. The deposition is relatively uni-
form on the endwall, except near the pressure side of the passage.
Particles with a StkCax

greater than one account for 8% of the total
particle mass from the particle size distribution measurements
reported in Lawson et al. [6]. These larger particles are carried
into the pressure side instead of turning with the flow. Toward the
upstream portion of the pressure side, there are mostly small
deposits, and toward the downstream half of the pressure side
there are more large deposits. The effect of blowing ratio can be
seen by comparing the photographs of the film cooling holes in
Figs. 5(a) and 5(b). Some deposits form around the edges of the
holes for Mavg¼ 0.6, but at Mavg¼ 1.0, the coolant jets prevent
deposits around the hole edges and downstream of the hole for
about 1D. Farther downstream of the first row of film cooling
holes in Fig. 5(b), it appears there is increased deposition from
vortices induced by the film cooling jets bringing particles down

Fig. 6 Film and impingement cooling contours of overall
effectiveness without deposition, /, contours of wax effective-
ness, x, and deposition photographs for (a) Mavg 5 0.6 and (b)
Mavg 5 1.0

Fig. 7 Laterally averaged overall effectiveness without deposi-
tion, /, and wax effectiveness, x, across the passage for
Mavg 5 0.6 and 1.0 for (a) film cooling only and (b) film and
impingement
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to the wall. The deposition downstream of the film cooling holes
is consistent with the deposition and flow visualization reported
by Lawson and Thole [11]. In Fig. 5(b), there is slightly less depo-
sition just upstream of the first row of film cooling holes com-
pared to farther upstream. The /f contours on the left of Fig. 5(b)
show that the in-hole convection cools the endwall just upstream
of the film cooling holes, and increased cooling prevents deposi-
tion, as also reported in Albert and Bogard [8].

The effectiveness contours and deposition photographs for
combined film and impingement cooling are shown in Fig. 6. The
deposition photographs in Fig. 6 have similar features as Fig. 5.
There are increased levels of deposition near the pressure side,
with smaller deposits concentrated toward the upstream pressure
side, and larger particles concentrated toward the downstream
pressure side and into the wake. Again, the higher blowing ratio
mitigates some deposition just downstream of the film cooling
holes, but slightly increases deposition farther downstream. It also
appears that for Mavg¼ 1.0, there are fewer large deposits across
the entire area cooled by impingement cooling, indicating that the
local temperature of the endwall has an effect on the accumulation
of deposition. The height of deposition was observed to correlate
with surface temperature in Albert and Bogard [8] with larger
thicker deposits for higher surface temperatures.

The contours in Fig. 5 and the laterally averaged data in Fig.
7(a) can be used to compare the external effectiveness levels for
film cooling only. For both blowing ratios, the temperatures meas-
ured on the deposition surface are the same or warmer than the
temperatures measured on the endwall before deposition. The xf

contours are also not as smooth as the /f contours, reflecting the
roughness elements of the deposition. The roughness appears to
degrade the performance of the film cooling jets, since the distan-
ces of the jet footprints on the surface are reduced. The roughness
increases coolant jet mixing with the mainstream and degrades the
effectiveness of the coolant as a protective barrier from the main-
stream. The effect is more apparent when the predeposition cool-
ant jets are attached, as with Mavg¼ 0.6. Also, the mitigation of
deposition just downstream of the film cooling holes allows the
film coolant to be more effective at Mavg¼ 1.0 after deposition.

The effectiveness levels for film and impingement cooling with
and without deposition are compared in Figs. 6, 7(b), and 8. The
x is significantly less than / for both blowing ratios, meaning the
external wax temperatures are warmer than the endwall tempera-
tures without deposition. The deposition causes a greater reduc-
tion in effectiveness for the case of combined film and
impingement cooling compared to the case of film cooling only.

The combined impingement and film cooling performance are
degraded due to roughness-induced coolant jet mixing like the
case of film cooling only discussed earlier. An additional reason
x is less than / is because the deposition has an insulating effect
on the endwall. Although the layer of deposition is thin and not
uniform, kdep is much less than kw, and the estimated conduction
thermal resistance of the deposition is on the same order of magni-
tude as the conduction resistance of the endwall. The conduction
resistances are also on the same order as the internal convection
resistance for impingement cooling. Without impingement, the in-
ternal convection resistance is much higher than either of the con-
duction resistances. Before deposition, film cooling only has lower
rates of overall heat transfer compared to combined film and
impingement. Therefore without impingement, the insulating effect
of the deposition is less significant. Because the deposition acts as
an insulating layer to the impingement cooled endwall, the wax
temperature is warmer than the endwall under the wax (x</dep).
This conclusion, however, does not reveal whether the external sur-
face of the endwall itself is cooler or warmer after deposition.

Effect of Deposition on Internal Temperatures. Because
measurement access to the external endwall temperatures was pre-
vented by the deposition, the endwall cooling performance could
not be directly calculated; however, the internal endwall effective-
ness, /i and /i,dep, can be directly compared with measurements
on the inner side of the endwall. The average internal effective-
ness from the four locations shown in Fig. 3 is plotted in Fig. 8
along with the area-averaged / and x for comparison. If the over-
all endwall heat transfer is unchanged before and after deposition,
the presence of the deposition layer would insulate the endwall
temperatures from the mainstream, and /i,dep (with deposition)
would be higher than /i (without deposition). Although the wax
does act as an insulator, /i,dep is lower than /i for all four cases
by 0.01–0.03. This result means that the overall heat transfer must
increase with deposition. An increase in the overall heat transfer
can be attributed to roughness effects, which degrade the perform-
ance of the film cooling and increase the external heat transfer
coefficients. It is worth noting that if the internal wall tempera-
tures are warmer with deposition for both cooling configurations,
it is expected that the external wall temperatures are warmer with
deposition also.

To understand the effect of deposition roughness on the exter-
nal heat transfer coefficients, h1,dep, the h1,dep are estimated with
a simple 1D analysis using the measured temperatures. The

Fig. 8 Area-averaged overall effectiveness without deposition, /, area-averaged wax effec-
tiveness, x, and average internal effectiveness with and without deposition, /i, /i,dep, for film
cooling only and combined film and impingement at different blowing ratios
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location closest to the pressure side in Fig. 3 is chosen for this
analysis, since the external driving temperature there is not
affected by film cooling. The heat transfer analysis at this location
uses T1 as the external driving temperature. The heat transfer is
assumed to be primarily in the direction through the thickness of
the endwall. Although the lateral surface temperature gradients
and endwall vertical temperature gradient are approximately equal
at this location in the passage, the lateral heat flux is limited by
the lower thermal conductivity of the wax. Equating the external
convective heat transfer without film cooling to the internal con-
vective heat transfer results in the following equation for h1,dep:

h1;dep ¼ hi

1� /i;dep

� �
x

(6)

The quantities of /i,dep and x are directly measured in the experi-
ment. The internal heat transfer coefficient, hi, is unchanged from
the experiments without deposition. Therefore, hi can be calcu-
lated from the internal and external endwall temperature measure-
ments without deposition using the below equation

hi ¼
kw

tw

/i � /ð Þ
1� /ið Þ (7)

The calculation of h1,dep at the pressure side location is com-
pared to the local h1 measured by Lynch et al. [18], which is
41 W/m2 K, in Table 3. Table 3 includes estimations for h1,dep for
the different cooling configurations and blowing ratios. The exper-
imental uncertainty in h1,dep is estimated to be 20% based on the
thermocouple and IR temperature measurements. Additional var-
iations in the h1,dep calculations arise from differences in the par-
ticular deposition surface that exists for each condition as well as
from three-dimensional conduction effects. Despite the variation
in h1,dep calculated for each condition, three cases have higher
h1,dep compared to the 41 W/m2 K before deposition. For the case
of film and impingement at Mavg¼ 0.6, h1 without deposition is
within the uncertainty for h1,dep with deposition.

Conclusions

Molten particle deposition was experimentally simulated on the
endwall of a gas turbine blade cascade. The experiments matched
the relevant thermal and flow parameters that influence the depo-
sition behavior. The cooling performance of the endwall with dep-
osition was compared to the clean endwall through measurements
of wax effectiveness, x, endwall overall effectiveness without
deposition, /, and endwall internal effectiveness with and without
deposition, /i,dep and /i. The cases included two different cooling
configurations: film cooling only and combined film and impinge-
ment cooling, as well as different blowing ratios. For the higher
blowing ratio, Mavg¼ 1.0, some mitigation of deposition was
observed at the film cooling hole exits and in the areas cooled by
in-hole convection and impingement. This result indicates that the
correct flow and thermal boundary conditions are needed to accu-
rately simulate the deposition itself. In addition, an effective strat-
egy to mitigate deposition may be to increase or improve turbine
cooling.

In addition to the thermal behavior of the endwall affecting the
amount of deposition, the deposition affects the thermal perform-
ance of the endwall. Decreased effectiveness was measured after
deposition for x compared to /, and /i,dep compared to /i. The

deposition added an insulating layer to the endwall but also
degraded the performance of the cooling systems. The reasons for
higher endwall temperatures with deposition are attributed to two
roughness effects. First, there is a reduction in the film cooling
performance because of the additional mixing that occurs from
the roughness of the surface. Second, the roughness increases the
external heat transfer coefficients, which increases the overall
endwall heat transfer.
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Nomenclature

Bi ¼ Biot number (h1tw/kw)
Cax ¼ axial chord length

D ¼ hole diameter
h ¼ convective heat transfer coefficient
H ¼ impingement gap height
k ¼ thermal conductivity
L ¼ characteristic length

M ¼ blowing ratio (qcUc/q1U1)
Ma ¼ Mach number

p ¼ pitch length
P ¼ pressure

Re ¼ Reynolds number (q1U1Cax/l1)
S ¼ blade span

Stk ¼ Stokes number (qpdp
2U1/18l1L)

t ¼ thickness
T ¼ temperature

TSP ¼ thermal scaling parameter
U ¼ streamwise velocity

x, y, z ¼ global coordinates, where x is blade axial direction

Greek Symbols

d ¼ boundary layer thickness (99%)
g ¼ adiabatic effectiveness (T1� Taw)/(T1�Tc,exit)
h ¼ momentum thickness
l ¼ dynamic viscosity
q ¼ density
/ ¼ overall effectiveness (T1�Tw)/(T1� Tc,in)
x ¼ wax effectiveness (T1� Twax)/(T1� Tc,in)
v ¼ internal coolant warming factor for g (T1� Tc,exit)/

(T1� Tc,in)

Subscripts and Accents

avg ¼ average
aw ¼ adiabatic wall

c,exit ¼ coolant at film cooling hole exit
c,in ¼ coolant upstream of impingement plate
dep ¼ deposition

i ¼ internal
f ¼ film cooling only
p ¼ particle
w ¼ wall or outer wall surface
1¼ mainstream or external

ð Þ ¼ averaged

ð Þ ¼ area averaged

Table 3 Estimations of h‘,dep at pressure side thermocouple
location

Mavg

Film cooling
only, h1,dep (W/m2 K)

Film and impingement,
h1,dep (W/m2 K)

0.6 65 54
1.0 68 81
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