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ABSTRACT 
The introduction of particulates into gas turbine engines 

poses a serious threat to component durability.  Particles drawn 

from the environment, such as ash or sand, can be introduced into 

the air system used to cool hot section components and drastically 

diminish cooling performance.  In the current study, a dirt-laden 

coolant stream impinged on a double-walled cooling 

configuration, which was comprised of an impingement plate 

followed by an effusion-cooled plate.  Experiments were 

conducted at both room temperature and at temperatures in excess 

of 750°C; flow conditions were varied to achieve different 

pressure ratios across the cooling configuration.  Dirt particles 

were introduced into the coolant using two different methods: in 

discrete bursts, called slugs; or in a continuous feed ensuring a 

constant stream of particles.  This continuous feed mechanism is 

at the crux of a new test facility created to introduce flexibility 

and precision in the control of dirt feed rates, particularly for very 

small (<50 mg) amounts of dirt.  

The difference in capture efficiency and in dirt patterns 

between the two feed methods showed measurably different dirt 

accumulation levels on the cold side of the effusion plate at the 

same test conditions.  Results show that the slug feed method 

caused higher capture efficiency and thicker dirt deposition on 

the effusion plate compared to the continuous feed. 

INTRODUCTION 
As global flight patterns increasingly traverse across 

developing nations, the threat of particle ingestion in aircraft 

engines grows.  Poor air quality affects the performance of 

aircraft engines differently depending on the location in the 

engine.  In the cold section, erosion is the concern: environmental 

particulates drawn in by the fan can subsequently erode 

compressor blades.  In the hot section, deposition on and within 

components greatly reduces their durability.  

Both the fan and compressor sections work to pulverize the 

particulates.  Once reaching the high pressure compressor 

section, from where air is bled to cool hot section components, 
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the particles are small enough to be easily taken by secondary 

cooling systems.  Any particles not taken by the secondary 

cooling flow pose a threat for deposition and can negatively affect 

external cooling features, such as film cooling.  Particles taken by 

the cooling flow, on the other hand, jeopardize internal cooling 

performance.  Once in the elevated temperatures of the hot 

section, the particles more readily stick within internal cooling 

systems.  The result can be unwanted insulation on the internal 

walls or channels that become blocked altogether.  Where and 

how the dirt particles deposit within a hot section component 

strongly depend on their size, temperature, the internal cooling 

geometry, and the introduction method.  In the current study, 

AFRL, Air Force Research Laboratory, dirt was used, which had 

a nominal particle diameter of 1 μm.  Experiments were 

conducted both at room temperature and at elevated temperatures, 

for which the adhesion forces were primarily in the form of Van 

der Waals forces [1]; the cooling scheme chosen for the study was 

a combined impingement and effusion cooling pattern.  Two dirt 

introduction methods were employed, namely as a burst, known 

as a slug, and as a slow, continuous feed.  The difference in dirt 

patterns between the two methods is the focus of this research. 

NOMENCLATURE 
BFM  Back flow margin 

CAD  Computer aided design 

d  particle diameter 

D  impingement and effusion hole diameter 

Pdown  pressure downstream of effusion plate 

Pup  total pressure upstream of impingement plate 

Rejet  jet Reynolds number, ρ∙Ujet∙D∙μ-1 

Rep  particle Reynolds number, ρ∙Ujet∙d∙μ-1 

St  effective Stokes number, 𝜓 ∙
ρd∙d2∙Ujet

18∙μ ∙D
 

Ujet  impingement jet velocity 

Dtot  total mass of dirt intended for introduction 

Dimp  mass of dirt on outside of impingement plate 

Dint  actual mass of dirt introduction; 

Dint = Dtot - Dimp 
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Meff  mass of effusion plate post-test 

Mcl  mass of effusion plate post-cleaning 

h  dirt thickness 

havg  average dirt thickness 

hL  laterally averaged dirt thickness 

Greek  
ρ   density of flow 

ρd   dirt particle density 

μ   dynamic viscosity 

ηc  capture efficiency  

ψ   drag correction coefficient [2] 

LITERATURE REVIEW 
Particles ingested by the hot section of gas turbine engines 

can be categorized broadly into two groups, namely particulates 

from alternative fuels and particulates from the environment, 

such as ash [3] or sand [4].  The damaging effects of these 

ingested particulates are well-documented [5]; both erosion and 

deposition pose serious threats to engine performance [6,7].  

Moreover, issues derived from environmental particle ingestion 

will only grow as aircraft are increasingly deployed in areas with 

high volumes of atmospheric particulates [8].  Understanding 

how these particulates degrade performance, as well as 

developing models that predict the impacts of particulate 

ingestion, have been, and continue to be, the focus of many 

studies. 

Whitaker et al. [9] studied, among other topics, the effects of 

particle size on blockage in a double-walled impingement cavity; 

the authors found that particles under 3.25 μm were primarily 

responsible for the blockage development for their particular 

internal cooling setup.  Temperature, also, plays a key role in 

particle deposition: Crosby et al. [10] showed that deposition 

rates increased exponentially with increasing gas temperature, 

with deposition initiating at 960°C.  Through an analysis of 

several deposition models [11–13], Hsu et al. [14] confirmed that 

both the particle and surface temperatures are key variables in 

predicting particle stickiness.  Furthermore, as more particles 

stick to a surface, that surface’s temperature increases due to 

insulation [15]. 

Numerous studies have investigated the effects of particle 

deposition on gas turbine cooling configurations, most notably 

the impacts on film cooling performance [16–21].  Ogiriki et al. 

[22] calculated that the creep life of a high pressure turbine blade 

can be reduced by as much as 79% if film cooling holes are 

blocked. Film blockage, however, is not the only adverse effect 

from deposition; increased surface roughness caused by 

deposited particles can lower film effectiveness because of the 

thicker boundary layer promoted by the rough features [23,24].  

Additionally, the deposited particles provide insulation: Mensch 

and Thole [25] experimentally simulated molten particle 

deposition by injecting molten wax on a conducting blade 

endwall, which was cooled using both film and impingement 

holes.  The presence of the wax degraded the combined film and 

impingement performance by 36% due to its insulating effect on 

the endwall.   

Dunn et al. [26] found that particles ingested by gas turbines 

for aircraft propulsion are pulverized in the fan and compressor 

sections, and have an average size of 6 μm at the compressor exit.  

Such small particles can easily be taken through the internal air 

system, and can limit the performance of cooling schemes such 

as ribs [27], film holes [28], and impingement cooling [1,29].  

Walsh et al. [30] used a dirt-laden coolant stream to investigate 

dirt patterns on the cold side of a film-cooled test plate; Cardwell 

et al. [29] furthered the study by investigating double-walled 

cooling patterns.  Four geometric variations of test plate duos 

were studied, where the amount of overlap between impingement 

holes and film cooling holes was tested.  The authors found that 

the test condition in which the impingement and film holes 

overlapped the most resulted in the highest flow blockage.   

In laboratory experiments, the method by which particles are 

introduced to cooling schemes can influence the particle sticking 

behavior [31]; capturing engine-relevant dirt conditions is a 

challenge, especially if those conditions change depending on 

where the engine operates.  In the current study, two very 

different dirt feed mechanisms were used to investigate dirt 

patterns and capture efficiency in a double-walled cooling 

configuration.  The first feed mechanism introduced dirt to the 

test rig in discrete bursts, while the second mechanism introduced 

the dirt slowly and continuously.  The second feed mechanism is 

the product of a brand new test facility, capable of introducing 

very small (<50 mg) amounts of dirt continuously over a 

prescribed period of time (>5 min).  This study is unique in that 

it showcases the differences between these two feed mechanisms 

through detailed discussions on the amounts of dirt introduced, 

effects of temperature, and effects of pressure ratio.   

DOUBLE-WALLED COOLING GEOMETRY 
A double-walled cooling configuration was used to conduct 

experiments in the current study.  In this arrangement, an 

impingement plate with straight holes resided upstream of an 

effusion plate with angled holes.  Between the two lay a spacer 

plate of 2.5 hole diameters.  The right side of Fig. 1 shows a 

simple cross section model of the cooling geometry layout and 

direction of flow.  The impingement and effusion holes do not 

directly overlap as shown in the left side of Fig. 1, allowing the 

mainstream coolant flow to impact the face of the effusion plate 

once passing through the impingement holes.  The area of 

interest, shown as the red square, marks the section of the effusion 

plate at which dirt thicknesses were measured.  The boundaries 

of the test coupon plates interfered with the capture of dirt outside 

of this area of interest, deeming the outside region unnecessary in 

the scope of this study. 

As given in Table 1, the impingement plate included 8 rows 

of straight holes with spanwise spacings of 5.72 and 4.44 hole 

diameters.  The effusion plate contained 12 rows of angled holes 

of the same diameter with spanwise spacings of 3.64 and 2.2 hole 

diameters. 
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Figure 1. Double-walled cooling geometry.  On the left, the 
impingement plate hole geometry with solid black lines overlays the 
effusion plate hole geometry with dotted black lines.  The area of 
interest when measuring dirt thickness is inside the red square.  Flow 
goes into the page.  The right shows a simple cross section model of 
the double-walled cooling geometry. 

 
Table 1. Dimensions of the Impingement and Effusion Plates 

Plate 
Number 

of Rows 
Orientation 

Impingement 8 

 

Effusion 12 

 
 

DIRT CHARACTERIZATION AND TEST CONDITIONS 
The dirt used for all experiments was AFRL 05, comprised 

primarily of quartz and gypsum.  Density was quoted to be 2200 

kg/m3, with a particle diameter nominal size of 0 to 3 μm.  Figure 

2 details the particle size distribution of the dirt.  The AFRL 05 

had a high propensity to clump, forming larger, pebble-like 

masses.  Before each test, the dirt was baked in order to reduce 

any effects of humidity on the results.  The dirt was then sifted 

using a coarse mesh of arbitrary size. 

An effective Stokes number (St) was calculated for the dirt 

particles, assuming an average particle diameter of 1.2 μm.  The 

particle Reynolds number (Rep), calculated using the particle 

diameter and velocity through the impingement holes, ranged 

between 0.8 and 6 for all experiments; a drag correction factor, 

therefore, was applied to the calculations for the Stokes number.  

For St ≪1, the dirt particles are assumed to follow the flow path 

perfectly; for St ≫1, the dirt particles are assumed to be 

unaffected by the flow and exhibit more of a ballistic behavior.   

 

 

 
Figure 2: Particle size distribution of AFRL-05 [32]. 

 

Each of the continuous and slug feed mechanism tests were 

run at a variety of back flow margins (BFM), defined in Equation 

1, which resulted in slightly different values for St. 

[
Pup + Pdown

Pdown

-1] ∙100 = BFM 1 

At a BFM of 1.3%, the lowest BFM tested, the effective 

Stokes number was calculated to be near 0.6 for both heated and 

unheated tests.  At a higher BFM of 4.3%, Stokes number neared 

1.  The flow characteristics for the dirt at two different BFMs and 

two different rig temperatures are given in Table 2. 

Table 2. Dirt Flow Characteristics 

Rig Temp 

(°C) 

BFM 

(%) 
St Rep Rejet Ma 

25 4.3 1.0 6.4 3450 0.2 

800 4.3 0.9 1.4 770 0.2 

25 1.3 0.6 3.6 1950 0.1 

800 1.3 0.5 0.8 430 0.1 

 

In the current study, experiments were conducted to 

compare dirt deposition in slug and continuous feed mechanisms.  

In order to do so, experiments of varying dirt introduction 

amounts and varying BFMs were completed for both the slug and 

continuous feed mechanisms at room temperature, referred to as 
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unheated conditions.  In addition to the comparison of feed type, 

the effects of heated and unheated conditions were evaluated.  

Temperature sensitivity tests were conducted with varying dirt 

introduction amounts and varying BFMs using the continuous 

feed mechanism.  Table 3 displays the various test conditions. 

 
Table 3. Heated and Unheated Test Matrices 

Heated Tests 

Feed Type 

Variable Dirt 

Amount [mg] 

1.33 % BFM 

Variable BFM 

[%] 

420 mg Dirt 

Continuous Feed 

105 1.33 

420 2.08 

1260 2.82 

- 4.32 

Unheated Tests 

Feed Type 

Variable Dirt 

Amount [mg] 

3.42 % BFM 

Variable BFM 

[%] 

420 mg Dirt 

Slug 

105 1.33 

420 2.82 

840 4.32 

1260 - 

Continuous 

105 1.33 

210 2.08 

420 2.82 

630 4.32 

1260 - 

2520 - 

 

EXPERIMENTAL SETUP 
Experiments for the current study were conducted using air 

as the working fluid, which flowed through a double pass heat 

exchanger before reaching the impingement and effusion plates.  

The impingement and effusion plates were bolted to a mounting 

plate on the end of the heat exchanger, normal to a mainstream 

flow along the centerline of the heat exchanger, as seen in Fig. 3.  

The mainstream flow exited to atmosphere.  A thermocouple was 

placed along the centerline of the heat exchanger with a small 

metal cone around it.  This baffle cone was implemented in order 

to disperse the dirt within the mainstream flow.  The baffle cone 

was placed about 29.9D from the opening of the mainstream flow 

plenum of the heat exchanger and about 140D from the test 

section. 

In the slug method of dirt introduction, dirt was divided into 

seven small piles of equal mass, referred to as slugs.  Each slug 

was sequentially fed into a vertical pipe, perpendicular to 

mainstream flow and about 559D upstream of the heat exchanger; 

the manner in which the slugs were introduced is shown in Fig. 

3.  A closed ball valve separated the dirt launch chamber and the 

mainstream flow.  The chamber was then slightly pressurized, 

and the ball valve was released, shooting the dirt slug into the 

mainstream flow almost instantaneously.  This pressurization of 

the chamber could possibly have a slight compaction effect on 

dirt, as discussed later in this study. 

For the constant dirt feed methods, a new device was 

developed as shown in Fig. 4.  This device included a dirt plate,  

 

  
Figure 3. Slug feed mechanism. Initially, bottom ball valve is closed 
while dirt is fed into launch chamber. The chamber was then 
pressurized, the top ball valve was closed, then the bottom valve 
opened to introduce dirt into mainstream.  Double-walled cooling 
geometries are mounted to the double-pass heat exchanger. 

 

 

 
Figure 4. Continuous feed mechanism. Dirt is laid onto the plate, then 
blown off through the use of a jet of air through the capillary tube. 
The capillary tube is driven by a stepper motor, and traverses the 
entire length of the plate throughout a test, from left to right. 

which was a narrow zinc-coated plate, where the dirt was evenly 

spread.  The dirt plate was placed inside a larger diameter pipe.  

A capillary tube injected air aimed down toward the dirt plate and 

perpendicular to the mainstream flow.  During a given test, the 

capillary tube traversed the length the plate using a pulley system 

controlled by a stepper motor.  The dirt was blown off the plate 

and introduced into the crossflow, which was the cooling flow 

provided to the test coupons.  The dirt loading rate was kept 

constant by adjusting the speed and duration of the stepper motor 

pulley system. 

In each test, the percent back flow margin (BFM) was 

maintained at a constant value for the duration of the test.  Static 

pressure in the test rig was measured upstream of the double pass 

heat exchanger. Given the dirt clogged the holes, the flowrate of 

the coolant was adjusted to maintain a constant back flow margin. 

During the heated tests, the effusion plate temperature and 

mainstream flow temperature were controlled independently by 
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varying the coolant flow through a double-pass heat exchanger, 

which were all placed inside a kiln. 

 

Dirt Pattern Characterization 
Measurements of impingement and effusion plate masses 

were taken before and after each test.  A third measurement of the 

effusion plate mass was taken after each test and after cleaning 

dirt off the plate.  Dirt accumulation was determined by 

calculating the difference between the post-test “dirty” effusion 

plate mass (Meff) and the post-test, post-cleaning effusion plate 

mass (Mcl) to account for any mass change due to oxidation.  

These measurements were used in the reported capture efficiency.  

Capture efficiency was calculated using Equation 2, and removed 

any dirt that did not reach the effusion plate.  The Dint term in 

Equation 2 represented the total dirt introduced to the system 

minus the dirt on the cold side, or the side facing the mainstream 

flow, of the impingement plate.  Additionally, any dirt that was 

found in the test section after each test was scraped out and 

weighed; that value was subtracted from the total dirt mass.  

Meff − Mcl

Dint

∙ 100 = ηc 2 

 

After each experiment, the effusion plate geometries with 

dirt deposition were analyzed in two ways.  First, photographs of 

the dirt patterns were taken using a laboratory microscope.  Due 

to the viewing window, multiple pictures were necessary for each 

plate, which were then stitched together.  These pictures allowed 

for qualitative analysis of the dirt patterns, which varied 

depending on experimental conditions.   

The second analysis method was quantitative.  Figure 5 

shows the progression from raw scan data to quantified dirt 

thickness.  A laser scanning device was used to take 3D scans of 

the dirt-covered effusion plate.  The scan accuracy was 100 μm, 

and a scan resolution of 500 DPI was used to capture the dirt 

patterns [33].  A mount was created for the effusion plate and 

attached to scanner to ensure that each effusion plate was scanned 

at the same distance.  After completing the scan, the plate’s 

surface was then cleaned of any dirt and re-scanned.  This process 

was completed while the plate was mounted to the scanner, 

allowing the plate to maintain its location in the scans’ coordinate 

systems.  

Once scanned, an in-house code was used to analyze the 

data.  The plate scans were first flattened to eliminate any noise 

in the dirt thickness measurements resulting from any curves in 

the plate; the dirt thicknesses were uncompromised.  Then the 

clean plate scan was overlaid with its corresponding CAD 

ensuring that the coordinate system of the scan matched that of 

the CAD model.  Scans from all tests, therefore, were registered 

to a consistent coordinate system, resulting in a more 

straightforward comparison among tests.  Dirt thickness was 

measured by subtracting the height of the dirty plate scan from 

that of the clean plate scan.  By using this differential method to 

calculate dirt thickness, subtracting the two plate scans, any 

inherent bias from the scanner was produced in both scans and 

cancelled out.  The dirt pattern in its entirety is shown in the final 

scan contour plot of Fig. 5; however, to discount any edge effects, 

a region of interest was created that focused only on the center of 

the impingement holes.  Afterward, a laterally averaged dirt 

thickness trace in the region of interest was plotted to compare 

dirt peak heights and shapes between tests.  Plots showing 

laterally averaged traces are not to be confused with actual traces 

of dirt peaks.  Regions of little to no deposition averaged with 

regions of deposition peaks result in laterally averaged traces that 

show “peaks” which are shorter than the actual dirt peak heights. 

Experimental Uncertainty 
Uncertainty in the experimental methods was quantified 

using the methods proposed in Kline and McClintock [34].  The 

uncertainty in the BFM calculation was determined to be under 

1% for all tests, regardless of the temperature at which the 

experiment was run.  Specifically, an uncertainty of less than 1% 

for a BFM of 3.42% was calculated to be less than +/- 0.0342.  

The uncertainty in the mass flowrate measurement was also quite 

low and was calculated to be under 0.5%. 

Uncertainties from the 3D scanner were determined by first 

repeating scan measurements of a basic plate geometry and 

calculating the 95% confidence interval.  The repeatability 

uncertainty of the scanner was then combined with the 95% 

confidence interval of the experimental data repeatability for an 

Figure 5. Scan process of the post-test effusion plate.  The effusion plate is first scanned, and then an in-house code is used to process the 
generated point cloud.  The point cloud is flattened, overlaid with the matching effusion plate CAD model, and then dirt thickness is calculated by 
subtracting the clean scan height from the dirty scan height. 
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overall dirt thickness measurement uncertainty.  Bias uncertainty 

was removed from plate scans because of the differential method 

in measuring dirt thickness.  In unheated test conditions, total 

uncertainty was found to be +/- 0.012 mm.  Heated test conditions 

produced a total uncertainty of +/- 0.055 mm. 

Another source of experimental uncertainty came in the 

calculation of the capture efficiency.  A high resolution 

laboratory scale was used to measure the mass of the effusion 

plates before and after each test; the uncertainty in those weight 

measurements was 0.06%.  However, the repeatability in capture 

efficiency among tests of the same experimental conditions was 

±10% for slug tests and ±7% for continuous feed tests.  All tests 

were repeated two to three times.   As was seen in Fig. 3, the flow 

path traversed by the dirt included two ball valves, onto which 

dirt readily stuck, and a 90° bend.  The inability to quantify the 

amount of dirt that remained on the ball valves, as well as in all 

piping, was the largest source of repeatability error in the capture 

efficiency for slug tests. For continuous feed tests, the 

repeatability was improved over the slug tests because of the lack 

of ball valves; the flow path for the dirt was straight, which can 

be observed in Fig. 4. Additionally, quantifying the amount of 

dirt that remained in the test facility after the continuous feed tests 

was more straightforward and feasible. 

EFFECT OF FEED TYPE 
Two methods of dirt introduction were compared in 

unheated test conditions at room temperature.  Figure 6 shows 

that on average, the slug feed resulted in significantly higher 

capture efficiency of dirt by the effusion plate at a BFM of 3.42%.  

Additionally, the trends between the two feed mechanisms 

differed: for the slug tests, the capture efficiency decreased as the 

amount of dirt introduced into the rig increased.  For the 

continuous feed tests, however, the capture efficiency remained 

nearly constant.  This trend suggests that the slug feed mechanism 

is more sensitive to the amount of dirt introduced.   

As previously mentioned, in each slug test, seven dirt doses 

of equal dirt mass, totaling to equal the dirt mass of the 

continuous feed, were introduced into the rig.  Tests with more 

dirt introduced, therefore, meant that each dose contained a 

higher mass of dirt.  One hypothesis for the increased capture 

efficiency in the slug tests may be that the dirt better sticks to the 

effusion plate upon impact at higher loading rates due to 

compaction of the dirt.  Barringer et al. [35] showed that small 

rust particles tended to clump together when subjected to 

centrifugal forces acting on the particles. Similarly, when 

particles have high loading rates the dirt particles are subjected to 

forces causing the particles to clump together.  The large clumps 

of dirt are not able to pass through the cooling configuration.  The 

slug feed mechanism results lend themselves to this theory 

because in this feed method, the effusion plate experiences high 

levels of dirt loading at a few discrete moments in time.  The 

continuous feed tests experience a lower dirt loading rate, but 

over the course of the entire experiment.  However, the slug feed 

mechanism also endured a decrease in capture efficiency with 

increased dirt introduction.  This trend may be attributed to the 

fact that the dirt can accumulate only up to a height of 2.5D, or 

the thickness of the spacer plate.  As a result, the high capture 

efficiency of the slug feed could not be maintained with higher 

amounts of dirt introduction and a finite amount of space.  The 

slug feed’s capture efficiency could be anticipated to approach 

that of the continuous feed. 

Dirt thickness follows the same trend as capture efficiency 

between the two feed mechanisms.  Figure 7 shows average 

capture efficiency and dirt thickness values in the area of interest, 

in all directly comparable tests.  Directly comparable, here, refers 

to tests with experimental conditions that were identical between 

the two feed mechanisms.  Specifically, Table 3 shows that for all 

unheated tests, dirt amounts of 105, 420, and 1260 mg and BFMs 

of 1.33, 2.82, and 4.32% were completed for both feed  

 
Figure 6. Average capture efficiencies for each of the two different 
feed mechanisms with uncertainty bars at two points.  Experiments 
were conducted at room temperature at a BFM of 3.42%. 

 

mechanisms.  To compare the two feed mechanisms, the capture 

efficiencies and dirt thicknesses from the aforementioned six test 

conditions were averaged.  These averages are shown in Fig. 7.  

Both capture efficiency and dirt thickness averages were lower in 

the case of the continuous feed mechanism. 

Even the laterally averaged dirt thickness traces resulting 

from each of the two feed mechanisms are different as depicted 

by Fig. 8.  The peaks of dirt that lie underneath the impingement 

jets build up higher and more pointed in the slug feed tests.  This 

 
Figure 7. Average capture efficiency and dirt thicknesses over all 
directly comparable tests between the slug and continuous feed 
mechanisms.  Experiments were conducted at room temperature. 
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Figure 8. Laterally averaged dirt thickness traces along the effusion 
plate when 105 mg of dirt is introduced.  Experiments were 
conducted at room temperature and at BFM of 3.42%. 

 

difference in dirt traces also lends itself to the hypothesis that 

increased dirt loading rate increases the capture efficiency of the 

effusion plate. 

Overall dirt patterns on the effusion plate are not 

significantly affected by the difference in feed mechanisms.  

Figure 9 depicts the effusion plate comparing the two feed types 

side by side with 105 mg of dirt introduced on top and 420 mg 

below.  The light-colored areas correspond to dirt on the plate 

surface.  The continuous feed test pictures on the right were taken 

in different lighting, resulting in the necessity to desaturate the 

pictures.  In both amounts of dirt introduction, the two feed types 

create near identical dirt patterns.  In the 105 mg case, pictures A 

and B, the dirt accumulates on the effusion plate in a peak and 

ridge formation.  The peaks form underneath the impingement 

jets with ridges forming between them.  The area of the effusion 

plate surrounding the peaks is swept clean by the wall jet region 

of the impingement jet.  Pictures C and D of Fig. 9 display the 

effects of 420 mg of dirt introduction.  Here the ridges are more 

pronounced and build up higher.  Although major dirt patterns 

between the two feed mechanisms are the same, the dirt ridges 

are slightly thicker in the slug feed case as shown in Fig. 7.  This 

difference is too small to be noticed in the top-down view of Fig. 

9. 

 EFFECT OF BACK FLOW MARGIN 
Tests of varying back flow margin were conducted when 

comparing the two feed mechanisms under unheated conditions.  

Figure 10 shows the capture efficiency of both the slug and 

continuous tests at four different BFMs.  There was no difference 

between the two feed types at the lower BFM conditions; 

however, the capture efficiency associated with each feed began 

to diverge once the BFM was increased further than 2.82%. 

In the case of continuous feed, capture efficiency actually 

peaked and began to decline at a BFM of about 2.82%.  This shift 

in trends can also be seen in Fig. 11 where the tests run at 4.32% 

BFM had much different accumulation patterns on the effusion 

plate compared to tests run at 1.33% BFM.  Pictures C and D of 

Fig. 11 show that the dirt was swept off the effusion plate directly 

underneath the impingement jets, save for small, flat deposits of 

dirt.  This cleaning of the effusion plate occurred as a result of the 

increased BFM and, therefore, flowrate, causing a decline in 

capture efficiency.  The increased BFM also contributed to the 

accumulation of ridges between dirt peaks.  Pictures A and B with 

a BFM of 1.33% only show the peak structures of dirt with very 

little remnants of ridges.  At the increased BFM, pictures C and 

D show the smaller, flattened peaks, as well as major dirt 

coverage in the form of ridge patterns between peaks. 

In the case of the slug feed mechanism, the capture 

efficiency did not peak with increased BFM.  However, one 

hypothesis behind this discrepancy is that, as previously stated, 

the slug feed at a higher loading rate leads to higher capture 

efficiency. 

When compared to each other, the laterally averaged dirt 

thickness traces of Fig. 12 and Fig 13 further pointed to a 

decreasing trend of dirt thickness peaks and capture efficiency 

with increasing BFM.  In the experiments conducted at a BFM of 

1.33%, most dirt thickness trace peaks exceed 0.1 mm and are 

close to 0.15 mm.  Most peaks in the 4.32% BFM case are below 

0.1 mm.  The uniformity of peaks also varies with BFM.  At 

1.33% BFM, there are fewer laterally averaged dirt thickness 

trace peaks and much more resemble cone-like structures, 

whereas, in the 4.33% BFM case, there are many secondary peaks 

along the trace albeit less pronounced.  This phenomenon can 

again be attributed to by the increased flowrate resulting from 

increased BFM.  When the impingement jets impact the effusion 

plate at higher velocities, the dirt peaks do not build up as much 

 

 
Figure 9. Post-test microscope pictures depicting dirt accumulation 
patterns on the effusion plate ‘s upstream face.  Dirt accumulation 
corresponds with the light-colored surfaces.  Pictures A and B show 
slug and continuous feed tests, respectfully, with 105 mg of dirt 
introduced.  Pictures C and D show slug and continuous feed tests, 
respectfully, with 420 mg of dirt introduced.  Experiments were 
completed at room temperature and at a BFM of 3.42%. 
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and the area surrounding the peaks is swept clean.  The dirt 

thickness traces then display lower and less uniform peaks.  The 

change in peaks is not to be confused with overall dirt thickness.  

With the appearance of ridges on the effusion plate, the average 

dirt thickness does not change with a variable BFM.  

 
Figure 10. Average capture efficiencies for each of the two different 
feed mechanisms with uncertainty bars at two points.  Experiments 
were conducted at room temperature with 420 mg of dirt 
introduced. 

 

 
Figure 11. Post-test microscope pictures depicting dirt accumulation 
patterns on the effusion plate ‘s upstream face.  Dirt accumulation 
corresponds with the light-colored surfaces.  Pictures A and B show 
slug and continuous feed tests, respectfully, at a BFM of 1.33%.  
Pictures C and D show slug and continuous feed tests, respectfully, at 
a BFM of 4.32%.  Experiments were completed at room temperature 
and with 420 mg of dirt introduced. 

 

 

 
Figure 12. Laterally averaged dirt thickness traces along the 
effusion plate.  Experiments were conducted at room temperature, 
at a BFM of 1.33%, and with 420 mg of dirt introduced. 

 

 
Figure 13. Laterally averaged dirt thickness traces along the 
effusion plate.  Experiments were conducted at room temperature, 
at a BFM of 4.32%, and with 420 mg of dirt introduced. 

 

EFFECT OF TEMPERATURE 
Variable dirt amounts and BFM tests were also conducted 

with continuous feed at high temperatures by placing the double 

pass heat exchanger inside a kiln.  During heated tests, the 

effusion plate reached 760℃ and the mainstream flow reached 

620℃ as indicated in Table 3. 

As shown by Fig 14, increasing the temperatures of the hot 

plate and mainstream flow increases capture efficiency and 

average dirt thickness relative to the unheated tests.  This 

increased capacity for the dirt to stick to the effusion plate at 

higher temperatures agrees with the findings from Hsu et al. [14] 

and Lundgreen [36].  Lundgreen [36] explains that increased 

temperatures in deposition film cooling studies decrease the 

normal coefficient of restitution, further confirming the dirt’s 

ability to readily stick to the effusion plate at higher temperatures.  

The dirt particles soften, allowing increased deformation and 
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therefore increased contact surface area when impacting the 

effusion plate. 

Specifically, the shift from unheated to heated tests 

increased capture efficiency by about a factor of two.  On the 

other hand, average dirt thickness was increased by a factor of 

about 3.  This difference infers that during heated tests, a higher 

percentage of dirt that is captured by the effusion plate lays within 

the region of interest; the only area where dirt thickness is 

measured.  A higher percentage of dirt captured within the region 

of interest also agrees with the notion that the dirt is stickier at 

higher temperatures.  The stickier dirt will adhere to the effusion 

plate as soon as it passes through the impingement holes, in the 

area of interest, rather than impacting the effusion plate and then 

being blown around, potentially outside the area of interest. 

Figure 15 shows the effect of temperature on dirt 

accumulation patterns for two different back flow margins.  The 

dirt only accumulates in the peak formation in pictures B and D, 

leaving the rest of the effusion plate clear.  The increased 

stickiness of the dirt causes it to stick upon impact with the 

effusion plate, right underneath the impingement jets.  This 

phenomenon is also seen when comparing pictures C and D.  At 

the high BFM in picture C, the dirt peaks are flattened, 

surrounded by clear areas under the impingement jets and dirt 

ridges in between.  Picture D shows the dirt peaks growing 

outward in the higher BFM heated test with ridges just beginning 

to form in a couple rows.  Laterally averaged dirt thickness traces 

in Fig. 16 show the dramatic increase in dirt peak heights as a 

result of raised test temperatures that cannot be seen from the top-

down view. 

Raising the temperature of the effusion plate and 

mainstream flow also changes the way BFM interacts with dirt 

deposition.  Figure 17 shows the capture efficiencies of variable 

BFM tests conducted at both heated and unheated conditions.  As 

previously shown by Fig. 10, capture efficiency peaked and 

eventually declined as BFM was increased in unheated 

conditions.  However, during heated tests, capture efficiency is 

seen to increase with BFM as a result of the greater stickiness of 

the dirt.  One theory to explain this difference, similar to the  

 
Figure 14. Capture efficiency and average dirt thickness for both 
heated and unheated conditions. Experiments were conducted with 
the continuous feed mechanism, at a BFM of 4.32%, and with 420 mg 
of dirt introduced. 

theory explaining slug feed capture efficiency at varying BFMs, 

is that upon further increase of BFM, even heated tests would 

eventually reach a point where capture efficiency began to 

decline.  This shift would only occur at even higher BFMs in 

order to overcome the increased dirt stickiness. 

Contrary to capture efficiency, although average dirt 

thickness increases in the high temperature case, Fig. 18 shows 

that it remains independent of BFM.  Again, this constant average 

dirt thickness is attributed to the appearance of ridges between 

peaks and the decrease in peak heights when the backflow margin 

is increased as shown in Fig. 16. 

 

 
Figure 15. Post-test microscope pictures depicting dirt accumulation 
patterns on the effusion plate ‘s upstream face.  Dirt accumulation 
corresponds with the light-colored surfaces.  Pictures A and B show 
unheated and heated tests, respectfully, at a BFM of 2.08%.  Pictures 
C and D show unheated and heated tests, respectfully, at a BFM of 
4.32%.  Experiments were completed with 420 mg of dirt introduced. 

 
Figure 16. Laterally averaged dirt thickness traces.  Experiments 
were conducted with continuous feed, a BFM of 4.32%, and 420 mg 
of dirt introduced. 
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Figure 17. Average capture efficiencies at a variable BFM with 
uncertainty bars at two points.  Experiments were conducted with 
continuous feed and 420 mg of dirt introduced. 

 

 
Figure 18. Average dirt thickness at a variable BFM with uncertainty 
bars at two points.  Experiments were conducted with continuous 
feed and 420 mg of dirt introduced. 

CONCLUSIONS 
Two different feed mechanisms were used to perform dirt 

deposition tests in a double-walled cooling configuration in order 

to build an understanding as to how dirt loading can affect dirt 

deposition.  Impingement and effusion plates of the double-wall 

cooling geometry were fixed to a double-pass heat exchanger in 

which dirt-laden flow impacted the faces of the plates.   

Variable dirt introduction and variable BFM experiments 

were conducted for each of the two different feed mechanisms for 

unheated conditions.  The slug feed resulted in high capture 

efficiencies that decreased with increasing amounts of dirt 

introduction.  Continuous feed tests conducted with the same 

experimental conditions resulted in lower capture efficiencies 

than the slug feed and remained constant with the introduction of 

more dirt.  These results lend themselves to the theory that dirt 

loading rate affects dirt accumulation.  The larger loading rate at 

discrete moments during a slug feed test resulted in increased 

capture efficiency and dirt thickness.  Despite this difference, 

overall dirt patterns, as shown by microscope pictures and 

laterally averaged dirt thickness traces, were not affected by the 

change in feed mechanisms.  The dirt accumulated in peak and 

ridge formations in both cases; higher with the slug feed. 

Experiments conducted with varying back flow margins 

showed that increasing BFM increased capture efficiency up to a 

certain point.  Eventually, capture efficiency peaked with 

continued increases in BFM in the case of continuous feed.  This 

decline in capture efficiency was confirmed by microscope 

pictures in which higher BFM experiments showed signs of 

impingement jets sweeping away dirt on the effusion plate 

directly underneath.  Higher BFM experiments also caused the 

decline of dirt peak heights and increased in ridge formations on 

the effusion plate.  These transformations brought a massive 

change in dirt patterns but did not affect average dirt thickness in 

the area of interest as a result of cancelling each other out. 

With the continuous feed, experiments of varying dirt 

introduction amount and BFM were also conducted at high 

temperatures.  Increased capture efficiencies and dirt thicknesses 

resulting from heated tests were caused by an increased capacity 

of the dirt to stick to a hotter effusion plate with hotter air flowing 

through. 

These results contribute to the knowledge of dirt deposition 

in double-wall cooling configurations and the effects of varying 

conditions such as the method by which dirt is introduced into a 

turbine component.  This knowledge can assist in predicting dirt 

accumulation levels and patterns within turbine cooling 

configurations where deposition is a growing problem. 
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