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Project Overview 
A critical issue related to the operation of a gas turbine in today’s world is the ingestion of dirt and other fine particles, that 
can block the cooling holes and passages required for effectively cooling the walls of the combustion chamber. Because of 
the growing need to fly in dirty environments, the criticality of operations in dirty environments is increasing. Modern gas 
turbine engines typically use a double-walled combustor liner with impingement and effusion cooling plates, whereby 
impingement cooling enhances the backside internal cooling, and effusion cooling creates a protective film of coolant along 
the external liner walls. Dirt accumulation on the internal and external surfaces severely diminishes the heat-transfer 
capability of these cooling designs. This study aims to initially investigate practical designs for reduced dirt accumulation at 
representative temperature conditions, then explore how the designs are insensitive through detailed flow and heat-transfer 
measurements on a scaled geometry. 



	
	

	
 

Task 1 - Manufacturing and Testing of Liner Cooling Concepts 
The Pennsylvania State University 
 
Objective 
The goal of this research is to produce an effective cooling design for combustor walls that is insensitive to dirt accumulation 
at existing or lower coolant flow rates. Various parameters, such as dirt deposition, flow behavior, and heat-transfer 
effectiveness, will be investigated and quantified to compare the efficiency of candidate designs and improve understanding 
of the reasons underlying dirt sensitivity and deposition behavior.  
 
Research Approach 
Background 
The focus of the project is on the impacts of the ingestion of dirt and other fine particulate matter in gas turbine engines. 
These particles are known to block the cooling holes and passages needed to effectively cool the combustion chamber walls. 
Gas turbine engines often use double-walled combustor liners comprised of impingement and effusion cooling plates, as 
shown in Figure 1A. The impingement plate enhances backside internal cooling, and the effusion plate creates a protective 
film of coolant along the external liner walls. As particulate matter accumulates on these plates, the heat-transfer 
performance severely decreases and ultimately leads to component failure.  
 

 
 

Figure 1A. Schematic of double-walled combustor liner geometry.  
 

Dirt Simulation Test Facility 
In the past year, a test facility was developed and refined to incorporate both slug and continuous feeds for the introduction 
of dirt, to account for different ingestion possibilities. In addition, a vertical test facility (Figure 1B) was developed to replace 
a horizontal facility. In a vertical setup, gravity acts in parallel to the flow direction, thus promoting dirt movement toward 
the coupon and avoiding dirt sticking to the pipe walls.  

 



	
	

	
 

	
	

Figure 1B. Dirt testing facility and an illustration of the testing coupon (inset). 
 
For the slug feed method shown in Figure 1B, dirt is introduced to the test facility in intervals. The dirt is sequentially placed 
inside a separate chamber attached to the main flow and pressurized slightly above the mainstream pressure. When opened, 
the slug is injected into the freestream. In continuous feed tests, also shown in Figure 1B, dirt is introduced through a 
constant stream by injecting air through a capillary tube directed at a plate containing a line of dirt. A stepper motor is 
attached to the capillary tube, thus allowing it to traverse the length of the plate and effectively blowing the dirt into the 
mainstream. A plenum is attached just below the slug feed entrance. To disperse the inlet air, a splash plate is placed just 
downstream of the pipe at the plenum entrance. The coupons, shown in the inset of Figure 1A, consist of an effusion plate, 
spacer plate, and impingement plate stacked together. The impingement plate is placed at the plenum outlet and is followed 
by the spacer and effusion plates.  
 
The dirt particles used in these studies are AFRL-05 with a size distribution as shown in Figure 2. The mean diameter of the 
particles is 1.2 µm. During the testing, two requirements are key to accurately quantify the necessary metrics to compare 
the test coupons: (i) testing repeatability and (ii) tracking of the dirt to accurately account for the amount of dirt reaching 
the coupon. The second requirement for tracking is important because much of the dirt that enters the testing facility can 
adhere to the walls, given the nature of the particles. However, this dirt must then be removed from the mass considered to 
pass through the coupons. Figures 3a and 3b show the experimental repeatability as well our ability to track the dirt. The 
repeatability indicates that performing three tests and then averaging the results leads to a repeatability of the capture 
efficiency (η!) of 5.6% for slug flow and 8.1% for continuous flow. The tracking results indicate that we are able to account 
for between 80% and 90% of the dirt, and therefore we can confidently use our capture efficiency value as a representative 
metric, as further described in the next section. 
 



	
	

	
 

 
Figure 2. Particle size distribution of the AFRL-05 dirt used in testing. 

 
 

 
 

Figure 3. Repeatability (left) and dirt tracking (right) for a single coupon. 
	
Double-Wall Test Coupon Descriptions 
During the past year, many coupons were evaluated, as discussed in the next section of this report. The specific geometric 
details for each of the coupons are shown in Table 1, and further illustrations of the geometries are shown in Figure 4. 
Excluding pin-cone aligned (PCA)-613S, all plates contained 55 holes in a 5 × 11 array representing a portion of an actual 
combustor liner. The impingement plate paired with PCA-613S used 24 holes to match the total flow area to the 0.0405-inch 
jet diameter impingement plates. Of note, the total flow area, Af, remained constant for all effusion plates. All impingement 
and effusion plates were printed on a FormLabs Form 3 SLA 3D printer with high-temperature resin.  
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Figure 4. Illustrations of the double-wall combustor liner concepts, as described in Table 1. 
 
  



	
	

	
 

Table 1. Test geometry dimensions. 
 

Name	
Impingement	Plate	 Effusion	Plate	

D	
(in)	 x/D	 S/D	 Af	

(in2)	
Dh	
(in)	 x/Dh	 S/Dh	 Af	

(in2)	 Layout	

Baseline-405	 0.0405	 6.17	 6.17	 0.0709	 0.00309	 5	 5	 0.259	
	

Swirl-405		 0.0405	 6.17	 6.17	 0.0709	 0.00309	 5	 5	 0.259	
	

Ellipse-405		 0.0405	 6.17	 6.17	 0.0709	 0.00309	 5	 5	 0.259	
	

Pin-Cone-405		 0.0405	 6.17	 6.17	 0.0709	 0.00309	 5	 5	 0.259	
	

Pin-Cone	Aligned-405		 0.0405	 6.17	 6.17	 0.0709	 0.00309	 5	 5	 0.259	
	

Pin-Cone	Aligned-
613S	 0.0613	 4.07	 4.07	 0.0709	 0.00309	 5	 5	 0.259	

	

Pin-Cone-625	 0.0625	 4	 4	 0.169	 0.00309	 5	 5	 0.259	
	

Pin-Cone	Aligned-625	 0.0625	 4	 4	 0.169	 0.00309	 5	 5	 0.259	
	

Pin-Cone	Aligned-845	 0.0845	 2.96	 2.96	 0.308	 0.00309	 5	 5	 0.259	
	

 
Coupon Metrics and Analyses 
For comparison of each of the coupons in a similar manner, a fixed pressure ratio (PR) of 1.045 was used with 2 grams of 
dirt. For each test, the flow rate, PR, and dirt captured were measured. These measurements were then used to calculate the 
capture efficiency (η!), flow parameter (FP), and jet Reynolds number (Re) for the impingement and effusion plates. Definitions 
for FP, η!, and jet Re are shown below. The η! is determined by subtraction of the dirt mass on the effusion plate surface 
from the total mass of dirt successfully passing through the coupon. Upstream dirt located on the first impingement plate, 
piping, and plenum is not included in the η!, as previously described.  
 

FP =
4ṁ'𝑇!"𝑅	
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Figure 5. Dirt deposition location (orange) relative to the coupon assembly. 
 
Figure 5 demonstrates locations where dirt was evaluated relative to the coupon assembly. The dirt passes through the 
impingement plate (blue) and impinges on the cold side of the effusion plate (red) not in contact with the hot combustion 
gases.  
 
Computational Simulations of Dirt Trajectories 
With a commercially available computational fluid dynamics (CFD) code Star CCM+, pre-test prediction methods were used 
to evaluate flow patterns and particle deposition behavior within the double-walled combustor liner. Simulations were 
performed on previously tested coupons to benchmark flow and deposition behavior. Development of the simulations 
required contriving a mesh to accurately define the coupon geometry while maintaining grid independence and determining 
the boundary conditions and physics models required to model previous experimental conditions. For achieving the mesh 
shown in Figure 6, an iterative approach was used. The parameters investigated were the cell count, base size, and cell 
shape. Among the shapes, the polyhedral mesh was found to be approximately 0.4% more accurate than trimmer cells, as 
compared with experimentally determined Re values through the impingement jets. However, the computational time and 
storage space was markedly increased. The polyhedral mesh used a base cell size of 1.5 × 10−4 m, whereas the trimmer 
successfully reached a base size of 8.0 × 10−5 m, thereby increasing the cell count from 7.9 million to 11.9 million. The 
trimmer-based mesh was selected for the CFD predictions because it was less computationally expensive, required less 
storage space, and had less than a 0.5% difference with respect to the polyhedral mesh.  
 

 
 

Figure 6. Illustration of a CFD mesh for the effusion holes. 
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After the geometry had a viable mesh, boundary conditions were required to perform simulations. In previous experiments, 
the upstream and downstream pressure were controlled and held at a constant back flow margin (BFM). To model flow 
through the coupon, the simulation was set up such that the coupon was placed inside a wind tunnel matching the coupon 
dimensions. A stagnation inlet boundary condition was applied 10 hole diameters upstream of the coupon, and a pressure 
outlet boundary condition was applied 10 hole diameters downstream of the coupon.  
 
Double-Wall Test Results 
Figure 7 displays post-test images of the effusion plates, comparing dirt deposition on the baseline and pin-cone aligned 
(PCA) geometries for a slug feed test with 2 grams of dirt at a PR of 1.045. Each configuration qualitatively shows how surface 
obstructions on the effusion plate and impingement jet diameters can change the resulting dirt deposition behavior. The 
baseline effusion plate showed dirt deposits where the impingement jet impinged on the effusion plates surface, creating a 
dirt “peak” that quickly tapered off in the radial direction. For PCA coupons, the dirt peak height increased as the jet diameter 
increased. Of note, PCA-613S (Figure 7E) used 24 holes concentrated at the center of the coupon, thus resulting in higher 
concentrations of dirt than observed for the other coupons.  
 

	
	

Figure 7. Post-test effusion plate geometries used in the dirt test facility. From top left to right: (A) baseline-405, (B) PCA-
405, (C) PCA-625, (D) PCA-845, and (E) PCA-613S. 

 
The data in Figure 8 quantify the capture efficiency of each coupon. Slug feed tests are denoted by solid bars, and continuous 
feed tests are denoted with dashed bars. Each bar represents a pair of impingement and effusion plates, where the number 
denotes the jet diameter of the impingement plate. The capture efficiency of the baseline coupon reached 42% for both slug 
and continuous feed tests. In relative terms, the slug and continuous feed tests resulted in the same relative performance. 
 
The swirl and pin-cone plates using a 0.0405-inch jet diameter impingement plate showed the poorest performance, as 
shown in Figure 8, with capture efficiencies near 50% for the slug feed tests and at or above baseline for continuous feed 
tests. The data in Figure 8 also indicate that as the impingement jet diameter increased from 0.0405 inch to 0.0625 inch, 
the pin-cone design showed a 16% decrease (improvement) in the capture efficiency for slug feed tests and a 6% decrease 
for continuous feed tests. The PCA coupon showed a similar effect when the impingement jet diameter was increased from 
0.0405 inch to 0.0625 inch, resulting in a capture efficiency reduction of 6% for both slug and continuous feed test modes. 
Given the dependence on the impingement jet diameter, another coupon with a 0.0845-inch diameter was manufactured to 
use with the PCA coupon, which resulted in an additional 4% and 6% drop in η! for slug and continuous feed tests respectively. 
The impingement plate with a 0.0613-inch impingement jet diameter was tested with the PCA coupon to determine whether 
the jet diameter or total flow area caused the η! to decrease. The results indicate that the 0.0613-inch impingement jet 
diameter plate paired with a PCA coupon had a η! equivalent to that of the PCA coupon paired with the 0.0405-inch jet 
diameter impingement plate. These results indicate that increasing the total impingement flow area resulted in a favorable 
decrease in η!. 
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Figure 8. Capture efficiencies for impingement and effusion coupon pairs at a PR of 1.045 with 2grams of dirt.  

For evaluation of the scaling of η! as a specific function of FP, the different geometries are shown in Figure 9. Of note, each 
coupon has a different FP, although each operates at a constant PR. Slug feed tests are represented by filled markers and 
continuous feed tests are represented by open markers in Figure 9. Each marker shape represents a different impingement 
jet diameter, as indicated in the legend. For FP values less than 0.1, the η! increased as the FP increased. The data indicates 
that the best-performing coupons had the lowest FPs.  
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Figure 9. Capture efficiency as a function of flow parameter at a PR of 1.045 with 2 grams of dirt.  

 
Figure 10 displays the jet Re as a function of the η!. The results display a trend similar to that observed for capture efficiency 
as a function of FP. Coupons with lower Re had lower capture efficiencies, whereas coupons with high Re had high capture 
efficiencies.  

	
Figure 10. Capture efficiency as a function of jet Re at a PR of 1.045 with 2grams of dirt. 	 	



	
	

	
 

The CFD predictions focused on the most successful double-wall concept, namely the PCA. As shown in Figure 11, the 
interaction between the impingement flow and the effusion plate features is easily seen within the reduced geometry. The 
flow field predictions for the PCA/impingement hole arrangement provide a good understanding of this complex flow field. 
 

 

Figure 11. Impingement flow interacting with effusion plate features. 

Comparisons with deposition test results were made using horizontal cross-sections of this flow to determine which FPs 
correlated with the locations of increased particle deposition. As shown in Figure 12, a correlation was observed between 
areas of high velocity and increased particle deposition. This pattern was especially evident with the high-velocity regions 
surrounding the corner pins and center cone on the effusion plate. The pin in the top-right corner has a low-velocity pocket 
surrounding it, which is consistent with the physical results, because that pin has little deposition compared to with the 
other corner pins with high-velocity flows around them.  

 
 

 
 

Figure 12. CFD-predicted flow velocity (left) and physical dirt deposition test results (right). 

This study successfully used flow velocity magnitude to predict particle accumulation around geometry features such as 
cones, pins, and holes. However, the method was less accurate in predicting accumulation in flat regions of the effusion 
plate, as shown in the large low-velocity region at the bottom left of the plate. In the experimental results, the flat areas of 
the plate between the center cone and edges had fairly symmetric patterns of accumulation, in contrast to the computational 
results. Continued refinement of the CFD model will be undertaken during this next research period. 
 

  



	
	

	
 

Task 2 - Testing of Scaled Models of Optimal Cooling Concepts 
The Pennsylvania State University 
 
To understand the durability of double-walled combustor liners with and without dirt, evaluating the heat-transfer coefficients 
on either side of the effusion and impingement plates is important. A new experimental method is being investigated to 
determine the heat-transfer coefficients on all walls of the double wall. The proposed method consists of three cases that 
each will be used to determine h∞, h1, and h2.  
 
Figure 13 shows case 1, which will be used to calculate h∞, the heat-transfer coefficient on the hot side of the effusion plate. 
In case 1, the impingement plate and the cold side of the effusion plate are insulated. A thin wire heater will be imbedded 
inside the effusion plate to generate a heat flux at the copper-insulation interface. The power generated by the heater can 
be used to solve the respective thermal resistance network for h∞.  
 

 
 

Figure 13. Case 1, illustrating the method to determine h∞. 
 
Similarly, Figure 14 shows case 2, which will be used to calculate h1, the heat-transfer coefficient on the cold side of the 
effusion plate. In case 2, the impingement plate and the hot side of the effusion plate are insulated. Again, a thin wire heater 
will be imbedded inside the effusion plate to generate a heat flux at the copper-insulation interface. The power generated by 
the heater can be used to solve the respective thermal resistance network for h1.  

	 	



	
	

	
 

 
 

 
 

Figure 14. Case 2, illustrating the method to determine h1. 
 
Figure 15 shows case 3, which will be used to calculate h2, the heat-transfer coefficient on the hot side of the impingement 
plate. In case 3, the effusion plate and the hot side of the impingement plate are insulated. In this case, a thin wire heater 
will be imbedded inside the impingement plate, generating a heat flux at the copper-insulation interface. The power 
generated by the heater can be used to solve the respective thermal resistance network for h2.  
 

 
 

Figure 15. Case 3, illustrating the method to determine h2. 
 

This method requires decreasing any heat-transfer losses to reduce the uncertainty of the heat-transfer coefficients. Case 
1 was found to be the limiting case to minimize the loss ratio. Figure 16 shows the loss ratio as a function of insulation 
thickness. The insulation thickness was scaled from 0 to 0.05 inches, with a total plate thickness of 0.05 inches. The no 
insulation condition was represented by an effusion plate constructed completely of copper. Four insulating materials of 
varying thermal conductivity were chosen to compare their impact on loss ratio. As shown below, low thermal conductivity 
correlated with a lower loss ratio. Figure 16 indicates that as the insulation thickness increased, the loss ratio decreased. 
The results also showed that spray foam and Styrofoam resulted in similar losses. Given the need for manufacturing the 
test rig, spray foam is most likely the material to be chosen for the insulation. 



	
	

	
 

 

 
Figure 16. Loss percentages relative to the heat input for a range of materials and thicknesses for case 1. 

 
Figure 17 shows the results of the heat-transfer study that were used to verify the one-dimensional thermal resistance 
calculations. This trend is expected for the conditions with the constant temperature through the copper and a 
temperature gradient through the insulation. Only a 1.1% difference was found between the STAR CCM+ model and a 
one-dimensional thermal resistance network calculation, thus providing confidence in the model. 

 

 
 

Figure 17. Initial 2D STAR CCM+ heat-transfer model for case 1.  
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Task 3 - Facility Planning for 1× Scale Combustor 
The Pennsylvania State University 
 
Although this particular task is for year 3, initial work has begun through discussions on the design requirements for the 
simulator. These discussions have taken place with Pratt & Whitney, particularly with Dr. Steve Kramer. The START team has 
identified a potential area for the simulator design. In addition, cost-matching has already been provided by Pratt & Whitney 
to accomplish this task if the FAA funds the third year of this project. 
 
Figure 18 illustrates the need for placing a combustor simulator upstream of the START test turbine. The data in Figure 18 
show the range of nonuniformities of non-dimensional pressures (Cp) and temperatures (q) that occur at the exit of the 
combustor, both of which impact turbine performance. As various fuels are used for combustion in the future, simulating 
these profiles will become even more critical. 
 

	
Figure 18. Combustor exit profiles from the literature, indicating non-uniform pressures and temperatures (q).	

 
Figure 19 shows the approximate location for the simulator, as highlighted in the orange box for the START test turbine. 
Currently, the team is evaluating the pros and cons of using electric heating to tailor the profile or using high-velocity jets 
in cross-flow. 
 

 
Figure 19. Illustration of the concept area upstream of the START test turbine for a combustor simulator. 	

 
 
 
 



	
	

	
 

Publications 
Fallon, B., Thole, K., Lynch, S., Lundgren, R., & Kramer, S. (2021). Comparison of dirt deposition on double-walled 

combustor liner geometries. Manuscript submitted for publication. 
 
Outreach Efforts 
Bi-weekly presentations are given to Pratt & Whitney through this joint collaboration. 
 
Awards 
None 
 
Student Involvement  
Graduate students Brandon Fallon and Cynthia Letting are performing Tasks 1 and 2, respectively. Sarah Fox, an 
undergraduate Schreyer Honors student, is performing the computational studies. All students are involved in weekly 
meetings with the advisors (Thole and Lynch). The graduate students are involved in bi-weekly meetings with Pratt & Whitney 
as well as presenting their work to a larger Pratt & Whitney audience for the Center of Excellence meetings, the last of which 
was held in August 2021. 
 
Plans for Next Period 
During the next period, we will complete the coupon testing and prepare our TurboExpo 2022 publication. In addition, we 
will continue to work on the design, manufacturing, and benchmarking of our heat-transfer testing (Task 2). Finally, we will 
continue to evaluate different design possibilities for the combustor simulator (Task 3). 
 
Nomenclature 
ṁ	  mass flow rate through the test facility 
𝑃"#  upstream test-facility pressure 
𝑃$%&'	  downstream test-facility pressure 
𝑇%!	  supply coolant temperature 
𝑁	  number of impingement holes  
𝐷	  cooling hole diameter 
η!  capture efficiency 
  


