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Abstract 

 

Heat transfer experiments were done on a flat plate to study the effect of internal counter-flow 

backside cooling on adiabatic film cooling effectiveness and heat transfer coefficient. In addition, 

the effects of density ratio (DR), blowing ratio (BR), diagonal length over diameter (L/D) ratio, 

and Reynolds number were studied using this new configuration. The results are compared to a 

conventional plenum fed case. Data were collected up to X/D =23 where X=0 at the holes, an S/D 

= 1.65 and L/D=1,2. Testing was done at low L/D ratios since short holes are normally found in 

double wall cooling applications in turbine components. A DR of 2 was used in order to simulate 

engine-like conditions and this was compared to a DR of 0.92 since relevant research is done at 

similar low DR. The BR range of 0.5 to 1.5 was chosen to simulate turbine conditions as well. In 

addition, previous research shows that peak effectiveness is found within this range. Infrared (IR) 

thermography was used to capture temperature contours on the surface of interest and the images 

were calibrated using a thermocouple and data analyzed through MATLAB software. A heated 

secondary fluid was used as ‘coolant’ in the present study. A steady state heat transfer model was 

used to perform the data reduction procedure. Results show that backside cooling configuration 

has a higher adiabatic film cooling effectiveness when compared to plenum fed configurations at 

the same conditions. In addition, the trend for effectiveness with varying BR is reversed when 

compared with traditional plenum fed cases. Yarn flow visualization tests show that flow exiting 

the holes in the backside cooling configuration is significantly different when compared to flow 

exiting the plenum fed holes. We hypothesize that backside cooling configuration has flow exiting 

the holes in various directions, including laterally, and behaving similar to slot film cooling, 

explaining the differences in trends. Increasing DR at constant BR shows an increase in adiabatic 

effectiveness and HTC in both backside cooling and plenum fed configurations due to the 

decreased momentum of the coolant, making film attachment to the surface more probable. The 

effects of L/D ratio in this study were negligible since both ratios used were small. This shows that 

the coolant flow is still underdeveloped at both L/D ratios. The study also showed that increasing 

turbulence through increasing Reynolds number decreased adiabatic effectiveness. 
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General Audience Abstract 

 

Gas turbine engines are used for multiple applications for power (power plants) or 

thrust (aircraft propulsion). Engine efficiency is correlated with higher working 

temperatures, which exceed the melting points of the materials being used. Therefore, 

more efficient cooling techniques are needed in order to protect the engine turbine 

components, such as blades and vanes. Relatively cooler air is bypassed from the 

compressor to the turbine section to cool the turbine components from the high 

temperatures. The air flows through the turbine components and out through machined 

holes referred to as film cooling holes. A protective layer, or film, protects the external 

region of the blade or vane. Previous research has found that the geometry of the airfoils 

used and the flow conditions play a major role in heat transfer. Most of the relevant 

research use a model that contains one-sided heat transfer. The present study focuses on 

combined backside and film cooling heat transfer, with different geometries and flow 

conditions, using a steady-state model for the data reduction procedure. 
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ABSTRACT 
Heat transfer experiments were done on a flat plate to study 

the effect of internal counter-flow backside cooling on adiabatic 

film cooling effectiveness and heat transfer coefficient. In 

addition, the effects of density ratio (DR), blowing ratio (BR), 

diagonal length over diameter (L/D) ratio, and Reynolds number 

were studied using this new configuration. The results are 

compared to a conventional plenum fed case. Data were 

collected up to X/D =23 where X=0 at the holes, an S/D = 1.65 

and L/D=1,2. Testing was done at low L/D ratios since short 

holes are normally found in double wall cooling applications in 

turbine components. A DR of 2 was used in order to simulate 

engine-like conditions and this was compared to a DR of 0.92 

since relevant research is done at similar low DR. The BR range 

of 0.5 to 1.5 was chosen to simulate turbine conditions as well. 

In addition, previous research shows that peak effectiveness is 

found within this range. Infrared (IR) thermography was used to 

capture temperature contours on the surface of interest and the 

images were calibrated using a thermocouple and data analyzed 

through MATLAB software. A heated secondary fluid was used 

as ‘coolant’ in the present study. A steady state heat transfer 

model was used to perform the data reduction procedure. Results 

show that backside cooling configuration has a higher adiabatic 

film cooling effectiveness when compared to plenum fed 

configurations at the same conditions. In addition, the trend for 

effectiveness with varying BR is reversed when compared with 

traditional plenum fed cases. Yarn flow visualization tests show 

that flow exiting the holes in the backside cooling configuration 

is significantly different when compared to flow exiting the 

plenum fed holes. We hypothesize that backside cooling 

configuration has flow exiting the holes in various directions, 

including laterally, and behaving similar to slot film cooling, 

explaining the differences in trends. Increasing DR at constant 

BR shows an increase in adiabatic effectiveness and HTC in both 

backside cooling and plenum fed configurations due to the 

decreased momentum of the coolant, making film attachment to 

the surface more probable. The effects of L/D ratio in this study 

were negligible since both ratios used were small. This shows 

that the coolant flow is still underdeveloped at both L/D ratios. 

The study also showed that increasing turbulence through 

increasing Reynolds number decreased adiabatic effectiveness. 

 

INTRODUCTION 
 Gas turbine engines are used in various industries ranging 

from aerospace to industrial to maritime applications. Higher 

operating temperatures are desired in order to keep up with 

demand for higher thermodynamic engine efficiency. The 

materials used in the engine’s hot section, the combustor and 

high pressure turbine, however, are limiting factors in the 

maximum temperature that can be achieved. At the turbine, since 

the turbine inlet temperature (TIT) is the driver for engine 

efficiency, research continues to focus on increasing this value. 

Yin et al. [1] report the increase in TIT over the past few decades, 

with most engines having a TIT >1500°C. For this reason, 

research has been focused on finding or creating better materials 

and introducing more efficient cooling techniques. 

 Since the 1960s, cooling techniques have been implemented 

in order to accommodate the increasing engine operating 

temperatures. Bleed air from the compressor bypasses the 

combustor and travels through the internal parts of the turbine 

blades and vanes. This type of cooling is known as convection 

cooling. In the 1970s, the concept of film cooling was introduced 

to provide external cooling to the surface. Goldstein et al. [2] 

defined film cooling as “the introduction of a secondary fluid at 
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one or more discrete locations along a surface exposed to a high 

temperature environment to protect that surface not only in the 

immediate region of injection, but also in the downstream 

region.” As the secondary fluid is introduced, a film boundary 

layer develops. This is illustrated in Figure 1, which shows flow 

over a flat plate with film cooling.  

 

 
Figure 1: Film cooling over a flat plate. Secondary (coolant) 

fluid introduced to cool external surface. 

 The performance of a film cooling design is measured by 

the adiabatic film cooling effectiveness, commonly represented 

by the Greek letter 𝜼 (eta), where: 

 

𝜂 ≡
𝑇𝑔−𝑇𝑓

𝑇𝑔−𝑇𝑐
 (1) 

 

It is observed that the driver for heat transfer to/from the wall is 

the film temperature, otherwise known as the adiabatic wall 

temperature, 𝑇𝑓. Since the introduction of film cooling, there has 

been extensive research to optimize the cooling technique. 

 

FILM COOLING RELEVANT LITERATURE 
 Goldstein et al. [2], Bogard and Thole [3], Saumweber et al. 

[4], and others have shown that effectiveness is sensitive to hole 

geometry. In their review of film cooling, Bogard and Thole [3] 

showed that the optimal injection angle is between 25-35 deg to 

the wall for both coolant attachment and manufacturing 

feasibility. Goldstein et al. [2] review various studies that were 

done in the 1970s regarding hole shape. Saumweber et al. [4] 

compares the results of some of the more modern film cooling  

shaped hole designs that are in use today. Bunker [5] shows that 

only shaped holes at the exit play a major role. Shaped holes 

increase the exit area, which in turn reduces the coolant’s 

momentum, thus increasing the probability that the coolant will 

attach to the surface and form the protective film.  

 Haven et al. [6,7] show how cylindrical holes create kidney 

vortices, which aids in the detachment of the coolant from the 

surface. Shaped holes create anti kidney vortices, counter-acting 

this effect. Ramesh et al. [8] show a similar effect using tripod 

holes.  

In addition to hole geometry, Bogard and Thole [3] and 

Ekkad and Han [9] among others show that adiabatic 

effectiveness and heat transfer coefficient are also functions of 

the flow conditions. Ekkad and Han [9] review the effect of 

density ratio (DR) and blowing ratio (BR) on effectiveness. The 

definitions for both of these parameters are shown in Equations 

2 and 3 and will be used in the present study: 

 

𝐷𝑅 =  
𝜌𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝜌𝑚𝑎𝑖𝑛𝑠𝑡𝑟𝑒𝑎𝑚
 (2) 

 

𝐵𝑅 =
(𝜌𝑈)𝑐𝑜𝑜𝑙𝑎𝑛𝑡

(𝜌𝑈)𝑚𝑎𝑖𝑛𝑠𝑡𝑟𝑒𝑎𝑚
= 𝐷𝑅 ∗

𝑈𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝑈𝑚𝑎𝑖𝑛𝑠𝑡𝑟𝑒𝑎𝑚
 (3) 

 

Ekkad and Han [9] show that at a fixed BR, effectiveness 

increases with increasing DR. Equation 3 shows that the coolant 

momentum is reduced in this case due to the inverse relationship 

between DR and velocity ratio (VR).  In addition, their review 

also show that peak effectiveness is found generally in the BR 

range of 0.4-1 for DR up to 2, as shown in Figure 2. Increasing 

BR past this range decreases effectiveness due to the high 

momentum of the coolant as it exits the hole, causing secondary 

fluid to lift off and not attach to the surface.  

 

 
Figure 2: Spanwise averaged effectiveness at a specific 

distance from the holes, varying DR and BR [9]. 

 Most of the research focuses primarily on the effects of these 

geometries and various flow conditions with the secondary flow 

introduced from a plenum located right underneath the film 

cooling holes, as shown in Figure 3. For this study, this will be 

referred to as conventional plenum-fed film cooling.  
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Figure 3: Conventional plenum-fed film cooling 

Double-wall cooling is a scheme in which there is external 

cooling to the hot side of the surface from the film, but also 

internal cooling to the cold side of the surface. This type of 

modeling is a more indicative representation of cooling 

techniques in turbine blades and vanes.  

 There are various forms of double wall cooling. Cerri et al. 

[10] discuss advancements in effusive cooling techniques, such 

as transpiration cooling through porous media and impingement 

cooling, and geometry such as Lamilloy. Stoakes and Ekkad [11] 

show a numerical analysis of impingement jets and its effect on 

heat transfer coefficient. Rogers et al. [12], Ligrani et al. [13], 

and Ren et al. [14] develop experimental methods to show the 

effect of double-wall cooling with internal impingement cooling, 

cross flow cooling, or both feeding the film cool holes on heat 

transfer coefficient and adiabatic effectiveness, simulating 

combustor liner conditions. Tan et al. [15] show experimental 

results for effusive and impingement cooling with short normal 

injection holes (injection angle at 90 deg) at turbine inlet flow 

conditions. Hale et al. [16] compared the effects of plenum flow 

direction (co-flow and counter-flow) and injection angles. The 

present study builds on this by focusing on the effect of backside 

counter-flow cooling on heat transfer coefficient and adiabatic 

effectiveness with various DR, BR, L/D ratios, and up to an X/D 

of 23 with different mainstream Reynolds numbers.  

 

EXPERIMENTAL METHOD 
Rig and Instrumentation 

 The rig used in this experiment is a low speed wind tunnel 

at Virginia Tech. Figures 4 and 5 show an isometric view and the 

instrumentation, respectively, of the experimental set up.  

 
Figure 4: Isometric view of Virginia Tech low speed wind 

tunnel 

 

 
Figure 5: Instrumentation for Virginia Tech low speed wind 

tunnel 

 Mainstream air velocity and temperature are measured using 

a pitot probe and thermocouple, respectively, placed about 6 in. 

downstream from the leading edge of the tunnel. As can be seen 

from Figures 4 and 5, the test section is assembled into 

polycarbonate frames which are then attached to the wind tunnel. 

The mainstream flow is tripped at about 1 in. from the leading 

edge of the frame and wind tunnel conjunction. A port is left in 

one side of the polycarbonate plate as a window for infrared (IR) 

thermography. The window is sealed internally using thin plastic 

material (Saran wrap). 

 IR thermography is used to capture temperature images. A 

FLIR A655SC high resolution IR camera with a FLIR T197922 

25 deg. lens is used. The IR images are calibrated with an 

OMEGA 5SRTC-TT-T-40-36 thermocouple (TC) measuring the 

surface temperature of the plate. Compressed air and a SF6/CO2 

gas mixture are used as coolants in order to match various DR. 

Although engine conditions produce heat transfer from the 

mainstream fluid to the wall, a common approach in a lab setting 
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is to reverse the heat transfer direction, from the wall outward. 

Typically, the mainstream fluid is heated to model various 

density ratios. In this study, an alternate approach, a “heated 

coolant” method, is used instead of the traditional heated 

mainstream method due to increased accuracy in temperature 

control. Similar procedure is used by Hale et al. [16] and Kwak 

and Han. [17]. This coolant fluid travels through a mixing 

chamber before entering an 8-kW inline heater, which controls 

its temperature using an Athena 16C PID controller with a 

temperature range up to 760°C. Thin Minco foil heaters P/N 

HK6910 are used to provide a constant heat flux to the plate. This 

is controlled using auto-transformers TDGC-0.5km.  

 

Test Section 

 For this study, a proprietary geometry is used to explore the 

sensitivity of internal cross flow on film performance with short 

holes. Details of the internal geometry are proprietary and cannot 

be disseminated but it can be described as a counter flow heat 

exchanger as coined by Figure 1b in Kirollos and Povey [18]. 

The test section consists of 3D printed ABS piece with backside 

cooling, foil heaters, and a thin copper flat plate screwed on top, 

mounted as an assembly to a polycarbonate frame that connects 

to the low speed wind tunnel. Figure 6 shows the location of the 

test section in the assembly. The S/D (span/diameter) ratio is 

maintained at 1.65, to model turbine component geometric 

conditions. Data are obtained up to an X/D of 23, where X is the 

downstream distance from the holes, as shown in Figure 6. 

 

 
Figure 6: Location of test section in test assembly (window 

frame removed)  

 

A test section assembly is shown in Figure 7, which highlights 

the backside counter-flow cooling. For this study, the internal 

counter-flow test configuration is referred to as the backside 

cooling (BSC) configuration. 

 
Figure 7: Test section assembly - secondary fluid traveling 

internally in counter-flow direction before exiting holes 

This study also focuses on the effect of unconventional L/D 

ratios. The previous studies that have been mentioned have an 

L/D ratio that is in the range of 3.5-10. In the present study, the 

L/D ratios are 1 and 2, with an injection angle of 30 deg. A thin 

wall is preferred so the internal cooling can impact the hot side 

of the wall.  

 
Figure 8: Definition of Length (L) / Diameter (D) ratio 

Data Reduction Method 
 In previous experiments, such as Ramesh et al. [8], Rogers 

et al. [12], Ligrani et al. [13], among others, a 1D semi-infinite 

transient conduction model is used. Due to the low L/D ratios 

used in this study, coupled with backside cooling, this traditional 

method is no longer appropriate. The inability to have a transient 

analysis leads to a steady-state experiment.  

 There are primarily two quantities of interest in a film 

cooling experiment,  ‘η’ (adiabatic film cooling effectiveness) 

and ‘h’ (heat transfer coefficient). These two quantities are 

coupled since ‘h’ in film cooling is driven by the film 

temperature (𝑇𝑓) which is in turn driven by the specific aero-

thermal properties of coolant and mainstream air (captured by 

‘η’).  

 The data reduction procedure is decoupled into two sets of 

experiments, which the authors refer to as the h and η 

experiments, as seen in Figure 9. The first experiment, called the 

h experiment, creates a simplified two temperature problem in 

which the coolant temperature approximately equals the 

mainstream temperature. Since the primary and secondary fluid 

are at the same temperature, any given mix of them will be at the 

same temperature, which results in a known film temperature, 

𝑇𝑔 = 𝑇𝑐 = 𝑇𝑓. In this case, adiabatic effectiveness is undefined. 

However, this simplification allows the authors to have a known 

adiabatic wall temperature (film temperature), increasing the 

signal to noise ratio with the heat transfer coefficient 

measurement
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Figure 9: Decoupled experiment in order to improve Signal-to-Noise ratio (SNR)

Since the goal is to characterize heat transfer behavior on the 

external side, it is important to accurately account for any heat 

lost on the internal cooling side. In order to do this, this 

experiment is further divided into two separate cases: 

 

1. Internal backside cooling (subscript ‘int’) 

2. Integrated backside and film cooling (subscript ‘DW’) 

 

The first case studies the internal effects only, which include 

backside cooling and any losses that take place in the test section. 

There is no mainstream flow and the coolant, as it exits the hole, 

is diverted away from the test section using a diverter. Equation 

4 is used for this internal backside cooling case: 

 

 𝑞𝑖𝑛𝑡
′′ = ℎ𝑖𝑛𝑡(𝑇𝑤,𝑖𝑛𝑡 − 𝑇𝑐,𝑖𝑛𝑡) (4) 

 

The wall temperature 𝑇𝑤,𝑖𝑛𝑡, is measured from the external side 

of the copper plate using IR thermography. Due to the thin 

copper plate, the authors assume the internal and external 

temperatures of the plate to be approximately equal. The heat 

transfer coefficient ℎ𝑖𝑛𝑡, is the effective heat transfer coefficient 

associated with the internal geometry and flow and any 

associated losses. This experiment yields a relationship (linear) 

between 𝑞𝑖𝑛𝑡
′′

 and 𝑇𝑤,𝑖𝑛𝑡.  

The second case is an integrated backside and film cooling case 

(double wall cooling). The heat flux associated with the 

integrated double wall cooling is referred to as 𝑞𝐷𝑊
′′ . The net heat 

flux, or the heat flux associated with film cooling, 𝑞𝑓
′′, is then 

found by subtracting the backside cooling effects, as shown in 

Equation 5  

 

𝑞𝑓
′′ = 𝑞𝐷𝑊

′′ − 𝑞𝑖𝑛𝑡
′′ = ℎ(𝑇𝑤 − 𝑇𝑓). (5) 

 

The film cooling heat transfer coefficient, ℎ, is the slope of 

Equation 5 and can be seen in Figure 10.  

 

 
Figure 10: Simplified two-temperature problem gives a 

known adiabatic wall temperature, increasing the signal-to-

noise ratio of heat transfer coefficient measurement 

The second experiment, referred to as the effectiveness 

experiment, is a traditional three-temperature problem. Each of 

the cases discussed is repeated, but with a heated coolant. Due 

to the difference between the coolant temperature and the 

mainstream temperature, the adiabatic wall temperature, 𝑇𝑓, is 

unknown. However, a known heat transfer coefficient is used 

from the previous experiment to calculate adiabatic wall 

temperature as shown in Equation 6:  

 

 𝑇𝑓 = −
𝑞𝑓

′′

ℎ
+ 𝑇𝑤. (6) 

 

This temperature is then used to find the adiabatic film cooling 

effectiveness from Equation 1. 
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ResearchIR software is used to capture the IR images and 

MATLAB image processing toolbox is used to calibrate them. 

Figure 11 shows an example of two images calibrated on one 

another and ready to be analyzed. Contour plots for heat transfer 

coefficient and adiabatic effectiveness, which are not shown in 

this study due to proprietary restrictions, are generated using 

MATLAB. This study focuses on the results in the middle seven 

holes of the test section in order to eliminate edge effects. 

 

 
Figure 11: Calibrated images used from the MATLAB 

images processing toolbox 

 An uncertainty analysis similar to Cline and McClintock 

[19] was used. An approximate percent error of ±6% was found 

for heat transfer coefficient and ±0.09 from the true value for 

adiabatic effectiveness. 

 

Test Conditions 

 The present study consists of finding the effects of various 

parameters that are included in the table below. 

 

Table 1: Experiment test matrix 

Key Parameter Value 

Configuration BSC Fed 

Plenum Fed 

BR 0.5, 1, 1.5 

DR 0.92, 2 

L/D 1, 2 

Reynolds Number 100,000 

500,000 

 

The effect of backside cooling is compared to results with 

conventional plenum-fed cooling. A DR of 0.92 was chosen 

since much of previous relevant research has been done at 

approximately this condition. The study however, focuses on the 

results with DR of 2, as this is a better model for engine turbine 

conditions. The Reynolds numbers chosen is to favor increased 

turbulence.  

EXPERIMENTAL RESULTS 
Effect of Backside Cooling 

 Data were gathered at various BR with both conventional 

plenum-fed and backside internal cooling configurations. Figure 

12 shows the backside cooling effect on adiabatic effectiveness 

at a Reynolds number = 100,000, L/D = 1 and DR=2. The trend 

for the plenum-fed cases is consistent with Figure 2, taken from 

Ekkad and Han [9]. 

 Backside cooling has a higher effectiveness than a plenum-

fed case at the conditions shown. Additionally, with varying BR, 

the backside cooling cases have an opposite trend to the ones 

found with plenum-fed cases. In other words, the peak 

effectiveness with backside cooling is found at a lower BR and 

effectiveness decreases with increasing BR. This trend is also 

found in Tan et al. [15] in their effusion cooling results with short 

normal injection holes and in Hale et al. [16] in their counter-

flow cooling results near the holes. 

 This result shows that the flow distribution as the coolant 

exits the hole is different than in the plenum-fed cases. This can 

also be seen from the heat transfer coefficient measurements in 

Figure 13, which show that heat transfer coefficients 

corresponding to the film cooling in the external side of the plate 

is larger with backside cooling than with plenum-fed cooling. 

 

 
Figure 12: Effect of backside cooling on adiabatic 

effectiveness  at Re=100,00, L/D=1, DR=2 with varying BR 
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Figure 13: Effect of backside cooling on heat transfer 

coefficient at Re=100,000, L/D=1, DR=2 with varying BR 

Effect of Density Ratio 

 Compressed air and a SF6/CO2 gas mixture are used to 

simulate different DR. Figure 14 shows the effect of DR on 

adiabatic effectiveness for a specific set of conditions. A higher 

effectiveness was found with higher DR for all BR cases tested. 

This trend also matches the results from Ekkad and Han [9].  

 

 
Figure 14: Effect of DR on adiabatic effectiveness at 

Re=100,000, L/D=1, with backside cooling and varying BR 

Figure 15 shows the DR effect on HTC. In both figures, the DR 

effect is dependent on the BR. Increasing the BR results in an 

increasing effect of the DR.  

 
Figure 15: Effect of DR on heat transfer coefficient at 

Re=100,000, L/D=1, with backside cooling and varying BR 

This can be attributed to the lift off that is occurring at a higher 

BR. Another way to analyze these figures is to introduce the 

momentum flux ratio in Equation 7: 

 

 𝐼 =
(𝜌𝑈2)𝑐𝑜𝑜𝑙𝑎𝑛𝑡

(𝜌𝑈2)𝑚𝑎𝑖𝑛𝑠𝑡𝑟𝑒𝑎𝑚
 (7) 

 

Another more useful definition of momentum flux ratio is 

Equation 8: 

 

 𝐼 =
𝐵𝑅2

𝐷𝑅
 (8) 

 

Table 2 shows the momentum flux ratio for the different 

combinations shown in Figure 14. 

 

Table 2: Momentum flux ratio for Figures 13 and 14 BR 

and DR combinations 

BR DR I 

1.5 2 1.125 

1.5 1 2.25 

1 2 0.5 

1 1 1 

0.5 2 0.125 

0.5 1 0.25 

 

Table 2 shows that best adiabatic effectiveness is reached with 

the BR and DR combination that results in the lowest momentum 

flux ratio. At a constant BR, increasing DR decreases 

momentum, which makes it more probable for film attachment. 

In contrast, increasing momentum will lead to a decrease in 

adiabatic effectiveness due to lift-off of the coolant.  

 

Effect of L/D Ratio 

 Figures 16 and 17 are similar to Figures 12 and 13 but now 

L/D=2. The results for this case are similar to the L/D=1 case. 

Figures 16 and 17 show that BSC configuration results in a 
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higher adiabatic effectiveness and heat transfer coefficient than 

the plenum-fed configuration. In the plenum-fed case, 

effectiveness increases with increasing BR, whereas the 

backside cooling case, this trend is reversed.  

 

 
Figure 16: Effect of backside cooling on adiabatic 

effectiveness at Re=100,000, L/D=2, DR=2 with varying BR 

 

 
Figure 17: Effect of backside cooling on heat transfer 

coefficient at Re=100,000, L/D=2, DR=2 with varying BR 

The results show that at L/D=2, the flow is underdeveloped, 

similar to the L/D=1 case, as it comes out of the coolant hole. 

Lutum and Johnson [20] did a study on effectiveness using 

various L/D ratios between 1.75-17 and found that effectiveness 

decreases with decreasing L/D ratio in the range 1.75 ≤ L/D ≤ 5. 

In the present study however, it was found that the L/D effect is 

negligible since the differences are sufficiently small to be within 

the uncertainty of the reduction procedure. The negligible 

differences lead one to believe that the coolant flow as it exits 

the holes is similar for the two L/D ratios, both underdeveloped. 

 

Effect of Reynolds Number 

 Figures 18 and 19 show the effect of Reynolds number (Re). 

The study focuses on the effect of turbulent flow on the adiabatic 

effectiveness and heat transfer coefficient. 

 
Figure 18: Effect of Reynolds number on effectiveness with 

DR=2 and a L/D=1 (BSC Only) 

 
Figure 19: Effect of Reynolds number on heat transfer 

coefficient with DR=2 and a L/D=1 (BSC Only) 

Only low BR was used as comparison, as it can be seen from 

previous results that larger BR would lead to higher jet lift-off. 

At high Re, it was also seen that peak effectiveness was found at 

a lower BR. Figure 18 shows that increasing Re to a turbulent 

range decreases the adiabatic effectiveness. This result is due to 

the external forced flow dominating the energy transfer. Figure 

19 shows the expected result of increasing HTC with Re.  

CONCLUSIONS 
 

 The present study focuses on the effect of internal backside 

counter-flow cooling combined with film cooling, using 

different density, blowing, and length to diameter ratios, and 

Reynolds numbers. The first and primary study compares the 

backside cooling (BSC) configuration with a traditional plenum-

fed configuration at the same flow conditions. 

 It was found that the incorporation of backside cooling has 

an effect on adiabatic film cooling effectiveness and heat transfer 

coefficient. At the baseline BR=0.5, adiabatic effectiveness 
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doubled with the BSC configuration while the heat transfer 

coefficient increased about 10%. In addition, varying BR with 

all others conditions fixed, the BSC configuration had an 

opposite trend in effectiveness than the plenum-fed case. This 

result was seen with two separate DR and L/D ratios and is also 

seen in Tan et al. [15] and Hale et al. [16]. Yarn flow visualization 

tests show that the flow exiting the holes with BSC are 

significantly different from the plenum-fed cases at the same 

conditions. Introducing counter-flow BSC cooling, the flow is 

not turning due to the low L/D ratio, and thus the flow has a 

negative x-momentum as it exits the hole or might even travel in 

other directions, including laterally. In addition, flow in the BSC 

configuration may be creating a stagnation region, located 

underneath the film cooling holes, that increases with increasing 

BR. Due to the low L/D ratios, there is a possibility that the 

stagnation region may be blocking the holes, resulting in a higher 

BR that is measured using the flow meters. This hypothesis 

explains the reverse in trend found in this configuration. 

 The study also found the effect of DR on adiabatic 

effectiveness and heat transfer coefficient with the BSC 

configuration. The results show that increasing DR increases 

both adiabatic effectiveness and heat transfer coefficient. 

Increasing DR decreases the momentum flux and makes the 

coolant more likely to attach to the surface, creating the 

protective film.  

 The L/D ratio effect was also investigated with a BSC 

configuration. Lutum and Johnson [20] show in their study that 

the coolant flow is underdeveloped below a L/D=5. Since the 

differences in the results shown for the two ratios in this study 

are within the uncertainty of the experiment, no conclusions can 

be made at this time for the effect of L/D ratio. 

 Finally, the increase in turbulence in the mainstream flow 

resulted in a decrease of adiabatic effectiveness and an increase 

in heat transfer coefficient. The decrease in effectiveness is 

attributed to the external flow dominating energy transfer from 

the wall.  

 The authors recommend testing with larger L/D ratios in 

order to compare internal double wall cooling effects with 

published papers. In addition, the authors recommend future 

testing at lower BR to find the peak effectiveness with BSC 

configurations. 

NOMENCLATURE 
 

𝜂 Adiabatic film cooling effectiveness 

𝑇𝑔 Mainstream fluid temperature 

𝑇𝑓 Adiabatic wall temperature 

𝑇𝑐 Coolant temperature 

𝑇𝑤 Wall temperature 

𝑈𝑔 Mainstream velocity 

𝑈𝑐 Coolant velocity 

TIT Turbine inlet temperature 

DR Density ratio 

BR Blowing ratio 

h Heat transfer coefficient 

IR Infrared 

TC Thermocouple 

L Diagonal length of film cool hole 

D Diameter of film cool hole 

BSC Backside cooling 

S Spacing between holes 

𝑞𝑖𝑛𝑡
′′  Heat flux due to backside (internal) 

cooling only 

𝑞𝐷𝑊
′′  Heat flux from double wall cooling 

𝑞𝑓
′′ Heat flux from film cooling 
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ANNEX B 

DETAILED GEOMETRY OF TEST SECTION 
 

The test section itself is composed of a 3D-printed ABS piece, foil heaters to model uniform heat flux, and a thin copper plate as 

shown in Figure 20. This assembly is then mounted in the mounting frames as is shown in Figure 7. The geometry of the test section 

was varied in order to study the effects of the introduction of backside counter-flow cooling configuration as well as the L/D ratio. The 

table below shows the 4 geometries that were used in this study: 

 

Table 3: Geometries used in this study 

Geometry Configuration L/D 

1 Backside Cooling (BSC) 1 

2 Backside Cooling (BSC) 2 

3 Plenum-fed 1 

4 Plenum-fed 2 

 

The  focus of this study is to compare the results of adiabatic film cooling effectiveness and heat transfer coefficient with backside 

cooling counter-flow cooling and plenum-fed film cooling. It is important to note that the purpose of Figure 20 is to show the sub-

assembly of the test section. An accurate figure of the 3D-printed ABS piece cannot be shown due to proprietary restrictions. 

 

 
Figure 20: Plenum-fed composition 
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ANNEX B 

DETAILS ON INSTRUMENTATION 
 

Figure 5 shows the instrumentation used in this study. The mainstream air is controlled through the motor frequency controller on 

the wind tunnel. The velocity and temperature of the mainstream air are measured through a pitot probe and thermocouple, respectively, 

that are placed approximately 6 inches from the leading edge of the frames that attach to the wind tunnel. Air and a SF6/CO2 gas mixture 

are used for the secondary fluid, also known as the cooling fluid, to match the different DR. The BR is controlled using valves and flow 

meters. Pressure and temperature measurements are made to calibrate the measurements for the different gases used. The coolant fluid 

enters a mixing chamber that is made up of a 1-foot-long pipe with metal scrubbers, before entering an inline heater. It is then routed to 

both sides of the plenum on the test section via insulated rubber hoses. The coolant temperature is measured by inserting a thermocouple 

through the test section from underneath as seen in Figure 21. Since the middle 7 holes are the area of interest, the thermocouple was 

placed near the top of the test section. It is important to note that Figure 21 has been edited to make sure any internal geometry is not 

seen, to protect proprietary information. 

 

 
Figure 21: Thermocouple measuring coolant temperature (Tc) 

A thermocouple is also placed on the test plate surface to calibrate the IR camera readings. Since the experiments are measured at 

steady state, only 1 thermocouple was used. In addition, the thermocouple was placed in the upper quarter of the test section as seen in 

Figure 22, in order to not interfere with the area of interest, which are the middle 7 holes.  
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Figure 22: Thermocouple on test section plate 
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ANNEX C 

IR THERMOGRAPHY 
 

It is seen from Figure 23 that a window was cut in the frame to be used as a window for the IR camera readings. The window is 

sealed internally using plastic wrap. A FLIR A655SC high resolution camera is mounted on a tripod and is placed at an angle facing the 

test section. It is placed at an angle in order to avoid the camera’s reflection which would affect the temperature reading.  

 

 
Figure 23: Position of camera at an angle to prevent reflection 

The focus of the camera and image capturing is done through the ResearchIR software. All the data points (images) captured must 

be calibrated to the same spatial position in order to analyze pixel by pixel. This image calibration is done using the image processing 

toolbox found in MATLAB as can be seen in Figure 11 
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ANNEX D 

DATA REDUCTION PROCEDURE DETAILS 
 

The data reduction procedure is explained in the section with the same name in the main part of this paper. A more detailed 

explanation is shown here. As mentioned, the procedure involves decoupling into two sets of experiments: HTC experiment and η 

experiment. 

 
 

In order to find the film cooling parameters, the internal cooling effect and losses must be taken into account. Each experiment is 

further decoupled into 2 separate cases as can be read in the Data Reduction Method section of this paper. 

 

Decoupling into two sets of experiments increases the signal to noise ratio (SNR). The HTC experiment is done at ambient conditions, 

meaning that the coolant flow and the mainstream flow are at approximate the same temperature. The coolant picks up energy (heat) 

as it travels internally. As can be seen from Annex B, Tc is measured as the temperature as the flow exits the hole. However, the 

temperature difference between the mainstream and the coolant is small enough (~2C-5C) that a film temperature can be calculated by 

taking the average of these two temperatures. Knowing the film temperature increases our signal to noise ratio and increases the 

confidence for a more accurate HTC measurement. 

 

The η experiment repeats the cases in the HTC experiment but with a heated coolant. The film temperature is unknown in this case, 

but it is solved for using a known HTC from the previous experiment. 

  

HTC 
Experiment

Measure 
HTC

η
Experiment

Measure η
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ANNEX E 

DETAILS ON BSC RESULT HYPOTHESIS 
 

It was found that varying BR with BSC configuration has an opposite trend in effectiveness than a conventional plenum-fed case. 

Backside cooling is done in an internal counter-flow fashion. As the flow exits the hole, the flow may be coming out in various 

directions, including laterally before being carried by the mainstream flow into the test section plate. This is known as slot film 

cooling. It is seen that low BR creates the best effectiveness, a different result than the plenum-fed case. The counter flow may hit the 

wall and create a space of stagnant air right underneath the film cool holes. The space that the stagnant air takes up increases with 

increasing BR. As can be seen in the figure below, the increasing space of stagnant air may be blocking the holes themselves, due to 

the very low L/D ratios. The potential blockage decreases the effective exit area, increasing the exit velocity of the coolant and the BR. 

The hypothesis states that effective BR is larger than the measured BR, leading to jet lift off of the coolant, decreasing the adiabatic 

effectiveness. 

 

 
Figure 24: Stagnant air potentially blocking film cooling holes, leading to increase in exit velocity and BR 

 

 


