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(Abstract) 

 
 

 An experimental and numerical investigation was conducted to determine the film cooling 

effectiveness of a normal slot and angled slot under realistic engine Mach number conditions.  Freestream 

Mach numbers of 0.65 and 1.3 were tested.  For the normal slot, hot gas ingestion into the slot was 

observed at low blowing ratios (M < 0.25).  At high blowing ratios (M > 0.6) the cooling film was 

observed to �lift off� from the surface. 

 For the 30o angled slot, the data was found to collapse using the blowing ratio as a scaling 

parameter (x/Ms).  Results from the current experiment were compared with the subsonic data published 

to confirm this test procedure.  For the angled slot, at the supersonic freestream Mach number, the current 

experiment shows that at the same x/Ms, the film cooling effectiveness increases by as much as 25% as 

compared to the subsonic case. 

 The results of the experiment also show that at the same x/Ms, the film cooling effectiveness of the 

angled slot is considerably higher than that of the normal slot, at both subsonic and supersonic Mach 

numbers.  The flow physics for the slot tests considered here are also described with computational fluid 

dynamic (CFD) simulations in the subsonic and supersonic regimes.   
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Chapter 1:  Introduction 
 

In today�s gas turbine industry, there is a push for higher turbine operating temperatures to 

improve turbine efficiency.  The main problem with higher operating temperatures is that the materials 

used in gas turbine engines are already at their thermal limit.  In order to circumvent this problem of 

prolonging the life of turbine blades, they must be protected from the extreme temperatures that engines 

are capable of producing.  One of the ways to protect the turbine blades, film cooling, was used in this 

research.   

Film cooling allows cool air from the compressor to bypass the combustion chamber and be 

injected through holes or slots on the surface of the turbine blade.  This air then forms a thin, protective 

layer between the extreme temperatures of the gases from combustion and the surface of the blade.  

However, this bypassed air is being taken from the compressor and is seen as a loss of work.  Therefore, 

optimizing the way in which film cooling is applied is needed in order to minimize the amount of air taken 

from the compressor and increase the efficiency of the engine.   

In modern gas turbine engines, much care is taken to control and optimize dedicated cooling flows 

to turbine flow path hardware.  This air is carefully metered, guided through serpentine passages over heat 

transfer enhancement features such as trip strips, and exited into the flow path through optimized holes � 

all driven by the need to maximize cooling effectiveness with a minimum amount of cooling flow.  In 

addition to these carefully optimized cooling flows, there is also a significant amount of air that enters the 

flow path at the inner and outer endwalls as leakage.  Leakage includes such things as air exiting through 

the support platform overlaps between rotating and static hardware, air leaking through the gaps between 

two mating parts and air leaking around and through the seals between parts.  While this air is generally 

considered a parasitic loss and minimized to the extent possible, it is the cool air flowing into the flow 

path that could, and likely does, provide some cooling benefit to the flow path hardware as it comes in 
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contact.  If that cooling benefit can be quantified, understood, and optimized, then the air can be used to its 

full potential, enabling a better overall turbine design.  In its simplest form, leakage air between mating 

parts can be represented as cool air exiting through the slot into a mainstream flow of hot air.  The effect 

of the cool leakage air on the wall downstream of the slot is representative of the effect of leakage air in a 

turbine on the adjacent flow path hardware.   

Although many parameters likely affect the degree to which the leakage air is capable of cooling 

the adjacent hardware, three primary parameters of interest that will be investigated in this study are:  (1) 

the relative velocity of the leakage air to the mainstream air (represented by the blowing ratio), (2) the 

mainstream Mach number, and (3) the angle at which the flow enters the freestream.  A search was made 

of related literature with the objective of obtaining correlations for film effectiveness applicable to the 

cooling effectiveness of air exiting through a slot.  During the course of this search, a need was identified 

for initiating an experimental program to characterize normal and angled slot ejection flows into a 

subsonic and supersonic mainstream. 

In this thesis, relevant past studies and the experimental program are described first.  Experimental 

results for angled slots are examined next for validation purposes.  As the experimental procedure is 

validated, the flow situation for normal slots is investigated next.  The specific configuration under 

investigation in this paper could be related to an engine leakage flow situation around seals that are forced 

against airfoil platforms by centripetal forces.  The leakage flow path would follow a very complex path 

around the seal before exiting into the mainstream through segmented and discrete gaps.  These gaps are 

formed by adjacent components in the turbine.  As the leakage flow follows a path around the seals on 

either side of the gap, it will tend to flow towards the middle of the slot before exiting into the 

mainstream.  A centerline flow splitter is placed in the slot to ensure flow symmetry.  The question 

relative to mainstream flow ingestion becomes relevant and, as a result, is also investigated in this study.  
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Finally, computational fluid dynamics (CFD) models were used to provide a qualitative view of this 

complex flow field interaction in the subsonic and supersonic flow regimes under investigation. 

This thesis provides information about the characteristics of secondary cooling flows exiting in a 

two-dimensional normal and angled slot into subsonic and supersonic mainstream gas flows for potential 

turbine flow path leakage applications.  In this investigation, the mainstream turbulence level is set at the 

wind tunnel inlet of less than 1%.  The tests were run at mainstream Mach (Ma) numbers of 0.65 and 1.3. 
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Chapter 2:  Literature Review 
 
 In general, there are a limited number of film cooling investigations at supersonic conditions 

published in available literature.  Goldstein [1] made a comprehensive overview of a number of 

experimental film cooling studies and correlations.  From this compilation, Seban et al. [2] studied film 

cooling with injection through both a normal and a tangential slot.  For injection normal to the surface, 

they found that the film effectiveness (η) was correlated by η = 2.2(x/Ms)-0.5 for x/Ms > 40.  

Where    x is the downstream distance from the trailing edge of the slot 
   s is the downstream slot width 
   M is the blowing ratio 
 
 Hartnett et al. [3] presented a study of the effects of tangential air injection into the freestream on 

the boundary layer velocity and temperature profiles with adiabatic and constant heat flux boundary 

conditions.  The freestream Mach number was subsonic (Ma = 0.15).  The film effectiveness data 

correlated for x/Ms > 60 by the correlation: η = 16.9(x/Ms)-0.8.  The significant conclusion on the heat 

transfer measurements was that the standard solid-wall heat transfer relations could be used for predicting 

the heat transfer coefficients in the presence of film cooling. 

 For supersonic flows, Goldstein et al. [4] studied the effect of injecting a secondary gas through a 

rearward-facing slot into a supersonic (Ma = 3) mainstream.  The blowing ratios (M) ranged from 0 to 

0.408.  It was concluded that higher values of film cooling effectiveness were attained for a much greater 

distance downstream of the slot in the supersonic flow regime, particularly at low blowing ratios, when 

compared to subsonic flows.  However, it was observed that once the film effectiveness starts to decrease 

with distance, it does so more rapidly when the flow is supersonic.  

 In another investigation, Wilson and Goldstein [5] conducted an experimental and analytical 

search to examine the effect of film cooling injection from a two-dimensional slot on the downstream heat 

transfer.  The coolant was ejected normal to the wall from a porous section under a supersonic (Ma = 3) 
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mainstream.  They hypothesized that there were two opposite effects governing the heat transfer 

coefficients: one due to boundary layer thickening and the other due to increasing turbulence.  It was 

observed that as the rate of film cooling injection is increased, the heat transfer coefficient undergoes first 

a decrease and then, at higher rates of injection, a substantial increase over its zero injection value. 

 A numerical investigation was conducted by O�Conner and Haji-Skeik [6] for the experimental 

rearward-facing step set-up of Goldstein et al. [4].  The film cooling flow field was observed to be divided 

into three regions: (1) an inviscid core region, (2) a wall jet region, and (3) a boundary layer region.   

 Later, Juhany et al. [7] conducted a study on the influence of tangential injectant, Mach number, 

and temperature on supersonic film cooling with a supersonic (Ma = 2.4) mainstream.  Similar to the 

outline provided by O�Conner and Haji-Sheik [6], the film cooling flow field was observed to be divided 

into three regions.  In this way, tangential film cooling combines different types of familiar flows: a wake 

flow, a shear layer flow, and a boundary layer flow.  It was confirmed that effectiveness of unity 

corresponds with a wall that remains at injection temperature, and the axial distance over which this 

occurs was referred to as the effective length, which is higher for supersonic flows.  This length could 

extend to up to 45 slot heights.  Flow visualization was done with Schlieren optics. 

 In the test conducted by Juhany et al. [7], the injectant and freestream were at matched pressure 

and shock waves in both the freestream and the injected coolant flow were produced to adjust the flow to 

the same orientation angle.  A leading separation shock, the expansion wave, and the re-compression 

shock were observed through Schlieren optics.  The effect of weak shock waves on the adiabatic wall 

temperature was judged to be insignificant.  It was also shown that the relative thickness of the injectant 

nozzle lip results in much steeper decrease of the film effectiveness due to large wake and mixing between 

the injectant and the mainstream.  In this investigation, film effectiveness was found to improve with 

increasing injectant Mach number.  
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 In general, the current literature search provides limited study into two-dimensional normal slot 

film cooling injected into subsonic and supersonic mainstream flows.  This thesis adds studies of quasi-

two-dimensional normal and angled slot exit film cooling onto subsonic and supersonic mainstream gas 

flows. 
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Chapter 3:  Experimental Setup and Instrumentation 
 

The experimental program was performed in the Virginia Tech Transonic Wind Tunnel.  The wind 

tunnel is an intermittent blow-down facility with an open discharge, and it can be used for both transonic 

and supersonic testing with the schematic shown in Figure 1 below.  The compressor system feeds a large 

volume of pressurized air into a storage tank, and on-off valves determine whether flow is directed into 

the supersonic or the transonic facilities.  A fast-acting control valve regulates the release of the 

pressurized air into the test section of the transonic portion of the tunnel.  A description of the wind tunnel 

was provided previously by Smith et. al. [8] and Popp et al. [9] 

 

Figure 1 -Wind Tunnel Schematic 

 

3.1 Wind Tunnel Compressor System 

 The compressor, which feeds the cascade wind tunnel, is an Ingersoll-Rand model HHE 334 four-

stage, reciprocating compressor that is capable of pressurizing air up to 750psig.  The pressurized air is 

circulated through a dryer to remove moisture and feed into a storage tank.  Measurements have shown 

that the relative humidity of the air leaving the dryer is less than 7%.  The tank is connected to the cascade 

wind tunnel by a system of 14� diameter, Schedule 30, carbon steel pipes.  This system of pipes also 
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includes an on-off valve and a fast-acting control valve.  The control valve is a butterfly valve that is 

regulated by a feed-forward program that monitors the tunnel�s total pressure and temperature as well as 

the tank pressure, and then calculates the optimum valve position to maintain the desired flow conditions.  

The control program attempts to maintain the total pressure at the inlet of the test section, and thus the test 

section�s inlet Mach number, to within 10% of the set point.  The mass flow rate of the air through the 

tunnel is approximately 10 kg/s and the typical run time is 30 seconds. 

 

3.1.1 Heated Flow 

 The experiments performed require that the mainstream flow be much hotter than the ambient 

conditions in order to simulate the temperature ratios that are seen in actual engine conditions.  The 

cascade wind tunnel has a closed loop heating system, which allows for such heated mainstream flows.  A 

schematic of the system is shown in Figure 2. 

                  

Figure 2 - Heated Circulation Loop  
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 The heating system is an insulated loop of pipe closed off from the tunnel supply and the test 

section by three valves.  The circulation valve is opened in order to begin preheating.  Once the circulation 

loop is closed off to the rest of the tunnel by the flapper and circulation valves, two 36 kW heaters are 

turned on and supply energy to the air.  A fan near the heater forces the heated air to circulate through the 

loop and over a bank of copper tubes.  There are 350, one-meter-long, copper tubes in the bank.  A 

thermocouple mounted in the flow monitors the temperature of the air.  The air in the loop is then heated 

to 20oC above the desired starting temperature and allowed to reach equilibrium before the two valves are 

opened and testing is started.  When air flows over the bank of copper tubes, it acts as a heat exchanger 

and transfers energy to the mainstream flow.  For the experiments in this investigation, the desired starting 

total temperature of the mainstream flow was 100oC and typically drops in temperature to 70oC over the 

course of a test.  

 

3.1.2 Coolant Supply System 

 The coolant supply system which supplies air to the film cooling slots is a separate, smaller version 

of the system that supplies air to the mainstream flow. A schematic of the coolant supply system is shown 

here in Figure 3. 
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Figure 3 -Coolant supply  

An Ingersoll-Rand 5 hp, two-stage, reciprocating compressor is used to supply pressurized air up to 150 

psig at a flow rate of up to 25 SCFM.  This air then flows through a dryer that removes the moisture from 

the air before it is stored in a large tank.  Hereafter, this tank will be referred to as the coolant supply tank 

to differentiate from the tank used to provide the mainstream flow.  The relative humidity of the air 

leaving the dryer is less than 4%.   

The mass flow of the air supplied to the test section plenum is measured using an orifice plate with 

a calibration provided by the manufacturer.  The mass flow rate was varied to account for the blowing 

ratios that were desired.  Coolant flow rates were controlled through the use of a pressure feedback control 

loop to maintain a constant supply pressure to mainstream total pressure ratio.  Film cooling air was 

cooled using a passive heat exchanger, which passes the supply air through copper tubes immersed in 

liquid nitrogen.  There was enough liquid nitrogen to completely cover the copper tubes because it was 

found that during the course of a run, the liquid nitrogen evaporated enough to cause an appreciable 
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change in the coolant temperature.  Completely covering the tubes to minimize the effects of the 

evaporation allowed for a more steady coolant temperature and less variation in results.    

 

3.2 Test Section 
 

 A convergent-divergent (C-D) half-nozzle with a flat bottom surface designed by Pratt & Whitney 

was mounted in the wind tunnel to supply a maximum Mach number of 1.5.  Without slot blowing, the 

nozzle Mach number is 1.5, as it is an expected function of the nozzle area ratio.  However, the actual test 

Mach number of 1.3 at the slot location during slot blowing is due in part to shock formation close to the 

cooling slot during testing as well as the junction between the C-D nozzle and the test section being 

imperfect.  The Mach number distribution along the nozzle and slot location is shown in Figure 4. 
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Figure 4 � Mach number and slot location 

 

 The slot film cooling test model was placed in a test section downstream of the nozzle as shown in 

the arrangement of Figure 5. 

                                           

Figure 5 �Test Section downstream of nozzle 
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The test section sidewalls give optical access to the flow and allow shadowgraph photography to 

be performed.   

 

3.2.1 Test Plate 

The test plate downstream of the slot is instrumented with heat flux microsensors and 

thermocouples on the surface of the plate, as displayed in Figure 6. 

 

 

 

 

 

 

Figure 6 � Heat Flux measurement locations 

The first heat flux measurement location was located six slot widths (x/s = 6) downstream of the slot 

trailing edge with the remaining gauges spaced six slot widths apart in the streamwise direction giving a 

total of 24 slot widths (x/s = 24) of streamwise distance.  The slot was centered inside the nozzle as shown 

in the above figure (Fig. 6) to minimize endwall effects.  The slot covered one half of the span, while the 

sidewall boundary layer covered one sixth, with one twelfth on each side.  The ratio of the sidewall 

boundary layer to effective slot width was 2:1.  The mainstream-to-coolant density ratios were 1.2 for a 

mainstream Mach number of 0.65 and 1.05 for a Mach number of 1.3.  The typical duration of a test was 

ten seconds, over which the density ratio did not change appreciably.   
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3.2.2 Ingestion Tests 

 For the ingestion tests, two methods were employed.  First, thermocouples were mounted on the 

insulated upstream face of the normal slot in order to measure slot face surface temperature.  Second, 

thread tufts were added to the slot lip and at the thermocouple locations for visual confirmation of 

ingestion.   

 

3.3 Instrumentation 
 
3.3.1 Data Acquisition 

 Data was taken as input on a National Instruments AT-MIO-16XE-50 acquisition board.  This 

board can sample at rates of up to 20,000 samples per second, but has only eight channels.  In order to 

record all of the data required for this study, two National Instruments� AMUX-64T analog multiplexers 

were used to expand the number of channels that could be sampled.  A Labview program was written in 

order to set data acquisition parameters and to record the data to a file.   

 

3.3.2 Heat Flux Microsensor 

 All heat flux measurements in this work were taken using a commercial heat flux microsensor 

(HFM) produced by Vatell Inc.  The gauge used in these experiments (HFM-7), is composed of two 

sensors:  a thin-film resistance temperature element and a heat flux microsensor (Popp [9]).   

 The flat plate temperature is measured by the HFM-7 using a resistance temperature sensor (RTS) 

which is sputtered onto the surface of the gauge.  The RTS is a thin-film element that is only 2 microns 

thick and is deposited in a circular pattern around the heat flux sensor.  The RTS operates on the principle 

that the resistance of metals changes in a predictable way with temperature.  A current of 0.1 mA is used 
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to excite the RTS.  Over a range of temperatures from 0oC � 250oC, the change in resistance is nearly 

linear.  Outside of this range, the change in resistance can still be estimated using a cubic polynomial of 

the form, 

  3 2( )T R aR bR cR d= + + +              (1) 

Where   R is the measured resistance in ohms 
   a, b, c, and d are the coefficients of the polynomial 

The polynomial coefficients are determined through a calibration performed by the manufacturer.  

Changes in temperature are dependent upon changes in resistance, so it is important that both the initial 

temperature, To, and the initial resistance, Ro, be known.  The initial resistance is taken using an ohm-

meter before each day of testing and is used to calculate To in the equation, 

 

 

  o
o

R fT
e
−=                              (2)  

where e and f are coefficients determined from the calibration of the RTS.  The resistance of the RTS at 

other temperatures is then calculated by, 

  

  RTS
o

RTS RTS

VR R
I G

= +                                     (3) 

Where   VRTS is the output of the RTS in µV 
   IRTS is the output of the RTS in amps 
   GRTS is the gain of the amplified RTS signal 

Temperature is then calculated using equation (1).  This temperature is used when calculating the heat 

flux. 
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 The heat flux sensing element (HFS) is used to measure the flow of heat into and out of the blade.  

The HFS is a passive differential thermopile sensor made up of 280 thermocouple pairs.  Each of the 

thermocouple pairs consists of a Nichrome/Constantan thermocouple junction.  Although the voltage 

output of this particular thermocouple junction is small, it was chosen because it can withstand 

temperatures up to 1000oC.  The thermocouple junctions were deposited in a serpentine pattern on the 

surface of the gauge.  The HFS operates on the principle that the heat flux through a material, assuming 

one-dimensional conduction and steady state conditions, is proportional to the temperature difference 

across the material.  This principle is illustrated in Fourier's equation: 

 

 

 

  ( )s i
kq T T
δ

= −                (4) 

Where   q is heat flux (W/cm2) 
   k is the thermal conductivity (W/cm2 C) 
   δ is the thickness (cm) 
   Ts is the substrate temperature (oC) 
   Ti is the insulated surface temperature (oC) 

 One junction of each thermocouple material is sputtered onto the aluminum nitride substrate and a 

thin layer of material with a low thermal conductivity insulates the other junction.  When heat flows into 

the gauge, this thermal resistance causes the insulated junction to reach a higher temperature than that of 

the junction deposited directly onto the high conductivity substrate.  It is assumed that the high 

conductivity substrate has a uniform temperature.  The temperature difference across the thermal 

resistance layer is proportional to the voltage output across the two thermocouple junctions.  Heat flux into 

the plate will result in a positive voltage, and flux out of the plate will cause a negative voltage.  The 
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sensitivity of the HFS is itself dependent upon temperature, so the temperature measured by the RTS is 

used to correct the output of the HFS. 

 The heat flux that passes into the HFS sensor is calculated using the following equation: 

  /HFS AMP

T

V Gq
S

=               (5) 

Where   q is the heat flux in W/cm2 
   VHFS is the output voltage in µV 
   GAMP is the gain of the amplified signal 
   ST is the temperature dependent sensitivity 

The temperature dependent sensitivity, ST, is determined during the calibration of the HFS.  The 

sensitivity of the HFS varies linearly with temperature and is given by the equation: 

  TS gT h= +                (6) 

Where   g is the change in sensitivity with temperature (µV/W/cm2/oC) 
   h is the HFS sensitivity at room temperature (µV/W/cm2) 

 The coefficients g and h in the equation above are usually provided by the manufacturer.  The 

change in sensitivity of the HFS with temperature is small, usually on the order of µV/W/cm2/oC, so the 

coefficient g was considered to have a negligible effect.  The temperature used in the above calculation is 

determined from the RTS.  Since both sensors are on the same gauge and receive the same incident flux, 

the temperature recorded by the RTS is the result of the heat flux measured by the HFS. 

 

3.3.3 Amplifiers 

 The voltage output signals from both the RTS and HFS sensors were amplified with the AMP-6 

amplifier, which is produced by Vatell, Inc. for use with the HFM-7 gauge.  A single LEDMO connection 

on the AMP-6 takes input from both of the sensors on the gauge.  The AMP-6 also supplies a constant 
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excitation current of 0.1 mA to the RTS and has channel specific gains.  The amplifier is allowed to warm 

up at room temperature before the outputs of the two sensors are �zeroed�.  

 In the case of the RTS, this means that a potentiometer is set to read the same resistance as that of 

the RTS at room temperature.  Any changes in resistance caused by fluctuating temperatures are 

referenced to this �zeroed� resistance.  The AMP-6 has gains of 1, 100, 200, and 500 for the amplified 

RTS signal. 

 For the HFS, another potentiometer is used as an offset to reduce the voltage output to zero.  This 

is done when the gauge and its surroundings are at the same temperature and no heat flux is incident on 

the blade.  The AMP-6 has gains of 1, 100, 500, 1000, and 5000 for the HFS.   
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3.4 Experimental Setup 

3.4.1 Angled Slot Film Effectiveness Comparison 
 

3.4.1.1 Overview 
 
 In order to verify the data reduction technique that is employed in the analysis, a 30o angled slot 

was inserted into the test facility for comparison with data from Hartnett [3], also for a 30o angled slot.  

The test conditions were similar with two significant differences, illustrated in Figure 7.  First, the feed 

into the slot was slightly different, with Hartnett feeding air parallel to the flow through the angled slot as 

opposed to the non-parallel plenum feed employed in the Virginia Tech Transonic Wind Tunnel.   

 

 

 

 

 

 

Figure 7:  Comparison of Hartnett and VT angled slot geometry  
 

 
Second, there were significant differences in mainstream flow velocity between the Hartnett data 

and the data presented here.  Hartnett tested at a low subsonic Mach number (Ma = 0.15) while the tests 

presented here were conducted at high subsonic (Ma = 0.65) and supersonic (Ma = 1.3) velocities.  These 

differences were not extreme enough to undermine the purpose of this test, which is to demonstrate that 

the computational technique employed for this work�s data analysis is verifiable.   
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3.4.1.2 Test Setup 
 
 The instrumented flat plate described in section 3.2.1 was inserted into the test section downstream 

of the CD nozzle with a 30o angled slot and the heat flux microsensors in place.  The first heat flux 

measurement location was located six slot widths (x/s = 6) downstream of the slot trailing edge with the 

remaining gauges spaced six slot widths apart in the streamwise direction giving a total of 24 slot widths 

(x/s = 24) of streamwise distance.  All of the HFM�s resistances for the HFS and RTS were taken before 

any runs were made for their calibration regressions. 

 

3.4.1.3 Procedure 
 
 The tunnel�s mainstream air flow was heated up to 100oC (as described earlier in the section 3.1.1).  

The coolant supply compressor system was started and used to pump air into the coolant supply storage 

tank until the tank pressure was above 150 psig.  Liquid nitrogen was released into the heat exchanger 

until it covered the copper tubes.  The ball valve controlling the mass flow of the coolant was set before 

each run for the blowing ratio to be tested.  Once all the above conditions were met, the tunnel�s 

circulation loop was closed off allowing for the tunnel run.  The coolant supply was released at the same 

time the tunnel control program was started.  The HFS and RTS measurements were recorded 

simultaneously during the run to be analyzed later.   
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3.4.2 Ingestion Tests 

3.4.2.1 Overview 
 
 In order to understand how film cooling affects the flat plate with the normal slot used in this work 

it was necessary to first determine whether ingestion was present.  Ingestion occurs when the hot 

mainstream enters the coolant slot and mixes with the coolant.  This mixing can skew data results and 

analysis, so it was important to know the minimum coolant blowing ratio in order to stave off ingestion.  

Ingestion was not a major concern for the angled slot tests due to the geometry of the slot.  There were 

two techniques used in determining whether the slot ingested (as described in section 3.2.2).   

 

3.4.2.2  Setup  

 The instrumented flat plate (described in section 3.2.1) was inserted into the test section 

downstream of the CD nozzle with the normal slot and plugs in place of the heat flux microsensors.  

Thermocouples, along with tufts of thread, were imbedded into the front insulated upstream face in order 

to measure slot face surface temperature and to give a visualization of which air flow was dominate 

(mainstream or coolant flows).  The surface temperature would be taken via the data acquisition board and 

results were later entered into a Microsoft Excel program for graphing.  A video camera and strobe light 

were used to capture the activity of the thread tufts since the motion of the tufts were difficult to perceive 

and document by the human eye.  The strobe light was set to pulse at fixed frequencies and allowed the 

camera to capture the tuft activity.   

 

3.4.2.3 Procedure 
 
 Identical procedure as described in section 3.4.1.3. 
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3.4.3 Normal Slot Film Effectiveness 
 

3.4.3.1 Overview 
 
 To make a comparison between the normal and angled slots, the cooling film effectiveness for 

each must be analyzed.  Once the ingestion tests were complete and the blowing ratio �window� was 

found, the comparison between the two slots could be performed. The Mach numbers and blowing ratios 

that were tested were the same as those used for the angled slot testing for comparison.  Several blowing 

ratios were tested to �map� the entire x/Ms curve.  

3.4.3.2 Test Setup 
 
 The instrumented flat plate described in section 3.2.1 was inserted into the test section downstream 

of the CD nozzle with the heat flux microsensors in place.  The first heat flux measurement location was 

located six slot widths (x/s = 6) downstream of the slot trailing edge with the remaining gauges spaced six 

slot widths apart in the streamwise direction, giving a total of 24 slot widths (x/s = 24) of streamwise 

distance.  All of the HFM�s resistances for the HFS and RTS were taken before any runs were made for 

their calibration regressions.   

 

3.4.3.3 Procedure 
 
 Identical procedure as described in section 3.4.1.3. 
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Chapter 4:  Data Analysis 
 
 This study was performed in order to compare the film cooling effectiveness of a normal slot to 

that of a 30o angled slot for use in turbines of gas-turbine engines.  The dominant mode of heat transfer in 

turbine blades, as well as the flat plate used in this work, is through convection.  The heat transfer 

coefficient and the film cooling effectiveness are very important to the analysis and a description of their 

analysis is provided here courtesy of Smith et al. [8].  For low speed flows, convection heat transfer is 

characterized by the equation, 

  ( )wq h T T∞= ⋅ −               (8) 

Where   T∞ = the freestream total temperature in oC 
   Tw = the wall temperature in oC 
   h = heat transfer coefficient in W/(m·oC) 
   q = local heat flux in W/m 
 
 
For high speed flows without film cooling, the driving force of heat transfer is the recovery temperature 

and equation (8) is rewritten as,   

 
  ( )r wq h T T= ⋅ −               (9) 
 
where Tr is the recovery temperature.  The recovery temperature can be calculated from  
 
the freestream total temperature using the equation, 
 

  
2

(1 )
2r c

p

uT T r
C
∞

∞= − − ⋅
⋅

                      (10) 

 
Where   u∞ = the fresstream velocity in m/s 
   Cp = the specific heat of the air in J/(kg·K) 
    rc = the recovery factor 
 
The recovery factor for laminar and turbulent flows is usually considered to be Pr1/2 and Pr1/3, respectively 

from Kays and Crawford [10].   
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 However, for high speed flows with film cooling, such as those used in this work, the driving force 

of the heat transfer is dependent upon both the freestream and the injected fluid.  For these situations 

equation (9) can be written as, 

 
  ( )aw wq h T T= ⋅ −             (11) 
 
where Taw , the adiabatic wall temperature, is the driving force of the heat transfer.  For high speed flows 

with no fluid injection, Taw is equivalent to Tr.  With coolant injection, Taw will lie in between the 

freestream and coolant temperatures (Tc).  The magnitude of Taw depends upon the relative magnitudes of 

T∞ and Tc as well as flow characteristics such as the blowing and density ratios. 

 Film cooling effectiveness, η, is given in equation (12), 

  aw r

c r

T T
T T

η −=
−

             (12) 

Solving for Taw and substituting it into equation (11) yields, 

   
  ( ) ( )r w r cq h T T T Tη= ⋅ − − −             (13) 
 
which can be rearranged to give, 
 
 

  
( )

( )
( )

r w

r c r c

T Tq h h
T T T T

η
 −

= ⋅ − ⋅ − − 
          (14) 

 
 The temperatures of the wall, coolant, and freestream as well as the local heat flux into the flat 

plate were all recorded for approximately 20 seconds during each run.  The data recorded during a typical 

run with film cooling can be seen in Figures 8 and 9.  The vertical dashed lines in the figures indicate the 

portion of the data which was used in the analysis.  With these variables and the freestream velocity 

known, the recovery temperature can be calculated.  The only unknowns in equation (13) are the steady 

heat transfer coefficient and the film cooling effectiveness.       
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Figure 8:  Typical temperature measurements during a film cooling run 

 

Figure 9:  Typical heat flux measurements during a film cooling run 

    

 If it is assumed that the heat transfer coefficient has only a weak dependence on temperature, then 

equation (13) can be plotted such that the local heat flux divided by the recovery to coolant temperature 

difference (Tr � Tc) should be a linear function of a temperature difference ratio ( [Tr � Tw]/[Tr � Tc]).  The 
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slope of this linear curve is the steady heat transfer coefficient with film cooling and the x-axis intercept is 

the film cooling effectiveness.  The coolant and local wall temperatures as well as the heat flux are 

measured directly.   

 If the time history data from Figures 8 and 9 are plotted according to equation (13), the result 

should be a straight line with the heat transfer coefficient equal to the slope and the film cooling 

effectiveness equal to the x-axis intercept.  An example of the data plotted in this manner is shown in 

Figure 10.  It can be seen that the data is indeed linear which supports the assumption that the heat transfer 

coefficient has very little dependence on temperature over the range of temperatures used in this study.  If 

the heat transfer coefficient had a strong dependence upon temperature then some trend other than linear 

should have been found. 

 

Figure 10:  Typical heat flux analysis regression 

  Uncertainty in the measurement of the adiabatic effectiveness is approximately   η ± 0.04 based on 

previous testing in the facility using the established data reduction technique.  Run to run repeatability 

showed an uncertainty of η ± 0.02.  Blowing ratio measurements based on mainstream tunnel flow and 

coolant injecting flow yielded a  

M ± 5%.   
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Chapter 5:  Results and Discussion 
 

5.1 Angled Slot Comparisons  

 In order to verify the data reduction technique, a 30o angled slot was inserted into the test facility 

for comparison with data from Hartnett [3], also at 30o.  The test conditions were similar with two 

significant differences.  Hartnett tested at a low subsonic Mach number (Ma = 0.15), while the tests 

described here were at high subsonic (Ma = 0.65) and supersonic (Ma = 1.3) velocities.  The plenum feeds 

to the slot also differed in that Hartnett�s air feed was parallel to the flow and the tests here were non-

parallel feeds.   

 In spite of these differences, experimental data matched well with the Hartnett curve shown in 

Figure 11. The slight deviation can be attributed to the difference in flow geometry and mainstream flow 

velocity.   
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Figure 11:  Angle slot comparison with Hartnett 

 

At x/Ms < 100, the temperature development in the center line allows for higher film effectiveness;  

whereas, at large x/Ms, mixing of mainstream flow at the lateral edges of the coolant jet allows for lower 

film effectiveness.  As outlined before by Goldstein [1], film effectiveness is generally greater in 

supersonic flow at lower x/Ms.  This is evidenced in Figure 11.   
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5.2 Ingestion Tests 

 As described in the test set-up section, two methods were employed to investigate the existence of 

ingestion.  Thermocouples were mounted on the upstream face of the normal slot in order to measure slot 

face surface temperature.  If the temperature decreased, the slot was filled with cooling air and not 

ingesting.  During visual ingestion tests, thread tufts were added to the slot lip and at the thermocouple 

locations.  If the tufts were blown into the slot, ingestion was occurring.  A comparison of typical 

thermocouple traces at Ma = 0.3 is shown in Figure 12.   

 

 

Figure 12:  Comparison of ingesting and non-ingesting temperature traces  

 

Ingestion was independent of free stream Mach number, but depended upon the blowing ratio (M) instead.  

For the ingesting case, a slight increase in temperature of the slot face thermocouple is shown over the 

course of a run.  In the non-ingesting case, the coolant flow clearly dominates and the slot face 

temperature decreases significantly.  Schematics of typical tuft behavior are illustrated in Figure 13.   

 

No Ingestion (T↓)      
M = 0.45 

Ingestion (T↑) 
M = 0.25 
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Figure 13:  Tuft behavior for various blowing ratios  

 

 In the diagrams, the mainstream flow is from left to right.  When the slot is ingesting, tufts 

mounted on the slot lip and at the slot thermocouple location are blown into the slot.  Just past the 

ingestion blowing rate of M = 0.3, the lip tufts are blown just outside of the slot, while the slot face tufts 

are blown very close to the upstream wall.  After the blowing ratio is significantly increased, M = 1.0, the 

lip tufts are blown well into the mainstream flow while the slot face tufts are blown flush against the slot 

face.  For all Mach numbers tested, the blowing ratio that did not allow for ingestion to occur was found to 

be between M = 0.25 and M = 0.3.   
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5.3 Normal Slot Tests 

 Cooling film effectiveness in the normal slot decayed at a much more precipitous rate than that of 

the angled slot.  As shown in Figures 14 and 15, the comparison on the x/Ms curve was shifted far to the 

left in both the supersonic and subsonic cases, respectively.   

 

 

 

 

 

 

 

 

 
Figure 14:  Ma = 1.3 comparison of angle and normal slot data 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15:  Ma = 0.65 comparison of angle and normal slot data 
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 Additionally, increasing the blowing ratio did not increase the film effectiveness, counter to data 

acquired in the angled slot geometry.  The supersonic and subsonic decrease is shown in Figures 16 and 

17, respectively.   

 

 

 

 

 

 

 

 

 
Figure 16:  Ma = 1.3 normal slot blowing ratio comparison 

 
 

 

 

 

 

 

 

 

 

Figure 17:  Ma = 0.65 normal slot blowing ratio comparison 
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 A possible explanation for this is that after the condition for non-ingestion is satisfied (M > 0.3), 

much of the coolant is ejected so far into the mainstream flow that only a percentage contributes to the 

film effectiveness.  As the blowing ratio is increased, the percentage of contributing film is reduced, 

leading to the leftward shift on the x/Ms curve, as shown in Figures 16 and 17.  This reasoning is 

illustrated in the shadow photographs shown in Figures 18 and 19.   

 

Figure 18:  Coolant flow shadowgraph at Ma = 0.65 and M = 0.3 
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Figure 19:  Coolant flow shadowgraph at Ma = 0.65 and M = 0.8 

As illustrated, once the blowing ratio is above the ingestion point, a high percentage of the coolant is 

unattached to the plate, thus lowering the effectiveness and being a disadvantage of normal slots.  
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5.4 CFD Simulations 

 The CFD simulations were done with a commercially available code (FLUENT) by Belcan and A. 

Kohli with the Pratt & Whitney Aerodynamic group.  These simulations are limited to qualitative insight 

into the flow structure of normal slot film onto subsonic and supersonic mainstream flows.  The model 

geometry was initially created in Unigraphics (UG) and imported into FLUENT for a normal slot 

configuration.  The CFD Mesh consisted of 1.8 E6 unstructured cells.  The convergence criteria used did 

not allow a residual greater than 1.0 E-5 for any of the independent variables.  In general, 3000 iterations 

were required for full convergence.  The boundary conditions were taken as total pressure at all inlets both 

in the mainstream and slot feed planes, and static pressure at the model exit plane.  For the model side 

planes, a symmetry boundary condition was assumed, and at the model top side, a no-slip condition was 

assumed.  The turbulence model consisted of a two-equation renormalization group turbulence kinetic 

energy and corresponding dissipative rate for calculating the turbulent viscosity.  The near wall modeling 

was resolved with a mesh integral all the way to the wall with a two-layer zonal model having a wall 

adjacent cell in the order of y+ = 1.  The inlet conditions were set to 1% turbulence intensity and consistent 

with other freestream conditions set to Ma = 0.34 and 1.3.  The coolant inlet conditions were set to result 

in a blowing ratio of M =0.3 for both freestream Mach number cases. 

 CFD results are shown in Figures 20 and 21 for subsonic (Ma = 0.34) and supersonic (Ma = 1.3) 

cases, respectively.  Figure 20 depicts contours of the absolute velocity and Figure 21 depicts contours of 

static pressure, Ps, and Mach numbers.  In Figures 20 and 21, views denoted as side views were taken at a 

planes located at z/L = 0; whereas, views denoted as top views, in Figure 21, were taken very close to the 

bottom plane, at about y+ = 15.   
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Figure 20:  Ma = 0.34 and M = 0.3 CFD results, absolute velocity 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21:  Ma = 1.3 and M = 0.3 CFD results 
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and side views.  The reflections from the wall are a result of the top wall boundary condition.  The 

reflection waves were also seen in the test shadow photography.  However, these were very weak.  In an 

engine environment the geometry is such that reflection waves may not be present at all.  A leading 

separation shock and the recompression shock are shown in Figure 21.  As expected, these shocks are 

produced to adjust the flow to the same orientation downstream of the slot.  It should be noted that even 

though there was a large number of computational cells, the CFD mesh needed to be refined further to 

resolve the shock thickness to a higher degree of accuracy. 

 Ingestion and interaction of the coolant flow with mainstream flow forces the coolant air to emerge 

from the slot close to the middle section, z/L = ±0.19.  Note that the influence of the flow splitter located 

at z/L = 0 had very little to no effect on the flow structure.  The recirculation situation towards the slot 

ends, at about z/L = 0.38, is observed for both the subsonic and supersonic cases.  For the subsonic case 

(Ma = 0.34), ingestion was confirmed for a blowing ration of M = 0.3.  Comparison between the subsonic 

case and the supersonic case seems to indicate that there is also a low velocity region just downstream of 

the slot exit, x/s < 12, for the subsonic case.  This recirculation was not present for the supersonic case. 

 In the supersonic results of Figure 21, the coolant flow stays attached to the wall in the center 

region, z/L = ±0.19.  This is due to the lower coolant velocity as the flow emerges from the slot.  This 

flow situation seems to be consistent with the higher effective length, outlined previously by Goldstein [1] 

with high film cooling effectiveness.  This is also seen in the film effectiveness plots shown in Figures 14 

and 15 for x/Ms < 20.  It can also be concluded that higher values of film cooling effectiveness may be 

attained for a greater distance downstream of the slot in the supersonic flow regime when compared to 

subsonic flows.  This is only valid for the centerline region.  At the slot ends or sides, film effectiveness 

will be considerably reduced. 
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Chapter 6:  Conclusions and Future Work 
 
 
 Results from the angled slot testing matched the published data, Hartnett [3], and followed the 

expected trend even though there were some differences in the plenum feed geometry and Mach numbers 

tested.  These results verified that the Virginia Tech data reduction technique used in this work to analyze 

the film cooling effectiveness would be sufficient for further tests.   

 For the normal slot ingestion tests, it was found that ingestion occurred at a blowing ratio range of 

M = 0.25 to M = 0.3 at the Mach numbers tested (Ma = 0.65 and Ma = 1.3).  This was verified with 

thermocouple measurements and thread tuft visualizations.   

 The normal slot film cooling experiments were then tested and, as expected, for a similar blowing 

ratio, film effectiveness out of the normal slot was much lower than the angled slot due to the freestream 

and ejected coolant mixing.  At higher blowing ratios, the effectiveness did not increase as observed with 

the angled slot.  This is due to the extra cooling air being ejected into the mainstream and not attaching to 

the plate (lift-off).   

 CFD simulations for normal slot configuration, at Ma = 0.34 and 1.3 with M = 0.3 indicate that 

even though the film may be particularly good at the slot center it is considerably reduced at the slot ends.   

 This work only investigated the film cooling effectiveness of a normal slot in comparison to a 30o 

angled slot.  Since the manufacturing of a normal slot is simpler and therefore less expensive than an 

angled slot, other configurations of the normal slot should be investigated to fully understand some of the 

disadvantages discovered by this work.  In the future, additional normal slot geometry and plenum 

configurations should be employed to test if the lift-off associated with the cooling film can be reduced, 

thus increasing the effectiveness to comparable levels with angled slots. 
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Abstract 
An experimental and numerical investigation was 

conducted to determine the film cooling 
effectiveness of a normal slot and angled slot under 
realistic engine Mach number conditions.  
Freestream Mach numbers of 0.65 and 1.3 were 
tested.  For the normal slot, hot gas ingestion into 
the slot was observed at low blowing ratios (M < 
0.25).  At high blowing ratios (M > 0.6) the cooling 
film was observed to �lift off� from the surface. 

For the 30º angled slot, the data was found to 
collapse using the blowing ratio as a scaling 
parameter.  Results from the current experiment 
were compared with the subsonic data published by 
Hartnett to confirm this test procedure.  For the 
angle slot, at the supersonic freestream Mach 
number, the current experiment shows that at the 
same x/Ms, the film cooling effectiveness increases 

by as much as 25% as compared to the subsonic 
case. 

The results of the experiment also show that at 
the same x/Ms, the film cooling effectiveness of the 
angle slot is considerably higher than the normal 
slot, at both subsonic and supersonic Mach 
numbers. The flow physics for the slot tests 
considered here are also described with 
computational fluid dynamic (CFD) simulations in 
the subsonic and supersonic regimes. 
 
 

Nomenclature 
M blowing ratio 
Taw adiabatic wall temperature 
Tc coolant temperature 
Tr mainstream recovery temperature 
h heat transfer coefficient 
q heat flux 



 

 

41

41

s effective streamwise slot width 
x distance downstream from slot  

Greek letters 
η adiabatic film effectiveness 

 
Introduction 

In modern gas turbine engines, much care is 
taken to control and optimize dedicated cooling 
flows to turbine flowpath hardware. This air is 
carefully metered, guided through serpentine 
passages over heat transfer enhancement features 
such as trip strips, and exited into the flowpath 
through optimized holes � all driven by the need to 
maximize cooling effectiveness with a minimum 
amount of cooling flow. In addition to these 
carefully optimized cooling flows, there is also a 
significant amount of air that enters the flowpath at 
the inner and outer endwalls as leakage. Leakage 
includes such things as air exiting through the 
platform overlaps between rotating and static 
hardware, air leaking through the gaps between two 
mating parts and air leaking around and through the 
seals between parts. While this air is generally 
considered a parasitic loss and minimized to the 
extent possible, it is the cool air flowing into the 
flowpath that could and likely does provide some 
cooling benefit to the flowpath hardware as it comes 
in contact with. If that cooling benefit can be 
quantified, understood, and optimized then the air 
can be used to its full potential enabling a better 
overall turbine design. In its simplest form, leakage 
air between mating parts can be represented as cool 
air exiting through a slot into a mainstream flow of 
hot air. The effect of the cool leakage air on the wall 
downstream of the slot is representative of the effect 
of leakage air in a turbine on the adjacent flowpath 
hardware. Although many parameters likely affect 
the degree to which the leakage air is capable of 
cooling the adjacent hardware, three primary 
parameters of interest that will be investigated in 
this study are: (1) the relative velocity of the 
leakage air to the mainstream air (represented by the 
blowing ratio), (2) the mainstream Mach number, 
and (3) the angle at which the flow enters the 
freestream.   A search was made of related literature 
with the objective of obtaining correlations for film 

effectiveness applicable to the cooling effectiveness 
of air exiting through a slot. During the course of 
this search, a need was identified for initiating an 
experimental program to characterize normal and 
angled slot ejection flows into a subsonic and 
supersonic mainstream.  

In this paper, relevant past studies and the 
experimental program are described first.  
Experimental results for angled slots are examined 
next for validation purposes. As the experimental 
procedure is validated, the flow situation for normal 
slots is investigated next. The   specific 
configuration under investigation in this paper could 
be related to an engine leakage flow situation 
around seals that are loaded against airfoil platforms 
due to rotating centrifugal forces. The leakage flow 
path would follow a very tortuous path around the 
seal before exiting into the mainstream, though 
segmented and discrete gaps. These gaps are formed 
by adjacent components in the turbine. As the 
leakage flow follows a path around the seals on 
either side of the gap, the leakage flow will tend to 
flow towards the middle of the slot before exiting 
into the mainstream. A centerline flow splitter is 
placed in the slot to ensure flow symmetry. The 
question relative to mainstream flow ingestion 
becomes relevant and, as a result, this is also 
investigated in this study.  Finally, CFD models 
were used to provide a qualitative view of this 
complex flow field interaction in the subsonic and 
supersonic flow regimes under investigation. 

 
Previous Studies 

In general, there are a relatively limited number 
of film cooling investigations at supersonic 
conditions published in the literature.  Goldstein [1] 
made a comprehensive overview of a number of 
experimental film cooling studies and correlations. 
From this compilation, Seban et al. [2] studied film 
cooling with injection through both a normal and a 
tangential slot. For injection normal to the surface, 
they found that the film effectiveness was correlated 
by η = 2.2(x/Ms)-0.5, for x/Ms > 40. 

Harnett et al. [3] presented a study of the effects 
of tangential air injection into the freestream on the 
boundary layer velocity and temperature profiles 
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with adiabatic and constant heat flux boundary 
conditions. The freestream Mach number was 
subsonic. The film effectiveness data correlated for 
x/Ms > 60 by the correlation: η = 16.9(x/Ms)-0.8. The 
significant conclusion on the heat transfer 
measurements was that the standard solid-wall heat 
transfer relations could be used for predicting the 
heat transfer coefficients in the presence of film 
cooling.  

For supersonic flows, Goldstein et al. [4] 
studied the effect of injecting a secondary gas 
stream through a rearward-facing slot into a 
supersonic Mach 3 mainstream. The blowing ratios 
ranged from 0 to 0.408. It was concluded that 
higher values of film cooling effectiveness were 
attained for a much greater distance downstream of 
the slot in the supersonic flow regime, particularly 
at low blowing ratios, when compared to subsonic 
flows. However, it was observed that once the film 
effectiveness starts to decrease with distance, it does 
so more rapidly when the flow is supersonic.  

In another investigation, Wilson and Goldstein 
[5] conducted an experimental and analytical search 
to examine the effect of film cooling injection from 
a two-dimensional slot on the downstream heat 
transfer. The coolant was ejected normal to the wall 
from a porous section under a supersonic Mach 3 
mainstream. They hypothesized that there were two 
opposite effects governing the heat transfer 
coefficients: one due to boundary layer thickening 
and the other due to increasing turbulence. It was 
observed that as the rate of film cooling injection is 
increased, the heat transfer coefficient undergoes 
first a decrease and then at higher rates of injection, 
a substantial increase over its zero injection value.   

A numerical investigation was conducted by 
O�Conner and Haji-Sheik [6] for the experimental 
rearward-facing step set-up of Goldstein et al [4]. 
The film cooling flow field was observed to be 
divided into three regions: (1) an inviscid core 
region, (2) a wall jet region, and (3) a boundary 
layer region.  

Later, Juhany et al. [7] conducted a study on the 
influence of tangential injectant Mach number and 
temperature on supersonic film cooling with a Mach 
2.4 mainstream. Similar to the outline provided by 

O�Conner and Haji-Sheik [6], the film cooling flow 
field was observed to be divided into three regions. 
In this way, tangential film cooling combines 
different types of familiar flows: a wake flow, a 
shear layer flow, and a boundary layer flow. It was 
confirmed that effectiveness of unity corresponds 
with a wall that remains at injection temperature, 
and the axial distance over which this occurs was 
referred to as the effective length, which is higher 
for supersonic flows. This length could extend to up 
to 45 slot heights. Flow visualization was done with 
Schlieren optics.  

In the test conducted by Juhany et al. [7], the 
injectant and freestream were at matched pressure, 
shock waves in both the freestream and the injected 
coolant flow were produced to adjust the flow to the 
same orientation angle. A leading separation shock, 
the expansion wave, and the re-compression shock 
were observed through Schlieren optics. The effect 
of weak shock waves on the adiabatic wall 
temperature was judged not significant. It was also 
pointed out that the relative large thickness of the 
injectant nozzle lip results in much steeper decrease 
of the  film effectiveness due to large wake and 
mixing between the injectant and the mainstream. In 
this investigation, film effectiveness was found to 
improve with increasing injectant Mach number.  

In general, the current literature search provides 
limited study into two-dimensional normal slot film 
cooling into subsonic and supersonic mainstream 
flows. This paper makes a contribution in that it 
studies quasi-two-dimensional normal and angled 
slot exit film cooling onto subsonic and supersonic 
mainstream gas flows. 
 
Objectives  

In this contribution, this provides information 
about the characteristics of secondary cooling flows 
exiting in a two-dimensional normal and angled slot 
into subsonic and supersonic mainstream gas flows 
for potential turbine flowpath leakage applications. 
In this investigation, the mainstream turbulence 
level is set at the wind tunnel inlet of less than 1%. 
The tests were run at two different mainstream 
Mach numbers of 0.65 and 1.3.  

Test Set-Up 
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 The experimental program was performed in a 
transonic wind tunnel facility. The wind tunnel set-
up is shown in Fig. 1. A description of the wind 
tunnel was provided previously by Smith et al. [8] 
and Popp et al. [9]. 

A convergent-divergent half nozzle with a flat 
bottom surface was mounted in the wind tunnel to 
supply a maximum Mach number of 1.5. Without 
slot blowing, the nozzle Mach number is 1.5, as an 
expected function of the nozzle area ratio. However, 
with slot blowing, the mainstream Mach number 
drops to 1.3 due to shock formation close to the 
cooling slot, as it will be described in subsequent 
sections.  However, the junction between the C-D 
nozzle and the test section is imperfect, causing 
losses that result in a Mach number of 1.3 at the slot 
location.  The Mach number distribution along the 
nozzle and slot location is shown in Fig. 2.  The slot 
film cooling test model was placed in a test section 
downstream of the nozzle as shown in the 
arrangement of Fig. 1.  Coolant flow rates were 
controlled through the use of a pressure feedback 
control loop to maintain a constant supply pressure 
to mainstream total pressure ratio. Film cooling air 
was cooled by a passive heat exchanger, which 
passes the supply air through a copper coil 
immersed in liquid nitrogen. The test section 
sidewalls give optical access to the flow and allow 

shadowgraph photography to be performed. The test 
plate downstream of the slot is instrumented with 
heat flux microsensors and thermocouples on the 
surface of the plate, as displayed in Fig. 3. The first 
heat flux measurement location was located six slot 
widths (x/s=6) downstream of the slot trailing edge 
with the remaining gages spaced six slot widths 
apart in the streamwise direction giving a total of 24 
slot widths (x/s=24) of streamwise distance. The 
slot was centered inside the nozzle as shown in Fig. 
3 to minimize endwall effects.  The slot covered one 
half of the span, while the boundary layer covered 
one sixth, one twelfth on each side.  The ratio of 
boundary layer to effective slot width is 2:1.  The 
Reynolds number was not calculated as an 
acceptable value for x was unable to be determined.  
The mainstream-to-coolant density ratios were 1.2 
and 1.05 for 0.65 and 1.3 mainstream Mach 
numbers, respectively.  The typical duration of a test 
was ten seconds, over which the density ratio did 
not change appreciably  

For the ingestion tests, two methods were 
employed. First, thermocouples were mounted on 
the insulated upstream face of the normal slot in 
order to measure slot face surface temperature. 
Second, thread tufts were added to the slot lip and at 
the thermocouple locations for visual confirmation 
of ingestion.   

 

 
 

 
 

 
 

 
                                                                       

 
Figure 1: Wind Tunnel Geometry                                                                               
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Figure 2: Mach number distribution and slot location 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Heat flux measurement locations 
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Data Analysis 
The experimental work was to measure test surface heat flux and wall temperatures to 

quantify the adiabatic film effectiveness,η  defined as:  

cr

awr

TT
TT

−
−

=η        (1) 

Herein, the different variables are defined in the nomenclature section. Due to the 
transient nature of flow temperatures inherent in the blowdown facility from passive heat 
exchangers, a technique, described by Smith et al. [8], was developed to determine heat 
transfer coefficients and adiabatic film effectiveness. In this technique, solving (1) for 

awT and substituting into the heat flux equation )( waw TThq −= yields: 

ηh
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TT

h
TT

q
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wr

cr

−







−
−
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−

          (2) 

Surface heat flux was measured with heat flux microsensors and temperature with 
surface thermocouples. Experimental results of temperature and heat flux are plotted with 
the left-hand-side of (2) as the dependent variable and the dimensionless temperature 
ratio on the right-hand-side as the independent variable, as shown the sample data set of 
Fig. 4. The slope of the linear regression fit to the data gives the film heat transfer 
coefficient, and the intercept yields the film effectiveness. 

Besides film cooling measurements, it was also important to determine if ingestion 
into the slot was taking place during testing.  The potential ingestion of hot mainstream 
gas into the cooling slot at different Mach numbers was investigated using an array of 
surface thermocouples mounted on the upstream edge of the slot. For these temperature 
measurements, the upstream face of the cooling slot was made of insulating plastic.  
Thread tufts were also employed in order to have a visual representation of ingestion 
phenomena.  The downstream surface is made of aluminum to allow for surface heat flux 
measurements. For test where the flow is not accelerating, and the recovery temperature 
is assumed constant along the length of the test plate. Others testing details, such testing 
time and test limits are described by Smith et al. [8]. 

Uncertainty in the measurement of the adiabatic effectiveness is approximately η ± 
0.04 based on previous testing in the facility using the established data reduction 
technique.  Run to run repeatability showed an uncertainty of η ± 0.02.  Mass flux ratio 
measurements based on mainstream tunnel flow and coolant injecting flow yielded an M 
± 5%. 

 
 
 
 
 
 
 
 

            
Figure 4: Typical heat flux analysis regression 
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Results and Discussion 
Angled Slot Comparisons  

In order to verify the data reduction technique, a 30º angled slot was inserted into the 
test facility for comparison with data from Hartnett [3], also at 30º.  The test conditions 
were similar with two significant differences.  These differences are illustrated in Fig. 5.  
First, the feed into the slot was slightly different, with Hartnett feeding air parallel to the 
flow through the angle slot as opposed to the plenum non-parallel feed employed in the 
current setup.  Second, there were significant differences in mainstream flow velocity 
between the Hartnett data and the data presented here.  Hartnett tested at a low subsonic 
Mach number (Ma = 0.15) while the current tests were conducted at high subsonic         
(Ma = 0.65) and supersonic (Ma = 1.3) velocities.   

In spite of these differences, experimental data matched well with the Hartnett curve 
as shown in Fig. 6.  The slight deviation can be attributed to the difference in flow 
geometry and mainstream flow velocity. At x/Ms < 100, the temperature development in 
the center line allows for higher film effectiveness; whereas, at large x/Ms, mixing of 
mainstream flow mixing at the lateral edges of the coolant jet allows for lower film 
effectiveness.  As outlined before by Goldstein [4], film effectiveness is generally greater 
in supersonic flow at lower x/Ms.  This is evidenced in Fig. 6. 

 
 

 
 
 
 
 
 
 
 
 
 

Figure 5: Comparison of Hartnett and current angle slot geometry and freestream 
velocity 

 
 
 
 
 
 
 
 
 
 
 
 
   

Figure 6:  Angle slot comparison with Hartnett 
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Ingestion Tests 
As described in the test set-up section, two methods were employed to investigate the 

existence of ingestion.  Thermocouples were mounted on the upstream face of the normal 
slot in order to measure slot face surface temperature.  If the temperature rose over the 
course of a run, hot gas was ingesting.  If the temperature decreased, the slot was filled 
with cooling air and not ingesting.  During visual ingestion tests, thread tufts were added 
to the slot lip and at the thermocouple locations.  If the tufts were blown into the slot, 
ingestion was occurring.  A comparison of typical thermocouple traces is shown in Fig. 7. 
Ingestion was independent of free stream Mach number; but depends upon the blowing 
ratio instead.  For the ingesting case, a slight increase in the slot face thermocouple is 
shown over the course of a run.  In the non-ingesting case, the coolant flow clearly 
dominates and the slot face temperature decreases significantly.  Schematics of typical 
tuft behavior are illustrated in Fig. 8.  When the slot is ingesting, tufts mounted on the 
slot lip and at the slot thermocouple location are blown into the slot.  Just past the 
ingestion blowing rate of M = 0.3, the lip tufts are blown just outside of the slot, while 
the slot face tufts are blown very close to the upstream wall.  After the blowing ratio is 
significantly increased, M = 1.0, the lip tufts are blown well into the mainstream flow 
while the slot face tufts are blown flush against the slot face. For all Mach numbers 
tested, the ingestion transition rate was found to be between M = 0.25 and M = 0.3. 

 
Figure 7: Comparison of ingesting and non-ingesting temperature traces 
 
 
 
 
 
 
 
 
 
 

 
             Figure 8: Tuft behavior for various blowing ratios 
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Film effectiveness decay in the normal slot 
Cooling film effectiveness in the normal slot decayed at a much more precipitous rate 

than that of the angled slot.  As shown in Figs. 9 and 10, the comparison on the x/Ms 
curve was shifted far to the left in both the supersonic and subsonic cases, respectively.  
Additionally, increasing the blowing ratio did not increase the film effectiveness, counter 
to data acquired in the angled slot geometry.  The supersonic and subsonic decrease is 
shown in Figs. 11 and 12, respectively.  One explanation for this is that after the 
condition for non-ingestion is satisfied (M > 0.3), much of the coolant is ejected so far 
into mainstream flow that only a percentage contributes to the film effectiveness, as the 
blowing ratio is increased, the percentage of contributing film is reduced, leading to the 
leftward shift on the x/Ms curve, as shown in Figs. 11 and 12.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: Ma 1.3 comparison of angle and normal slot data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Ma 0.65 comparison of angle and normal slot data 
 
 
 

0.1

1

1 10 100

x/Ms

h

Normal

Angled 

0.1

1

1 10 100
x/Ms

h Normal

Angle



 

 

49

49

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: Ma 1.3 normal slot blowing ratio comparison 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12: Ma 0.65 normal slot blowing ratio comparison 
 

CFD Simulations  
The CFD simulations were done with a commercially available code (FLUENT).  

These simulations are limited to qualitative insight into the flow structure.of normal slot 
film  onto subsonic and supersonic mainstream flows. The model geometry was initially 
created in Unigraphics (UG) and imported into FLUENT for a normal slot configuration. 
The CFD Mesh consisted of 1.8E6 unstructured cells. The convergence criteria used did 
not allow a residual greater than 1.E-5 for any of the independent variables. In general, 
3000 iterations were required for full convergence. The boundary conditions were taken 
as total pressure at all inlets both in the mainstream and slot feed planes, and static 
pressure at the model exit plane. For the model side planes, a symmetry boundary 
condition was assumed, and at the model top side, a no-slip condition was assumed. The 
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turbulence model consisted of a two-equation renormalization group turbulence kinetic 
energy and corresponding dissipative rate for calculating the turbulent viscosity. The near 
wall modeling was resolved with a mesh integral all the way to the wall with a two-layer 
zonal model having a wall adjacent cell in the order of y+=1.  The inlet conditions were 
set to 1% turbulence intensity and consistent with other free-stream conditions set to a 
Ma=0.34 and 1.3. The coolant inlet conditions were set to result in a blowing ratio of 
M=0.3 for both free-stream Mach number cases.  

CFD results are shown in Figs. 13 and 14 for subsonic (Ma=0.34) and supersonic 
(Ma=1.3) cases, respectively. Fig. 13 depicts contours of the absolute velocity; whereas; 
Fig. 14 depicts contours of static pressure, Ps, and Mach numbers. In Figs. 13 and 14, 
views denoted as a side views were taken at a planes located at z/L=0; whereas, views 
denoted as top views, in Fig. 14, were taken very close to the bottom plane, at about 
y+=15. In Fig. 14, a bow wave is seen in the static pressure distribution ahead of the slot. 
The presence of shocks upstream and downstream of the slot is also shown in this figure 
in the Mach contours of the top and side views. The reflections from the wall are a result 
of the top wall boundary condition. The reflections waves were also seen in the test 
shadow photography. However, these were very weak. In an engine environment, the 
geometry is such that reflection waves may not be present at all.  A leading separation 
shock and the re-compression shock are shown in Fig. 14. As expected, these shocks are 
produced to adjust the flow to the same orientation downstream of the slot. It should be 
noted that, even though there was a large number of computational cells, the CFD mesh 
needed be refined further to resolve the shock thickness to a higher degree of accuracy.   

Ingestion and interaction of the coolant flow with mainstream flow forces the coolant 
air to emerge from the slot close to the middle section, z/L=+/-0.19. Note that the 
influence of the flow splitter located at z/L=0 had very little to no effect on the flow 
structure. The recirculation situation towards the slot ends, at about z/L = 0.38, is 
observed for both the subsonic and supersonic cases. For the subsonic case (Ma=0.34), 
ingestion was confirmed for a blowing ratio of M=0.3. Comparison between the subsonic 
case and the supersonic case seems to indicate that there is, also, a low velocity region 
just downstream of the slot exit, at x/s < 12, for the subsonic case. This recirculation was 
not present for the supersonic case.  

In the supersonic results of Fig. 14, the coolant flow stays attached to the wall in the 
center region, z/L=+/-0.19. This is due the lower coolant velocity as the flow emerges 
from the slot. This flow situation seems to be consistent with the higher effective length, 
outlined previously by Goldstein [4] with high film cooling effectiveness. This is also 
seen in the film effectiveness plots shown in Figs. 9 and 10 for x/Ms < 20.  It can also be 
concluded that higher values of film cooling effectiveness may be attained for a greater 
distance downstream of the slot in the supersonic flow regime when compared to 
subsonic flows.  This is only valid for the centerline region. At the slot ends or sides, film 
effectiveness will be considerable reduced.  
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Figure 13: Ma=0.34 and M=0.30 CFD results 
 
  
 

 
Figure 14: Ma=1.3 and M=0.3 CFD results 

 
 
Conclusions 

For the normal slot ingestion tests, it was found that a ingestion occurred at a blowing 
ratio range of M = 0.25 to M = 0.3 at the Mach numbers tested (0.65, 1.3). This was 
verified with thermocouple and tuft measurements. 
Film effectiveness data was taken with a 30º angled slot for comparison with the 
literature and to verify the transient data reduction technique.  Results match the 
published data and followed the expected trend. Having verified the data reduction 
technique a normal slot was inserted in the test section.  As expected, for a similar 
blowing ratio, film effectiveness out of the normal slot was much lower than the angled 
slot due to mixing and the slot geometry.  Also, at a higher blowing ratio, the 
effectiveness did not increase as observed with the angled slot.  

CFD simulations for normal slot configuration, at Ma=0.34 and 1.3 with M=0.3 
indicate that even though the film may be particularly good at the slot center it is 
considerably reduced at the slot ends.  
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