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ABSTRACT 
        Film cooling holes are a well-established cooling technique 

used in gas turbines to keep component metal temperatures in an 

acceptable range.  A streamwise-oriented film cooling hole 

creates a symmetric counter-rotating vortex pair (CRVP) due to 

the jet interaction with the crossflow.  As the orientation of the 

film cooling hole is incrementally misaligned with the 

streamwise direction (known as a compound angle), one of the 

vortices in the CRVP gains strength at the expense of the other 

until there is a single streamwise vortex that dominates the 

flowfield.  This vortex diffuses the coolant jet and impinges hot 

gas onto the surface, which can augment heat transfer 

coefficients in a region uncovered by coolant.  Although this has 

been well studied for cylindrical holes, there is less 

understanding about the nature of this phenomenon for shaped 

holes, which are intended to diffuse coolant laterally to minimize 

flowfield interaction. In the present study, particle image 

velocimetry (PIV) was used to measure the flowfield of 

compound angled shaped film cooling holes at several 

downstream planes normal to the streamwise direction.  Five 

compound angled 7-7-7 holes were tested, from a streamwise 

oriented hole (0° compound angle) to a 60° compound angle 

hole, in increments of 15°.  All cases were tested at a density 

ratio of 1.0 and blowing ratios ranging from 1.0 to 4.0.  

Experimental data shows that the circulation increases as 

compound angle increases because the flowfield transitions from 

a CRVP to a single streamwise vortex.  For large compound 

angles, the streamwise vortex lifts the core of the jet off of the 

surface, isolating the coolant from the endwall.  Measurements 

also indicate hole-to-hole interaction downstream for cases with 

high blowing ratio and large compound angle.  Flowfield results 

are compared with adiabatic effectiveness results from a 

companion study in order to explain hole-to-hole interaction 

trends. 

 

INTRODUCTION 
        Adding a shaped diffuser to a film cooling hole is an 

established method used to increase coolant concentration near 

the endwall.  Many parameters determine the shape, size, and 

orientation of a film cooling hole, and thus influence the 

flowfield and heat transfer of the coolant and mainstream 

interaction.  One is the “compound angle”, which is defined as 

the angle between the axis of the hole metering section and the 

mainstream flow direction, in the x-z plane (parallel to the cooled 

surface).  Often, film cooling holes near the leading edge of an 

airfoil are designed with a compound angle, since the high 

surface curvature does not allow for a sufficiently long metering 

section oriented in the streamwise direction.  Also, a small 

compound angle can occur for an axially oriented hole, if the 

local mainstream flow direction is skewed by secondary flows. 

        The present study examines a shaped film cooling hole, 

specifically the 7-7-7 public shaped hole [2] shown in Figure 1 

oriented at a sweep of five compound angles, ranging from 0˚ 

(CA0) to 60˚ (CA60).  This work is intended to show how the 

flowfield changes as the compound angle is increased, which can 

then be utilized to more fully understand the associated heat 

transfer impact. 

Figure 1: 7-7-7 baseline shaped film cooling hole, developed by 

Schroeder and Thole [2]. 
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NOMENCLATURE 
A hole cross-sectional area 

AR area ratio, Aexit/Ainlet 

𝑐𝑓 skin friction coefficient 

CASH compound angled shaped hole 

CRVP counter-rotating vortex pair 

D diameter of film cooling holes 

DR density ratio, 𝜌𝑐 𝜌∞⁄  

H shape factor, 𝛿∗ 𝜃⁄  

k thermal conductivity 

L hole length 

l0 characteristic length of a particle 

ṁ𝑐 coolant mass flow rate 

M blowing ratio, 𝜌𝑐𝑈𝑐 𝜌∞𝑈∞⁄  

P pitch, lateral distance between holes 

q q-criterion, second invariant of velocity 

gradient tensor, Eq. 1 

Re Reynolds number  

(𝑅𝑒∗ = 𝛿99 ∗ 𝑢𝜏 𝑣∞⁄ , 𝑅𝑒𝜃 = 𝑈∞ ∗ 𝜃/𝜈∞, 

𝑅𝑒𝐷 = 𝑈∞ ∗ 𝐷/𝜈∞, 𝑅𝑒𝑐 = 𝑈𝑐 ∗ 𝐷/𝜈𝑐) 

St Stokes number, 𝑆𝑡 =
𝑡0𝑢

𝑙0
 

t0 relaxation time of a particle 

t hole breakout width 

T temperature 

TKE Normalized turbulent kinetic energy, 

𝑇𝐾𝐸 =
1

2
(𝑢′2 + 𝑣′2 + 𝑤′2) 𝑈∞

2⁄  

Tu freestream turbulence intensity, 𝑢𝑟𝑚𝑠 𝑈∞⁄  

U∞ mainstream mean velocity 

urms root mean squared velocity 

uτ friction velocity, 𝑈∞√𝑐𝑓 2⁄  

u streamwise (x) component of velocity 

v wall-normal (y) component of velocity 

|𝑉| velocity magnitude 

w spanwise (z) component of velocity 

x downstream distance measured from hole 

trailing edge 

y vertical distance from surface 

z spanwise distance measured from center 

hole 

Greek 

α hole injection angle 

β compound angle 

Γ circulation, 𝛤 = ∫ 𝜔 𝑑𝐴 

δ expansion angle for diffuser 

δη experimental uncertainty in effectiveness 

δηb bias uncertainty in effectiveness 

𝛿∗ displacement thickness 

𝛿99 99% boundary layer thickness 

η local adiabatic effectiveness, 

(𝑇∞ − 𝑇𝑎𝑤) (𝑇∞ − 𝑇𝑐)⁄  

θ momentum thickness 

ν kinematic viscosity 

ξ blowing ratio scaled downstream distance, 

𝜉 =
4(𝑋 𝐷⁄ )𝑃 𝐷⁄

𝑀∗𝜋
 

ρ fluid density 

φ non-dimensional fluid temperature, 

(𝑇∞ − 𝑇) (𝑇∞ − 𝑇𝑐)⁄  

ω axial vorticity 

Subscripts 

aw adiabatic wall 

b breakout 

c coolant, at hole inlet 

diff diffuser 

exit exit plane of the film cooling hole 

fwd forward expansion of diffuser 

inlet inlet plane of the film cooling hole 

lat lateral expansion of the diffuser 

m metering section 

n normalized 

∞ mainstream 

Superscripts 

  ̅ time-averaged velocity 

‘ fluctuating component of velocity 

REVIEW OF RELEVANT LITERATURE 
        A jet in crossflow has well-established flow features, thanks 

to many studies focused on flowfield measurements and 

computational modeling.  Fric and Roshko [3], Kelso et al. [6], 

and Peterson and Plesniak [7] showed the vortical structure 

caused by a jet emanating from a cylindrical hole into crossflow.  

The aforementioned studies found four major vortical features in 

this flow interaction: 1. ring vortices on the windward side of the 

jet, produced by a Kelvin-Helmholtz instability in the shear 

layer, 2. horseshoe vortices upstream of the jet, 3. a counter 

rotating vortex pair (CRVP) embedded in the jet, produced by 

the wrapping up of vortex sheets in the shear layer, 4. wake 

vortices oriented in roughly the same direction as the original jet 

[3, 6, 7].  These vortical features are depicted in Figure 2 by Fric 

and Roshko [3].   

        Of particular interest to gas turbine film cooling is the 

CRVP, since this is primarily responsible for the mixing of 

coolant with the mainstream and thus the degradation of coolant 

concentration on the endwall [8].  An internal CRVP also exists 

in the film cooling hole itself; however, it has been confirmed 

computationally by Lemmon et al. [9] and experimentally by 

Peterson et al. [10] that the external CRVP embedded in the jet 

is created due to the shear layer between the coolant jet and the 

crossflow.  A goal of film cooling research has been to reduce the 

strength of the CRVP, which can be achieved with the addition 

of a shaped diffuser. 

Figure 2: Vortical features of a jet in crossflow, as depicted by Fric 

and Roshko [3]. 
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        Decades of film cooling research and study have shown that 

adding a shaped diffuser to a cylindrical film cooling hole will 

increase the adiabatic effectiveness [8].  A diffuser reduces the 

velocity of the coolant jet and improves jet attachment to the 

endwall [11], increases lateral coverage of coolant [8], decreases 

mainstream penetration [8], and decreases turbulence intensity 

[12].  With the addition of a shaped diffuser, the CRVP is also 

reduced in strength [13]. 

        Many studies have utilized particle image velocimetry 

(PIV), to non-intrusively measure the shaped hole film cooling 

flowfield [4, 14-19].  Many of these studies have focused on how 

parameters of the film cooling hole or mainstream flow influence 

the strength and size of the CRVP, and how the CRVP influences 

the jet and its behavior.  In the jet core, anisotropic Reynolds 

stresses and velocity fluctuations were observed by Schroeder 

and Thole [4], which increase as blowing ratio increases.  Also, 

turbulence intensity is high within the coolant jet, and increases 

as blowing ratio increases [4].  Fawcett et al. [17] used PIV at a 

sampling rate of 2000 Hz to investigate instantaneous cylindrical 

and shaped hole film cooling.  In this study, coherent 

unsteadiness was observed in the jet and took the form of 

vortices in the shear layer between the coolant jet and 

mainstream.  When the blowing ratio was near 1.0, and thus the 

shear layer was weak, the formation of these shear layer vortices 

was less evident [17].  There was no large scale spanwise 

unsteadiness observed for these streamwise-oriented holes, and 

the jet’s lateral position remained steady downstream [17]. 

        With the addition of a compound angle, the flowfield is no 

longer symmetric. Flowfield measurements have been 

performed by Aga and Abhari [5, 20] and others [21-23] for 

cylindrical holes oriented at a variety of compound angles.  

These flowfield measurements show that for a compound angled 

hole, as the compound angle is increased, there is a reduction in 

the windward vortex and an enlargement in the leeward vortex, 

until only one large asymmetric streamwise vortex is present [5].  

Aga and Abhari quantified this vortical asymmetry via the 

circulation of downstream planes normal to the mainstream flow 

direction.  For a streamwise oriented hole with the typical CRVP, 

the circulation would be zero, but as the leeward vortex gains 

strength at the expense of the windward vortex, the magnitude 

of the circulation increases.  By doing so, they found that the 

circulation increases with increasing compound angle, and 

decays with a momentum-ratio-scaled, nondimensionalized 

downstream distance [5]. 

        There has been less work examining the flowfield of a 

compound angled shaped hole (CASH), but presumably the 

addition of a shaped diffuser would change the behaviors 

observed for cylindrical compound angled holes.  A few studies 

have depicted the flowfield of a CASH using flow visualization 

techniques [24] and reported aerodynamic loss measurements 

[25, 26], but to the authors’ best knowledge, there has been no 

flowfield measurements of vorticity or turbulent quantities for a 

CASH.  Zhang and Collins [27] and Zhang [15] measured the 

flowfield of a rectangular jet oriented at a compound angle to the 

crossflow, which is similar to a shaped film cooling hole.  Zhang 

found that, just as for cylindrical holes, the circulation in a 

downstream normal plane increases as compound angle 

increases, and the size of the vortex also increases [15].  Pressure 

measurements by Ganzert et al. [26] found that adding a 

compound angle to a film cooling hole increased the total 

pressure loss, due to increased disturbance of the mainstream 

flow.  Also, the measurements showed that the exiting coolant jet 

acts as an obstruction, which causes acceleration and 

deceleration in the mainstream flow.  The size of that obstruction 

increases with compound angle [26]. 

        Despite the lack of thorough flowfield measurements for 

shaped holes at a nonzero compound angle, there is some 

adiabatic effectiveness and heat transfer data that motivates the 

present study.  Schmidt et al. [28] and Sen et al. [29] measured 

the adiabatic effectiveness and the heat transfer augmentation for 

a cylindrical hole and a shaped hole at a streamwise orientation 

and a compound angle of 60˚.   Increasing the compound angle 

of both holes moderately increased the adiabatic effectiveness, 

but significantly increased the heat transfer augmentation.  When 

combining the results, it was found that the net heat flux 

reduction for the CASH was lower than that of the streamwise-

oriented cylindrical hole [28, 29].  A few other studies [24, 30-

34] have also observed this general trend in adiabatic 

effectiveness.  Another work by Haydt and Lynch [1] has also 

observed that for the same cases in the present study, the 

adiabatic effectiveness increases moderately with compound 

angle, especially at high blowing ratios.  A future study will 

measure heat transfer augmentation for the same cases.  

Together, these three works are intended to provide a thorough 

understanding of the CASH flowfield and heat transfer over a 

range of compound angles and blowing ratios, which will fill a 

gap in existing literature and provide important information 

about the physics of shaped holes which are becoming more 

prevalent throughout the gas turbine.  

EXPERIMENTAL FACILITY 
        This study was performed in a closed-loop wind tunnel 

facility with a secondary coolant flow loop, capable of both heat 

transfer and flowfield measurements.  The facility was 

developed and validated by Eberly et al. [35] and a schematic is 

depicted in Figure 3.  Further details about this facility can be 

found in works by Haydt et al. [1, 36, 37] and Schroeder and 

Thole [2, 4, 14]. 

Figure 3: Closed-loop wind tunnel facility used in the present study. 
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        The compound angled shaped holes (CASH) used in this 

study were machined out of a low conductivity foam material 

(k=0.029 W/m-K).  All holes have a diameter of D=6.78 mm, an 

inclination angle of 30˚, a length of L/D=6, metering length of 

Lm/D=2.5, and a pitch of P/D=6.  Five compound angles were 

tested, ranging from 0˚ to 60˚ in 15˚ increments.  All five cases 

are depicted in Figure 4.  The black dashed line indicates the 

location of x/D=0, and the black circles depict z/D=0 for each 

case (i.e., the origin of the coordinate system is the furthest 

downstream point on the hole breakout). Particle image 

velocimetry (PIV) measurements were taken of the flowfield at 

four downstream planes normal to the mainstream flow 

direction.  The location of these planes is shown in Figure 5 

overlaid on the adiabatic effectiveness contours for a CA30 hole 

at M=1.0, from Haydt and Lynch [1]. 

        This paper presents stereo PIV flowfield data (3 velocity 

components in a 2D plane) for cases listed in Table 1, all at a 

density ratio of DR=1.0 and a mainstream turbulence intensity 

of Tu=0.5%.  DR=1.0 is required for the heat transfer coefficient 

measurement technique in an accompanying study, so that 

density ratio was chosen for the present study so that there would 

be a direct comparison of results.  The effect of higher turbulence 

intensities is beyond the scope of the present study, but is 

intended for future work.  The PIV set-up is shown in Figure 6.  

The laser was located above the test section on linear bearings 

and was moved in the streamwise (x) direction using a linear 

traverse.  The laser beam was directed down and into the test 

section using a mirror array, and illuminated a laser plane in the 

test section.  Two cameras, also affixed to a linear traverse, 

captured the light intensity from the particles in a forward 

scattering mode.   

        The dual-head Nd:YLF laser produced up to 20mJ per pulse 

per head with 170 ns pulse width.  Each of the two 1280x1024 

pixel high speed CMOS cameras had 105 mm lens attached to a 

Scheimpflug adaptor, enabling good focus on the full laser sheet 

despite the moderate viewing angle.  The flow was seeded with 

di-ethyl-hexyl-sebecat (DEHS) from a seeding apparatus which 

used compressed air to generate an aerosol with mean particle 

diameter of 1 μm and a Stokes number of St=0.02, well below 

unity, for the highest blowing ratio of M=4.0.  The seed was 

added to both the coolant and mainstream loops, which are both 

recirculating.  Both flows had an appropriate particle density 

after 15 s. 

        The system was controlled by LaVision software and the 

calculation was done using DaVis 8.30.  For this study, the 

optimal time step between image pairs for most cases was 30 μs, 

but data was also captured at a time step of 20 μs for the M=4.0 

cases with high through-plane velocity.  The light sheet thickness 

was calculated in DaVis to be 1 mm.  The sampling rate was 500 

Hz and 4000 images were captured over a time period of 8 

seconds. Statistical convergence was confirmed by comparing 

mean and RMS values averaged over 2000 and 4000 images.  At 

this low sampling rate and for the nominal through-plane 

velocity of 10 m/s, the measurements were temporally 

uncorrelated.  

        For the PIV calculation in DaVis, the background intensity 

was subtracted from all images and the intensity was normalized 

to enhance particle contrast. Stereo cross-correlation then 

calculated particle displacements using a multi-pass scheme 

starting with a window size of 96x96 pixels and decreasing to a 

32x32 window with 75% overlap.  Vector post processing was 

used to remove and iteratively replace vectors with a normalized 

correlation value less than 0.4, often replacing them with the 

second highest peak in that correlation window.  About 10-15% 

Figure 4: The 7-7-7 shaped film cooling hole oriented at different 

compound angles. 

Figure 5: Downstream plane locations for PIV measurements, 

overlaid on an adiabatic effectiveness contour for the CA30 hole 

at M=1.0 [1]. 

Table 1: Summary of the PIV data collected in terms of downstream 

cross-planes, compound angle, and blowing ratio. 

Figure 6: Setup of the cameras and laser for PIV measurements.  The 

crossplane of x/D=10 is depicted, but linear traverses enabled 

measurements at each plane with the same setup. 
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of vectors were replaced.  Interpolation was used in post-

processing for interrogation windows with very low correlation 

values, which occurred less than 2% of the time.  An in-house 

Matlab script was used to calculate time-averaged and 

fluctuating velocity field results. 

UNCERTAINTY ANALYSIS 
        An uncertainty analysis was performed for both test 

conditions and flowfield measurements.  The uncertainty in 

blowing ratio was largely driven by bias uncertainty in the 

Venturi flowmeter (±0.25% of full-scale flow), and is less than 

±5% for all blowing ratios. 

        Uncertainties in the PIV flowfield measurements were 

calculated using DaVis.  Spatially resolved uncertainties were 

examined for multiple cases in order to determine the total 

uncertainty at different locations throughout the flowfield.  The 

center of the jet had the highest uncertainties, with the magnitude 

of velocity estimated to be ±4.8%, and the velocity components 

w=±2.5%, v=±2.2%, and u=±3.5%.  Uncertainty in the 

mainstream velocity was less than ±1.5% for all components. 

DISCUSSION OF RESULTS 
Mean Behavior 

        Detailed in this paper are flowfield measurements taken for 

a 7-7-7 shaped hole oriented at a range of compound angles.  

Flowfield measurements for the 7-7-7 hole oriented in the 

streamwise direction (CA0) have been published by Schroeder 

and Thole [4], and one crossplane is shown in Figure 7, with 

comparison to the current study.  Both data sets show contours 

of normalized streamwise velocity and vectors of in-plane 

velocity.  Note that some conditions were not the same; Figure 7 

(a) shows data from the present study at a blowing ratio of M=3.0 

and a density ratio of DR=1.0, at a downstream crossplane of 

x/D=5 while Figure 7(b) from Schroeder and Thole [4] is a 

crossplane at x/D=4 with M=3.0, and DR=1.5.  Additionally, the 

diameter of the holes in the present study is 13% smaller than the 

Schroeder and Thole [4] study. Despite the difference in flow 

conditions and measurement location, there is generally good 

agreement between jet size, shape, and in-plane velocity.  

        The compound angled shaped hole flowfield data will be 

presented in similar crossplane measurements such as those 

shown in Figure 7, but since this flowfield has not been fully 

investigated so far in the literature, CFD from Haydt and Lynch 

[38] will be utilized first to help explain the major flow features.  

Figure 8 shows a CFD solution for a CA60 hole at M=3.0.  The 

endwall is contoured with adiabatic effectiveness, and there is an 

isosurface depicted at a non-dimensional temperature of φ=0.20.  

Streamtraces indicate how the mainstream flow wraps around 

the CASH film cooling jet.   

        As coolant exits a film cooling hole, it creates an obstruction 

for oncoming mainstream flow.  With a streamwise oriented 

hole, the mainstream flows around the left and right sides of the 

jet in equal measure, as well as over the top.  The shear layer 

between the mainstream and coolant rolls up to create a counter 

rotating vortex pair (as seen in Figure 7).  A CASH jet creates a 

larger, asymmetric obstruction for the oncoming mainstream 

flow.  The mainstream flow wraps around the coolant jet, 

creating a strong shear layer on the leeward (right) side of the jet, 

which rolls up to create a strong streamwise vortex.  The motion 

of the mainstream flow over and around the film cooling jet can 

be seen from the streamtraces in Figure 8, as well as the 

significant lateral motion induced by the streamwise vortex on 

the leeward (right) side of the jet. 

        A compound angle results in significant flow asymmetry, 

and it also increases the magnitude of streamwise vorticity in the 

jet.  This is important because a strong vortex can quickly diffuse 

coolant and increase heat transfer coefficients on the endwall.  A 

means of visualizing the streamwise vortex is the q-criterion, the 

second invariant of the velocity gradient tensor: 

 

𝑞 =
1
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where the first term in parentheses represents the swirl in the 

flow and second term represents the shear in the flow. A positive 

value for q-criterion shows a region of the flow where there is 

Figure 7: A comparison of streamwise velocity contours and vectors 

for (a) the present study and (b) data from Schroeder and Thole [4] 

Figure 8: CFD simulation of the CA60 hole at M=3.0, depicted with 

an endwall contour of adiabatic effectiveness and isosurface of 

φ=0.2. 
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swirling motion, such as the core of a vortex (regardless of the 

direction of vorticity) and a negative q-criterion shows regions 

of shear.  An isosurface of q-criterion (q=5000) is shown in 

Figure 9 for CA0 and CA60 at M=3.0.  Q-criterion shows 

magnitude, not direction, so both sides of the CRVP in the CA0 

case (Figure 9(a)) are shown with the same isosurface.  The exact 

value of q-criterion is arbitrary, so this value was chosen because 

it shows the structures discussed in this paper. 

        The region of swirling flow as represented by q-criterion is 

much larger and extends farther downstream for the CA60 hole 

(Figure 9(b)). This CASH vortex core is not symmetric, and does 

not align with the regions of high adiabatic effectiveness on the 

endwall.  From this figure, and from Figure 8, it appears that the 

large swirling flow region in the CA60 hole is established when 

the vorticity in the jet shear layer is turned in the direction of the 

mainstream flow, forming a large streamwise vortex.  This tends 

to wrap up the coolant in the core of the jet, such that it is 

somewhat isolated from the endwall and does not effectively 

spread over the surface.  Lower velocity coolant, not located in 

the high momentum of the jet core, trickles out of the diffuser at 

the trailing edge (left side in Figure 9(b)).  This coolant remains 

attached to the endwall due to its lower velocity, and provides 

high adiabatic effectiveness levels, as seen in the bottom left of 

Figure 9(b).  The injection of this lower velocity coolant also 

creates a smaller streamwise vortex, caused by the shear layer 

between the coolant and the mainstream. 

        A unique contribution of the present study is the use of 

stereo PIV measurements to show how this complex flowfield 

changes as compound angle or blowing ratio is increased.  The 

major flow features predicted by CFD and shown in Figure 9 

were observed in experimental measurements and are discussed 

below. 

        Flowfield measurements of x-vorticity are shown in Figure 

10 for three compound angled hole cases, all at M=3.0 and 

x/D=0.  The planes are overlaid with contour lines of u’/U∞ 

velocity fluctuations, which are a good indicator of the overall 

extent of the coolant jet.  Much of the turbulent kinetic energy is 

generated inside of the film cooling hole due to separation 

regions at the metering section inlet and on the sidewalls of the 

diffuser, so RMS fluctuations inside the jet are high.  Alternately, 

the turbulence intensity in the mainstream is 0.5%, so RMS 

fluctuations are near-zero outside of the jet.   Contours of 

vorticity indicate the existence of the CRVP for the CA0 hole, 

and then as compound angle increases, the magnitude of 

vorticity increases, as well as the asymmetry.  A small region of 

positive vorticity is seen at z/D=-1.5 for CA60, which 

corresponds to the small streamwise vorticity generated by the 

coolant exiting from the side of the diffuser in Figure 9(b). 

        Asymmetry in the vorticity is also increased as the jet 

moves downstream.  Since q-criterion depicts only magnitude, 

not sign, the asymmetry of the vortex pair is not clear from 

Figure 9, but Figure 11 shows contours of normalized x-vorticity 

for the CA60 hole at M=3.0 at four downstream 

crossplanes.These contours are overlaid with contour lines of 

mean velocity magnitude. 

        At x/D=0 in Figure 11(d), there is a strong negative 

component of vorticity in the jet near the wall, underneath the 

large positive vorticity being generated as the jet shear layer 

turns into the streamwise vortex.  As the jet moves downstream, 

that negative component becomes smaller and smaller, until it is 

almost completely limited to the boundary layer in Figure 11(a) 

at x/D=10.  The strong, positive streamwise vortex has 

completely dominated the flowfield and increased the 

asymmetry. 

        Even for a moderate compound angle of CA30 or less, the 

streamwise vortex dominates the flowfield and leads to high 

asymmetry downstream.  Figure 12 shows a range of compound 

angles at M=3.0 for a downstream location x/D=5, contoured by 

normalized x-vorticity and overlaid with vectors of in-plane 

velocity.  In every case, there is some negative vorticity present, 

but it is near the wall and dwarfed by the size and magnitude of 

the positive streamwise vortex.  Even for the smallest tested 

compound angle of CA15, the flowfield is significantly 

asymmetric, not only in terms of the vorticity, but also the in-

plane motion as indicated by the velocity vectors.  As the 

Figure 9: CFD predictions for the CA0 and CA60 holes at M=3.0, 

shown with an isosurface of q-criterion equal to 5000, and 

contoured with adiabatic effectiveness on the endwall. 

Figure 10: Contours of x-vorticity overlaid with contour lines of 

normalized streamwise velocity RMS fluctuations, for three 

compound angled holes all at M=3.0 and x/D=0. 
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compound angle is increased from CA15 to CA45, the 

streamwise vortex and the induced in-plane vortical motion 

increase in magnitude. 

        Vorticity magnitude and flowfield asymmetry also increase 

with blowing ratio for compound angled holes.  Figure 13 shows 

the CA60 hole at the trailing edge crossplane of x/D=0 for all 

tested blowing ratios.  Contours of normalized x-vorticity are 

shown with overlaid contour lines of u’/U∞ to indicate the extent 

of the coolant jet.  As the blowing ratio increases, the size of the 

jet and the magnitude of the streamwise vortex increase. 

        A possible explanation of this is as follows: as blowing ratio 

is increased, the shear between the jet and the mainstream 

increases, and the turning of that shear layer by the mainstream 

results in higher x-vorticity.  Lateral motion of the coolant jet is 

also increased as compound angle increases, since there is now 

a stronger spanwise (z-direction) component of jet velocity 

acting in the direction of the compound angle. 

        In Figure 13, a secondary region of positive vorticity on the 

windward side of the coolant jet (left side, or z/D<-1) can be seen 

in all four blowing ratio cases, but with decreasing magnitude as 

blowing ratio increases.  This is the vorticity created by the 

ejection of lower-velocity coolant from the side of the diffuser, 

as alluded to in Figure 9.  Several studies have found that inside 

of a plenum-fed shaped film cooling hole, a separation occurs in 

the metering section which results in a high velocity jet core 

inside the hole, and a lower-momentum region near the bottom 

and sides of the diffuser [36, 39].  The high momentum jet core 

is ejected along the upstream edge of the film cooling hole, and 

the shear layer it generates when it exits the hole is immediately 

turned into the streamwise vortex for a CASH.  It appears from 

Figure 13 that as blowing ratio is increased, more of the coolant 

is ejected at the upstream edge and wrapped up into the vortex, 

and less low-velocity coolant remains to exit at the trailing edge. 

        Figure 14 shows contours of normalized mean velocity 

magnitude for the CA60 hole at M=1.0 and M=3.0 at the trailing 

edge x/D=0 crossplane, overlaid with vectors of in-plane 

velocity.  The in-plane velocity vectors indicate much stronger 

swirling flow for the M=3.0 case, both due to the increased 

spanwise component of blowing ratio and also the induced flow 

from the stronger streamwise vortex.  At the higher blowing 

ratio, Figure 14(a), the jet core’s location is clear from the 

contour levels of |V| U∞⁄ =1.2, but there is also a region of the 

flow outside of the jet that also has a velocity magnitude higher 

Figure 12: Normalized x-vorticity contours for a range of 

compound angles at M=3.0, x/D=5.  Overlaid with vectors of in-

plane velocity. 

Figure 11: Normalized x-vorticity contours for the CA60 hole at 

M=3.0 and four downstream cross-planes, overlaid by contour lines 

of normalized mean velocity magnitude, |V|/U∞. 
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than the mainstream.  This is likely some mainstream flow being 

entrained into the streamwise vortex. 

        The M=1.0 case, Figure 14(b), shows a velocity deficit 

(|V| U∞⁄ <1) where the coolant is ejected, due to the low average 

velocity of the coolant jet at M=1.0.  The core of the jet which is 

ejected near the leading edge of the hole is wrapped up in the 

streamwise vortex at z/D=1.5, and the rest of the coolant exits 

the trailing edge (z/D=-1).  

        The secondary region of positive vorticity extends far 

downstream and decays at about the same rate as the primary 

streamwise vortex, as seen in Figure 15.  This figure shows 

normalized x-vorticity for the CA60 hole at M=1.0 in multiple 

downstream planes, overlaid with contour lines of normalized 

mean velocity magnitude.  Both the large streamwise vortex and 

the positive vorticity created by the low-momentum coolant 

ejection extend far downstream, but the negative vorticity is 

undetectable by x/D=2.   

        These observations about the persistence of the smaller 

secondary positive vorticity downstream also hold true for more 

moderate compound angles, as shown in Figure 16.  Normalized 

x-vorticity contours are overlaid with in-plane velocity vectors 

for a sweep of compound angles at M=1.0 and x/D=0.  All of 

these holes also exhibit the formation of a streamwise vortex 

with a weaker counter-rotating vortex (negative vorticity) on the 

Figure 15: Normalized x-vorticity contours for the CA60 hole at 

M=1.0 at a range of downstream crossplanes, overlaid with 

contour lines of normalized mean velocity magnitude. 

Figure 13: Normalized x-vorticity contours for the CA60 hole at 

x/D=0 for all tested blowing ratios, overlaid with contour lines of 

u'/ U∞. 

Figure 14: Contours of normalized mean velocity magnitude for 

the CA60 hole at x/D=0 and two blowing ratios.  Overlaid with 

vectors of in-plane velocity. 
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windward (left) side of the jet, and a secondary positive vortex 

created by the low-momentum coolant leaving the trailing edge.   

        Asymmetry in the vorticity has been qualitatively shown to 

increase with compound angle and blowing ratio, but this can 

also be shown quantitatively with overall circulation estimated 

in the measured crossplanes.  Figure 17 shows the normalized 

axial circulation for all measured cases, plotted versus a 

blowing-ratio-scaled downstream distance.  Circulation was 

computed as the area integral of normalized x-vorticity over an 

area from z/D=-3 to 3, and y/D=0.3 to 4.  For a flowfield with 

equal and opposite vortices (such as the CRVP), the circulation 

would be zero, since the sum of the positive and negative 

vorticity would cancel each other out.  With a compound angle 

the circulation will be positive since there is more positive 

vorticity than negative in the asymmetric flow field.  This plot 

shows that circulation increases with compound angle and with 

blowing ratio, as expected.  The strength of the vortex decays 

nearly logarithmically with a blowing-ratio-scaled downstream 

distance, defined by Aga and Abhari [5], 

 

𝝃 =
𝟒(𝑿 𝑫⁄ )𝑷 𝑫⁄

𝑴∗𝝅
                                 (2) 

where X/D in this case is defined as the distance from the furthest 

upstream point of the hole breakout, in order to consider the 

relative length over which the vortical features develop. 

        Figure 17 for CASH agrees with Aga and Abhari’s [5] 

conclusions for cylindrical holes, which is that normalized 

streamwise circulation increases as compound angle is 

increased, and it decays as the jet moves downstream.  Of 

particular note is that the circulation for a CA15 hole is not 

significantly higher than the CA0 hole, even though there was an 

observed asymmetric flowfield.  Beyond CA15, there is a strong 

increase in circulation from CA30 to CA60. 

        Figure 18 shows a comparison between the shaped holes of 

the present study with cylindrical holes from Aga and Abhari [5] 

both at a compound angle of CA60.  The shaped CA60 holes 

have higher circulation than the cylindrical holes, with the 

exception of far downstream.  There are likely two main reasons 

for this.  First, because a CASH spreads out the jet, relative to a 

cylindrical hole, there is a larger region of shear interaction.  

Even though the shear layer will likely be weaker for a CASH 

than a cylindrical hole (since the velocity is reduced), the larger 

area over which it occurs creates a stronger streamwise vortex.  

Second, the aforementioned secondary region of positive 

Figure 16: Normalized x-vorticity contours for a sweep of 

compound angles at M=1.0, x/D=0, overlaid with vectors of in-plane 

velocity. 

Figure 17: Normalized streamwise circulation for all measured 

cases, plotted versus a blowing ratio-scaled downstream distance. 

Figure 18: Normalized streamwise circulation for shaped holes at 

CA60 and cylindrical holes from Aga and Abhari [5], both with a 

logarithmic curve fit. 



 10 Copyright © 2017 by ASME 

vorticity does not exist for CA cylindrical holes since there is no 

diffuser to isolate the low momentum coolant. 

        For both the shaped and cylindrical CA60 holes, a 

logarithmic curve was fit to the data, with an R2 value of 0.82 for 

the shaped holes and 0.80 for the cylindrical holes. Although the 

correlations are not strong, it does seem that despite the higher 

initial circulation, the asymmetric flowfield of a CASH decays 

faster than that of a cylindrical compound angled hole. 

 

Turbulent Behavior 
        Mean vorticity is influential in the mixing of coolant with 

the mainstream flow, but another contributing factor is the 

turbulent fluctuations of the velocity components. The 

turbulence generated by a coolant jet is a result of the complex 

separated flowfield inside the hole, but also the shear layer 

generated by the interaction with the mainstream.  This section 

explores the mean and RMS values of velocity, and how they are 

affected by compound angle and blowing ratio. 

        Figure 19 shows contours of the fluctuations in the 

streamwise direction, u′ U∞⁄ , overlaid with contour lines of 

mean velocity magnitude for the CA60 hole.  The fluctuations 

are significantly increased by an increase in blowing ratio, which 

is expected [4].  Streamwise fluctuations are most often 

presented in film cooling work, since it is generally the largest 

mean velocity component.  However, in the case of compound 

angled holes, there can be significant lateral velocity components 

as well, due to the angle of the jet. 

        Figure 20 shows plots of the laterally-averaged RMS values 

for all three components of velocity, plotted versus Y/D.  Figures 

20 (a), (b), and (c) are for the CA60 hole at x/D=0 and all four 

blowing ratios.  Figures 20 (d), (e), and (f) are for the CA60 hole 

at M=3.0 at a range of downstream crossplanes. 

        As the blowing ratio increases (Figure 20a-c), the peak 

RMS values around Y/D=1 increase.  Also, the peak in RMS 

values widens as blowing ratio increases, indicating a larger jet.  

In Figure 20d-f for a high blowing ratio, the peak in RMS moves 

farther away from the wall, generally decreases in magnitude, 

and increases in size as the jet moves downstream. 

        As the compound angle changes, so do the streamwise and 

spanwise components of coolant velocity.  This may also change 

the relative magnitude of the velocity fluctuations in the 

streamwise (x) and spanwise (z) directions.  Figure 21 shows 

normalized velocity fluctuation contours for the CA0 and CA60 

holes at M=2.0 and x/D=0, shown with a common colorbar and 

Figure 19: Contours of 𝒖′ 𝑼∞⁄  for the CA60 hole at x/D=0 for two 

blowing ratios, overlaid with contour lines of normalized velocity 

magnitude. 

Figure 20: Plots of laterally-averaged velocity fluctuation 

components versus distance from the wall (Y/D), for the CA60 hole. 

Figure 21: Normalized velocity component fluctuations for the CA0 

and CA60 holes at M=2.0 and x/D=0, overlaid with contour lines of 

normalized x-vorticity. 
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overlaid with contour lines of normalized x-vorticity.  The 

highest fluctuations for the CA0 hole are in the streamwise 

direction, with the other two components having lower RMS 

values.  In the CA60 hole, the fluctuations are also highest in the 

x-direction (u’), but the in-plane components (v’, w’) also have 

significant peaks within the jet.  It is particularly interesting to 

note that there are strong fluctuations in the w’ and u’ 

components near the wall for CA60 (Figure 21d,f) in the regions 

where the primary jet core and secondary leakage jet (Figure 9) 

are located. This is perhaps due to unsteady motions of the jets 

as they interact with the mainstream. 

        Since the coolant exiting a shaped film hole does not have 

a uniform velocity throughout the jet, it is difficult to ascertain 

the jet extent from contours of velocity magnitude.  Line 

contours of u′ U∞⁄  help show the location of the jet.  Figure 22 

shows contours of normalized x-velocity for multiple compound 

angles at M=3.0 and x/D=0, overlaid with line contours of 

u′ U∞⁄ .  Regions of high x-velocity, at z/D=1 in Figure 22(b) and 

(c), indicate where the high momentum core of the coolant jet is 

located, having been ejected at the leading edge and wrapped up 

in the streamwise vortex.  Secondary regions of high x-velocity 

from z/D=0 to -1 in Figure 22(b) and (c) indicate where the rest 

of the coolant jet exits the hole at the trailing edge. 

        Figure 23 shows plots of TKE for the same cases in Figure 

22, overlaid with vectors of in-plane velocity.  TKE is computed 

using all three measured components of the turbulence. Peak 

TKE is highest for the CA0 hole at this blowing ratio, and is 

concentrated in the core of the jet , near the location of the CRVP 

center.  As compound angle increases to CA30, the peak is 

decreased significantly, and then increases slightly as compound 

angle is increased to CA60.  Even though the peak in TKE is 

lower than CA0 for the compound angled holes, the extent of the 

jet is larger.  An integral of TKE over the entire plane shows that 

compared to CA0, the total TKE is reduced by 37% in the CA30 

hole but increased by 18% for the CA60 hole.  This trend can 

possibly be explained by the noted behavior of the jet, and also 

its size.  Figure 23 shows that the size of the CA30 jet is smaller 

than the CA0 or CA60.  Compound angles have been shown to 

improve jet attachment, so perhaps the size of the jet decreases 

as compound angle increases because of improved jet 

attachment.  It has also been noted that the strong streamwise 

vortex diffuses temperature and momentum.  As the compound 

angle increases, this diffusion might cause the jet to grow in size.  

CA30, having a moderate compound angle, might be benefiting 

from better jet attachment but still not suffering from increase 

diffusion. 

        Examining the turbulent fluctuations of the various velocity 

components can help explain the change in TKE between 

compound angled holes.  Figure 24 shows line plots of all 

laterally-averaged normalized velocity component fluctuations 

for a range of compound angles at M=3.0 and x/D=0.   

        At CA0, as noted in Figure 21, there are more significant 

fluctuations in the streamwise direction than in the in-plane 

directions.  However, as compound angle increases, the 

magnitude of the in-plane components becomes more similar to 

the streamwise component.  Also as compound angle increases, 

the peak in laterally-averaged fluctuations appears to decrease 

from CA0-CA30 and then increase from CA30-CA60.  The 

Figure 22: Contours of normalized mean velocity magnitude for a 

sweep of compound angles at M=3.0, x/D=0, overlaid with contour 

lines of 𝒖′ 𝑼∞⁄ . 

Figure 23: Contours of normalized turbulent kinetic energy for a 

sweep of compound angles at M=3.0, x/D=0, overlaid with vectors 

of in-plane velocity. 
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width of this peak increases from CA0-CA60.  This is more 

evidence that improved jet attachment decreases turbulent 

fluctuations from CA0 to CA30, and then strong diffusion by the 

streamwise vortex increases the size of the jet (and thus the 

region over which fluctuations occur) from CA0 to CA60. 

        Figure 25 shows the area-averaged TKE for the x/D=0 and 

x/D=5 crossplanes at M=1.0 and M=3.0 for all compound angles.  

The area-average was taken across the entire pitch, from z/D=-3 

to 3, and from y/D=0.5 to 4.  At the lower blowing ratio of 

M=1.0, total TKE increases with increasing compound angle.    

At the higher blowing ratio of M=3.0, for both planes, the TKE 

decreases from CA0 to CA30, and increases from CA30 to 

CA60.  

        There are two primary sources of TKE, but it is difficult to 

separate out the contribution of each in order to explain trends 

between cases.  The first source of TKE is inside the cooling hole 

itself.  It is likely that the TKE generated inside of the film 

cooling hole is the same for each case, since the plenum coolant 

feed conditions are the same.  The second source of TKE is from 

the shear layer between the mainstream and the coolant jet.  The 

size and strength of this shear layer also changes with compound 

angle and blowing ratio.  More work needs to be done to quantify 

the production of TKE inside of a film cooling hole, and to 

measure the flowfield immediately above the film cooling outlet, 

where the shear layer begins to form. 

CONCLUSIONS 
        Flowfield measurements were collected for a sweep of 

compound angles at a range of blowing ratios and downstream 

cross-planes.   

        A CASH film cooling jet creates a large obstruction to the 

mainstream flow, which has to wrap over and around the core of 

the jet at the leading edge of the hole.  This creates a strong shear 

layer on the leeward side of the jet, which wraps up to become 

an asymmetric streamwise vortex.  The lower velocity coolant 

not ejected at the leading edge exits the hole at the trailing edge 

and remains attached to the wall, providing high adiabatic 

effectiveness at the wall. 

        The asymmetry and the magnitude of the vorticity is shown 

to increase with increasing compound angle and blowing ratio.  

As the coolant moves downstream, the vorticity magnitude 

decays and asymmetry increases as the positive vortex becomes 

larger at the expense of the negative vortex.  Nonzero circulation 

is representative of the asymmetric vorticity.  It increases with 

compound angle, but decays logarithmically with a blowing ratio 

scaled downstream distance. The decay of circulation is faster 

for a shaped compound angled hole, relative to a cylindrical 

compound angle hole. 

        Velocity fluctuations in the jet are shown to increase with 

blowing ratio, and the in-plane velocity component fluctuations 

increase with increasing compound angle.  At M=3.0, turbulent 

kinetic energy decreases from CA0 to CA30, and then increases 

from CA30 to CA60.  This is likely due to competing effects: 

improved jet attachment with increasing compound angle, and 

increased diffusion and mixing with a stronger streamwise 

vortex.  

ACKNOWLEDGMENTS 
The authors are grateful to Pratt & Whitney, a United 

Technologies Corp. company, for their generous support of this 

project.  We also would like to thank Phil Irwin for his skilled 

machining of all of the film cooling holes used in this study. 

REFERENCES 
[1] Haydt, S., and Lynch, S., 2018, "Cooling Effectiveness for a 

Shaped Film Cooling Hole at a Range of Compound Angles," 

ASME Turbo ExpoLillestrom, Norway. 

[2] Schroeder, R. P., and Thole, K. A., 2014, "Adiabatic 

Effectiveness Measurements for a Baseline Shaped Film Cooling 

Hole," ASME Turbo ExpoDüsseldorf, Germany, p. 14. 

[3] Fric, T. F., and Roshko, A., 2006, "Vortical structure in the 

wake of a transverse jet," Journal of Fluid Mechanics, 279(-1), 

p. 1. 

[4] Schroeder, R. P., and Thole, K. A., 2016, "Effect of High 

Freestream Turbulence on Flowfields of Shaped Film Cooling 

Holes," Journal of Turbomachinery, 138, p. 10. 

[5] Aga, V., and Abhari, R. S., 2011, "Influence of Flow Structure 

on Compound Angled Film Cooling Effectiveness and Heat 

Transfer," Journal of Turbomachinery, 133(3), pp. 031029-

031029. 

[6] Kelso, R. M., Lim, T. T., and Perry, A. E., 2006, "An 

experimental study of round jets in cross-flow," Journal of Fluid 

Mechanics, 306(-1), p. 111. 

Figure 24: All three components of laterally-averaged normalized 

velocity fluctuations for a sweep of compound angles at M=1.0 (top) 

and M=3.0 (bottom), all at x/D=0.  

Figure 25: A plot of the area integral of normalized turbulent 

kinetic energy for all compound angles at M=1.0 and 3.0 at x/D=0 

and 5. 



 13 Copyright © 2017 by ASME 

[7] Peterson, S. D., and Plesniak, M. W., 2004, "Evolution of jets 

emanating from short holes into crossflow," Journal of Fluid 

Mechanics, 503, pp. 57-91. 

[8] Bunker, R. S., 2005, "A Review of Shaped Hole Turbine 

Film-Cooling Technology," Journal of Heat Transfer, 127(4), p. 

441. 

[9] Lemmon, C., Kohli, A., and Thole, K., 1999, "Formation of 

Counter-Rotating Vortices in Film-Cooling Flows," ASME 

International Gas Turbine and Aeroengine Congress. 

[10] Peterson, S., and Plesniak, M., 2002, "Short-hole jet-in-

crossflow velocity field and its relationship to film-cooling 

performance," Experiments in Fluids, 33(6), pp. 889-898. 

[11] Goldstein, R. J., and Eckert, E. R. G., 1974, "Effects of Hole 

Geometry and Density on Three-Dimensional Film Cooling," 

Journal of Heat and Mass Transfer, 17, p. 13. 

[12] Thole, K., Gritsch, M., Schulz, A., and Wittig, S., 1998, 

"Flowfield Measurements for Film-Cooling Holes With 

Expanded Exits," Journal of Turbomachinery, 120(2), pp. 327-

336. 

[13] Laveau, B., and Abhari, R. S., 2010, "Influence of Flow 

Structure on Shaped Hole Film Cooling Performance," ASME 

Turbo Expo Glasgow, UK. 

[14] Schroeder, R. P., and Thole, K. A., 2016, "Effect of In-Hole 

Roughness on Film Cooling From a Shaped Hole," Journal of 

Turbomachinery, 139(3), pp. 031004-031004-031009. 

[15] Zhang, X., 2000, "An Inclined Rectangular Jet In a 

Turbulent Boundary Layer-Vortex Flow," Experiments in Fluids, 

28, pp. 344-354. 

[16] Jessen, W., Konopka, M., and Schroeder, W., 2012, 

"Particle-Image Velocimetry Measurements of Film Cooling in 

an Adverse Pressure Gradient Flow," Journal of 

Turbomachinery, 134(2), p. 021025. 

[17] Fawcett, R. J., Wheeler, A. P. S., He, L., and Taylor, R., 

2012, "Experimental Investigation Into Unsteady Effects on 

Film Cooling," Journal of Turbomachinery, 134(2), p. 021015. 

[18] Wright, L. M., McClain, S. T., Brown, C. P., and Harmon, 

W. V., 2013, "Assessment of a Double Hole Film Cooling 

Geometry Using S-PIV and PSP," ASME Turbo ExpoSan 

Antonio, Texas, USA, p. 13. 

[19] Kampe, T. a. d., Völker, S., Sämel, T., Heneka, C., Ladisch, 

H., Schulz, A., and Bauer, H.-J., 2012, "Experimental and 

Numerical Investigation of Flow Field and Downstream Surface 

Temperatures of Cylindrical and Diffuser Shaped Film Cooling 

Holes1," Journal of Turbomachinery, 135(1), pp. 011026-

011026. 

[20] Aga, V., Rose, M., and Abhari, R. S., 2008, "Experimental 

Flow Structure Investigation of Compound Angled Film 

Cooling," Journal of Turbomachinery, 130(3), p. 031005. 

[21] Zhang, X., and Collins, M. W., 1997, "Nearfield Evolutions 

of a Longitudinal Vortex Generated by an Inclined Jet in a 

Turbulent Boundary Layer," Journal of Turbomachinery, 119, 

pp. 934-940. 

[22] Li, X., Qin, Y., Ren, J., and Jiang, H., 2013, "Algebraic 

Anisotropic Turbulence Modeling of Compound Angled Film 

Cooling Validated by Particle Image Velocimetry and Pressure 

Sensitive Paint Measurements," Journal of Heat Transfer, 

136(3), pp. 032201-032201. 

[23] Qin, Y., Li, X., Ren, J., and Jiang, H., 2015, "Effects of 

compound angle on film cooling effectiveness with different 

streamwise pressure gradient and convex curvature," 

International Journal of Heat and Mass Transfer, 86, pp. 482-

491. 

[24] Lee, H. W., Park, J. J., and Lee, J. S., 2002, "Flow 

Visualization and Film Cooling Effectiveness Measurements 

Around Shaped Holes with Compound Angle Orientations," 

International Journal of Heat and Mass Transfer, 45, pp. 145-

156. 

[25] Lim, C. H., Pullan, G., and Ireland, P., 2013, "Influence of 

Film Cooling Hole Angles and Geometries on Aerodynamic 

Loss and Net Heat Flux Reduction," Journal of Turbomachinery, 

135(5), pp. 051019-051019. 

[26] Ganzert, W., Hildebrant, T., and Fottner, L., 2000, 

"Systematic Experimental and Numerical Investigation on the 

Aerothermodynamics of a Film Cooled Turbine Cascade With 

Variation of the Cooling Hole Shape," ASME TurboExpo 

2000Munich, Germany. 

[27] Zhang, X., and Collins, M. W., 1997, "Measurements of a 

longitudinal vortex generated by a rectangular jet in a turbulent 

boundary layer," Physics of Fluids, 9(6), pp. 1665-1673. 

[28] Schmidt, D. L., Sen, B., and Bogard, D. G., 1996, "Film 

Cooling With Compound Angle Holes: Adiabatic Effectiveness," 

Journal of Turbomachinery, 118, pp. 807-814. 

[29] Sen, B., Schmidt, D. L., and Bogard, D. G., 1996, "Film 

Cooling With Compound Angle Holes: Heat Transfer," Journal 

of Turbomachinery, 118, pp. 800-807. 

[30] Reiss, H., and Boelcs, A., 2000, "Experimental Study of 

Showerhead Cooling on a Cylinder Comparing Several 

Configurations Using Cylindrical and Shaped Holes," Journal of 

Turbomachinery, 122, pp. 161-169. 

[31] Taslim, M. E., and Khanicheh, A., 2005, "Film 

Effectiveness Downstream of a Row of Compound Angle Film 

Holes," Journal of Heat Transfer, 127(4), pp. 434-440. 

[32] Brauckmann, D., and von Wolfersdorf, J., 2005, "Influence 

of Compound Angle on Adiabatic Film Cooling Effectiveness 

and Heat Transfer Coefficient for a Row of Shaped Film Cooling 

Holes," ASME Turbo Expo 2005: Power for Land, Sea, and Air, 

ASME, Reno-Tahoe, Nevada, USA, pp. 1-9. 

[33] McClintic, J. W., Klavetter, S. R., Winka, J. R., Anderson, 

J. B., Bogard, D. G., Dees, J. E., Laskowski, G. M., and Briggs, 

R., 2015, "The Effect of Internal Crossflow on the Adiabatic 

Effectiveness of Compound Angle Film Cooling Holes," Journal 

of Turbomachinery, 137(7), pp. 071006-071006. 

[34] McClintic, J. W., Anderson, J. B., Bogard, D. G., Dyson, T. 

E., and Webster, Z. D., "Effect of Internal Crossflow Velocity on 

Film Cooling Effectiveness - Part II: Compound Angle Shaped 

Holes," Proc. ASME Turbo Expo 2017. 

[35] Eberly, M. K., and Thole, K. A., 2013, "Time-Resolved 

Film-Cooling Flows at High and Low Density Ratios," Journal 

of Turbomachinery, 136(6), p. 061003. 

[36] Haydt, S., Lynch, S., and Lewis, S. D., 2016, "The Effect of 

a Meter-Diffuser Offset on Shaped Film Cooling Hole Adiabatic 

Effectiveness," ASME Turbo Expo 2016, ASME, Seoul, South 

Korea, pp. 1-13. 

[37] Haydt, S., Lynch, S., and Lewis, S. D., 2017, "The Effect of 

Area Ratio Change via Increased Hole Length for Shaped Film 

Cooling Holes with Constant Expansion Angles," ASME Turbo 

Expo 2017Charlotte, NC, USA, pp. 1-15. 



 14 Copyright © 2017 by ASME 

[38] Haydt, S., and Lynch, S., 2018, "Flowfield of a Shaped Film 

Cooling Hole over a Range of Compound Angles," ASME Turbo 

Expo 2018Lillestrom, Norway, p. 14. 

[39] Kohli, A., and Thole, K. A., "Entrance Effects On Diffused 

Film-Cooling Holes," Proc. International Gas Turbine & 

Aeroengine Congress & Exhibition, p. 8. 

 


