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Effect of a Crossflow at the 
Entrance to a Film-Cooling Hole 
Understanding the complex flow of jets issuing into a crossflow from an inclined hole 
that has a short length-to-diameter ratio is relevant for film-cooling applications on 
gas turbine blades. In particular, this experimental study focu.ied on the effect of 
different velocities in a coflowing channel at the cooling hole entrance. Flows on 
both sides of the cooling hole (entrance and exit) were parallel and in the same 
direction. With the blowing ratio and the main.stream velocity at the hole exit re
maining fixed, only the flow velocity in the channel at the hole entrance was varied. 
The Mach number at the hole entrance was varied between 0 < Mac < 0.5, while 
the Mach number at the hole exit remained constant at Ma«, = 0.25. The velocity 
ratio and density ratio of the jet were unity giving a blowing ratio and momentum 
flux ratio also of unity. The single, scaled-up film-cooling hole was inclined at 30 
deg with respect to the mainstream and had a hole length-to-diameter ratio of L/D 
= 6. Flowfield measurements were made inside the hole, at the hole inlet and exit, 
and in the near-hole region where the jet interacted with the crossflow at the hole 
exit. The results show that for entrance crossflow Mach numbers of Ma^ = 0 and 
0.5, a separation region occurs on the leeward and windward side of the cooling 
hole entrances, respectively. As a result of this separation region, the cooling jet 
exits in a .skewed manner with very high turbulence levels. 

Introduction 

Understanding the complex interaction of a jet injected into 
a crossflow is a phenomena of particular interest to the gas 
turbine industry. The primary motivation is such that by provid
ing better blade cooling, higher turbine efficiencies can be at
tained by increasing turbine inlet temperatures. One such blade 
cooling technique is film-cooling whereby compressor bleed air 
is exhausted through the turbine blade surface through cooling 
holes. These holes typically have relatively short length-to-di
ameter ratios and are inclined relative to the crossflow at the 
jet exit. Although there are a large number of possible flow 
conditions at the cooling hole entrance, there have been no past 
film-cooling flowfield studies that have investigated the link 
between what is happening on the inside of the turbine blade 
to what is happening on the outside of the turbine blade as the 
film-cooling jet exits. Instead, past film-cooling studies have 
not considered a crossflow at the hole entrance but rather a 
stagnant plenum supply or very long supply tubes giving unreal-
istically long hole length-to-diameter ratios. The emphasis of 
this paper is understanding how a crossflow at the entrance of 
a film-cooling hole can affect the jet as it issues into a crossflow 
at the exit. 

Understanding the effects of a crossflow at the entrance to a 
short hole in which the exiting flow is not yet fully developed 
can have implications for both numerical and experimental sim
ulations of film-cooling. Depending upon where the film-cool
ing hole is located in an actual turbine blade, there are a number 
of different hole inlet conditions that can occur. In this study, 
the flow at the cooling hole entrance was considered to be 
parallel and in the same direction (co-flowing) to the flow at 
the exit of the cooling hole as would occur, for example, in the 
midportion of a nozzle guide vane (see Fig. 1). 

The study reported in this paper is aimed at film-cooling 
holes for gas turbine blades where typical hole length-to-diame-
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ter ratios are short and inclined relative to the crossflow at the 
hole exit. Specifically, the hole length-to-diameter ratio in this 
investigation was an LID = 6 and the inclination angle was 30 
deg relative to the entrance and exit crossflows. A single, scaled-
up round cooling hole with parallel crossflows at the entrance 
and exit of the hole was investigated. In this study, only the 
crossflow Mach number at the hole entrance was varied between 
0 < Ma,. < 0.5 while the Mach number at the hole exit was 
held constant at Ma« = 0.25. The jet-to-mainstream velocity 
ratio (VR) and density ratio (DR) remained constant for all 
conditions at VR = 1 and DR = 1. 

The following sections briefly review relevant jet-in-cross-
flow studies, give a description of the flow facility used for 
these experiments, and describe the discharge coefficient and 
flowfield results. After the flowfield results are discussed, there 
is an additional section discussing a physical description of the 
flow which is then followed by some conclusions. 

Previous Studies 

Previous studies have documented the flowfield of jet injec
tion into a crossflow with both long (typically not used in gas 
turbine applications) and short jet hole lengths. These studies 
have encompassed a range of injection angles, and jet-to-main
stream velocity (VR) and density (DR) ratios. With the excep
tion of the discharge coefficient study reported by Hay et al. 
(1983), there are no film-cooling studies in the open literature 
that have investigated the effect of a crossflow at the hole en
trance. 

Normal jet injection studies with unit density ratio (DR = 
1), such as Crabb et al. (1981) and Andreopoulos and Rodi 
(1984), showed two obvious effects on the mean flowfield; the 
degree of which depended on the jet-to-mainstream velocity 
ratio. First, the jet was bent over by the crossflow at the exit 
and second the crossflow was deflected upward by the jet 
blockage. Both of these studies had relatively long supply holes 
for the jet at LID = 30 for the Crabb et al. study and LID = 
12 for the Andreopoulos and Rodi study. Andreopoulos and 
Rodi found at a low velocity ratio (VR = 0.5) that the effect 
of the crossflow at the jet exit was to skew the exiting jet profile 
and force the jet to exit primarily from the downstream half of 

Journal of Fluids Engineering SEPTEMBER 1997, Vol. 1 1 9 / 5 3 3 

Copyright © 1997 by ASME
Downloaded 20 Jun 2011 to 130.203.215.87. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



>l Mainstream Gas j IFilm-Cooling Hole' 
Internal Convective 

Glade Cooling 

* ^ — - ^ ^ [Cooling Film ] 

Fig. 1 Illustration of a flow configuration inside a nozzle guidevane 

the hole exit plane. In fact, Andreopoulos and Rodi found at 
this low velocity ratio that the jet started to bend while still 
inside the hole passage. In contrast, at a high velocity ratio (VR 
= 2) they found that the j et bending occurred after the jet exited 
the hole passage. 

Andreopoulos and Rodi also discussed that the resulting tur
bulence characteristics are a combination of several mecha
nisms. These mechanisms include the turbulence being trans
ported to the jet hole exit from the upstream boundary layer 
and from inside the hole itself, turbulence being produced due 
to various mean velocity gradients, and turbulence being sub
jected to the strong streamline curvature as result of the bending 
jet. Andreopoulos and Rodi found at the jet centerline the loca
tion of the maximum turbulence kinetic energy and turbulent 
shear stress coincided with the maximum streamwise velocity 
gradient and concluded that the mean velocity gradient, 
dUldy, was the dominant turbulent production mechanism. 

Flowfield studies of inclined jet injection, with relatively 
short hole length-to-diameter ratios, include the experimental 
studies by Pietrzyk (1989), Pietrzyk et al. (1989), Subramanian 
et al. (1992), and numerical studies by Leylek and Zerkle 
(1994), Benz et al. (1993), and Garg and Gaugler (1995). 
Pietrzyk (1989) made flowfield measurements for an inclined 
jet (35 deg) subjected to a strong crossflow for jet-to-main
stream velocity ratios of VR = 0.25, 0.5, and 1 at a density 
ratio of DR = 1 and velocity ratios of VR = 0.25 and 0.5 at a 
density ratio of DR = 2. The hole length-to-diameter ratio was 
typical of what would be found in gas turbine applications at 
LID = 3.5. The cooling hole for their configuration was sup
plied by a stagnant plenum. One of the dominating mechanisms 
hypothesized by Pietrzyk et al. (1989) was the formation of a 
separation region on the leeward side of the cooling hole en
trance at high velocity ratios. As the jet-to-mainstream velocity 
ratio increased and the separation region began to form on the 
leeward side of the cooling hole, the jet fluid was pushed into 
the windward portion of the cooling hole. Hence, the primary 
jet exit location was shifted from the leeward side of the cooling 
hole at low blowing ratios, similar to Andreopoulos and Rodi 

(1984), to the windward side of the cooling hole. This separa
tion region was a result of the large turning angle encountered 
by the coolant on the leeward side of the hole. 

In addition to skewing the exiting jet profile, Pietrzyk et al. 
(1989) found a change in the location of the peak turbulence 
levels for different velocity ratio jets. At a low velocity ratio 
of VR = 0.25, a turbulence level of nominally Tu = 4 percent 
or less exited the coohng hole. As the jet interacted with the 
mainstream, the peak turbulence level was Tu = 12 percent 
which occurred at 2.5 hole diameters downstream of the jet 
hole center. The primary mechanism for this turbulence level 
was the large streamwise velocity gradient, dUldy. At a high 
velocity ratio, where the formation of the separation region at 
the hole entrance was hypothesized, the turbulence levels exit
ing the cooling hole was Tu = 20 percent. This high turbulence 
level was equal to the peak turbulence level occurring down
stream of the cooling hole due to the streamwise velocity gradi
ent. 

Leylek and Zerkle (1994) documented a full three-dimen
sional computational study to complement the experimental re
sults of Pietrzyk et al. (1989). Included in their model was the 
supply plenum, cooling hole, and the mainstream crossflow. In 
the study of Leylek and Zerkle, the separation inside the jet 
hole was evident. Leylek and Zerkle also found that at large 
length-to-diameter ratios {LID > 3) and high blowing ratios 
(M > 1) or small length-to-diameter ratios {LID < 3) and low 
blowing ratios (M < 1), the flow inside the cooling hole became 
more similar to a fully developed turbulent pipe flow. Benz et 
al. (1993) also realized the importance of simulating the flow 
inside the jet hole as they prescribed a uniform velocity profile 
at the cooling hole entrance that resulted in a skewed jet exit 
profile for a film-cooling hole in the leading edge region of a 
turbine blade. 

As mentioned earlier. Hay et al. (1983) studied the effects 
of jet entrance and exit crossflows on the discharge coefficients 
of film-cooling holes. Being able to predict the discharge coef
ficients is critical in the sizing of film-cooling holes since an 
excess of unnecessary coolant fluid represents a loss in the 
turbine working fluid. Hay, et al. investigated a range of Mach 
number crossflows at the inlet and exit of their cooling hole, 
hole inclination angles, and hole length-to-diameter ratios. They 
found that the crossflow at the jet entrance had a stronger effect 
on the discharge coefficient relative to the effect of the crossflow 
at the hole exit. For example, in the case where the crossflow 
at the hole entrance, which was parallel and in the same direc
tion as the flow at the hole exit, increased from Ma^ = 0 to Ma,, 
= 0.4, the discharge coefficient increased by 30 percent. In 
contrast, as the exit Mach flow increased from Ma«, = 0 to Ma^ 
= 0.5, the discharge coefficient decreased by only 10 percent 

N o m e n c l a t u r e 

CD = discharge coefficient = actual 
mass flowrate/ideal mass flowrate 

D = cooling hole diameter 
DR = jet-to-mainstream density ratio 

L = cooling hole length measured 
along the centerline axis 

M = jet-to-mainstream blowing or 
mass flux ratio, M = pjVjIp^Vr^ 

Ma^ = Mach number of the crossflow at 
the jet hole entrance 

Ma„ = Mach number of the crossflow at 
the jet hole exit 

P,,c = stagnation pressure at hole en
trance 

p« = static pressure at the hole exit 
Rcp = Reynolds number based on hole 

diameter 
Re# = Reynolds number based on mo

mentum thickness 
Tu = turbulence intensity (percent) 

u',v' = streamwise and vertical rms ve
locities 

U,V= streamwise and vertical mean 
velocity components 

Vj = total jet velocity based on inlet 
hole diameter and mass flux 

VR = jet-to-mainstream velocity ratio 
X = streamwise distance measured 

from the cooling hole centerline 

y = vertical distance measured from the 
top of the cooling hole 

y^ = vertical distance measured from the 
bottom of the coolant channel 

z = spanwise distance measured from 
the cooling hole centerline 

(5<,ij = boundary layer thickness, 99 per
cent point 

6 = momentum thickness 
p = density 

Subscripts and Superscripts 
c = crossflow conditions at the hole 

entrance 
00 = crossflow conditions at the hole exit 

534 / Vol. 119, SEPTEMBER 1997 Transactions of the ASME 

Downloaded 20 Jun 2011 to 130.203.215.87. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 1 Flow conditions for exit and entrance crossflow 
conditions 

Coolant supply channel ^ . „ . „ ^ ^ Fllm-cooling hole 
(20mm X 60mm) mmaows ^^^ ^^^^^ 

Fig. 2 Schematic of the test rig showing the primary channel at the 
cooling hole exit and the supply channel at the cooling hole entrance 

for pressure ratios of 1.05 < P,,c/jO» < 1.4 and remained con
stant when the pressure ratios were P,,c/p„ > 1.4. 

The exiting velocity profile can, in fact, have a significant 
impact on the heat transfer occurring downstream of the film-
cooling hole. The importance of the exiting jet profile on surface 
heat transfer is critical and best described by Garg and Gaugler's 
(1995) study. The numerical results presented by Garg and 
Gaugler (1995) showed large differences in surface heat trans
fer depending upon the exiting jet velocity and temperature 
profiles for several film-cooled turbine blades. Garg and Gaugler 
presented heat transfer predictions that had differences by as 
much as 50-60 percent depending upon whether a parabolic or 
one-seventh jet profile was assumed to exit the cooling hole. In 
addition, Schmidt et al. (1996) presented a discussion on the 
hole length-to-diameter effects which, in fact, causes differing 
exiting jet profiles. In comparing their data, which had an L/D 
= 4, to the data of Sinha et al. (1991), which had an L/D = 
1.75, a clear detachment and reattachment of the jet from the 
downstream surface occurred for the shorter L/D = 1.75, but 
not for the longer L/D = 4. 

These experimental and numerical results illustrate the impor
tance of understanding the formation of the jet inside the cooling 
hole before the jet exits into the mainstream crossflow. A 
skewed exiting jet profile increases the penetration of the jet 
since there is a higher effective velocity in some locations at 
the jet exit. An increased penetration of the jet can cause a 
detachment of the jet from the downstream blade surface. This 
jet detachment has a large penalty in turbine blade cooling. In 
addition to a skewed jet profile, the separation region occurring 
at the hole inlet produces relatively high turbulence levels for 
the exiting jet. These high turbulence levels will increase the 
coolant fluid diffusion and reduce the thermal protection of the 
blade. 

To evaluate how the entrance condition ultimately affects the 
film-cooling flowfield, the facility used for these experiments 
included a channel at the film-cobling hole entrance and exit, 
which could provide either a plenum condition or crossflow 
condition. The channel at the hole entrance represents the inter
nal core of a nozzle guide vane while the channel at the hole 
exit represents the external flow around the nozzle guide vane. 
In the study presented here, the hole geometry as well as the 
supply channel geometry was based on a consensus of European 
gas turbine companies. The following section describes the ex
perimental facility used for these experiments. 

Experimental Facility 
The experiments discussed in this paper were conducted in a 

test facility at the Institut fiir Thermische Stromungsmaschinen 
(ITS), Universitat Karlsruhe. This facility is described in detail 
by Wittig et al. (1996) with previous shaped film-cooling hole 
studies, also conducted in this facility, reported by Thole et al. 
(1996). A sketch of the test section, which contained the single, 
scaled-up film-cooUng hole is shown in Fig. 2. The jet hole 
entrance and exit crossflow channels were controlled indepen
dently, which allowed the effect of the entrance Mach number 
crossflows to be studied. 

Mach number 
Mean freestream velocity (m/s) 
Freestream turbulence intensity 

(%) 
Total temperature at injection 

(K) 
Re£) 
6gg/D at x/D = - 5 
Re0 at x/D = - 5 
699/D at x/D = - 7 

Exit crossflow 
conditions 

0.25 
85.0 

2 

300 
5.2 X 
0.8 
3000 

10" 

Entrance crossflow 
conditions 

0, 0.30, and 0.5 
0, 102.7, and 168.0 

1 

300 
6.6 X 10" 

0,2 

The primary channel at the jet exit was 90 mm in width and 
41 mm in height while the supply channel at the jet entrance 
was 60 mm in width and 20 mm in height. The hole diameter 
for these experiments was 10 mm and was machined into a flat 
aluminum test plate that was 30 mm thick. For these studies, 
the holes were machined to have sharp comers which, in fact, 
may not be representative of an actual turbine blade depending 
on the manufacturing procedure used. The round hole was in
clined at 30 deg giving a hole length-to-diameter ratio of L/D 
= 6. The flow conditions in the primary and supply channels 
are given in Table 1. The jet-to-mainstream velocity ratio and 
density ratio were constant at VR = 1 and DR = 1 for all of 
the flowfield results presented in this paper. 

The air for both flow channels was supplied by a large com
pressor that has a capacity of producing 1 kg/s at 11 Bars. Flow 
for the coolant channel was also provided by the compressor, 
but driven by a sealed external blower in the supply flow loop. 
The turbulence levels at both the entrance and exit to the cooling 
hole were a result of those naturally occurring in both of the 
flow loops. 

The flowrate in the supply channel was varied to give the 
different Mach numbers at the hole entrance. For the Ma^ = 
0.3 case, the mass flowrate in the supply channel was 0.12 kg/ 
s. In contrast, for each of the three channel conditions studied 
the flowrate through the cooling hole was fixed at 7.5e-03 kg/ 
s giving a velocity ratio of VR = 1. Fixing this mass flowrate 
was achieved by adding the 7.5e—03 kg/s to the supply channel 
which was then ejected from the hole. To reduce the uncertainty, 
the mass flowrate through jet hole was determined by measuring 
this mass flowrate entering the secondary supply channel. Leak 
tests were conducted on the secondary supply channel to insure 
that all of the mass flowrate entering the supply channel was 
exhausted only through the cooling hole. The discharge coeffi
cients, pressure ratios, and stagnation and static pressure ratios 
for all three flow entrance crossflow conditions are shown in 
Table 2. Note that the high velocity condition in the channel 
(Ma<: = 0.5) may be undesirably high for internal flows in an 
actual turbine vane, but was studied to better understand the 
hole entrance effects. In addition, the crossflow velocity that is 
present at the hole entrance depends on a number of design 
considerations. 

The inlet flow conditions for both the jet entrance and exit 
channel flows are shown in Fig. 3. The boundary layer profile 

Table 2 
conditions 

Ma, = 0.0 
Ma, = 0.3 
Ma, = 0.5 

F'low conditions for the three entrance crossflow 

Stagnation 
pressure, P,,, 

(mbars) 

1097.5 
1086.4 
1176.0 

Hole exit Pressure 
static pressure ratio, 

/?„ (mbars) /',,,//'» 

996.6 1.10 
996.9 1.09 
996.2 1.18 

Discharge 
coefficient. 

0.72 
0,72 
0,47 

Journal of Fluids Engineering SEPTEMBER 1997, Vol. 1 1 9 / 5 3 5 

Downloaded 20 Jun 2011 to 130.203.215.87. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



25 

20 

U+ 15 

10 

5 

Primary Channol 
Boundary Layer 

/ ^ 

y^ 
x/D o -s 
R«, = 3000 

• u+ 

u* = {1/K) In y*+C 

1 • • • 

^ '• 

-. 

100 1000 10000 
y+ 

0 0,2 0.4 0.6 0.8 
u/U u lU 

Fig. 3 Inlet flow conditions for the primary channel and for the supply 
channel 

measured in the primary channel (at the jet exit) was measured 
five hole diameters upstream of the hole centerline. The coolant 
supply channel (at the jet hole entrance) was measured seven 
hole diameters upstream of the hole centerline. As illustrated 
in Fig. 3, the bottom of the test plate refers to the inlet to the 
coolant hole. The supply channel flow was considered to be a 
boundary layer flow with a thickness of 699 = 2 mm (yc/H = 
-0.1) as compared to a channel half-height of 10 mm at a 
location of seven hole diameters upstream of the hole inlet. 

A two-component, coincident, fiber optic laser Doppler velo-
cimeter (LDV) was used to measure velocity fields for the three 
flow cases. The commercial Dantec LDV system had an 85 mm 
fiber optic probe and Enhanced Burst Spectrum Analyzers. A 
beam expander reduced the probe volume size to a diameter of 
74 iim and a length of 0.6 mm. The data was bias corrected 
using residence time weighting. Both the primary and supply 
channel flows were seeded with oil (DES) particles having a 
mean diameter of 0.5 /xm. Because the supply channel and 
primary flow were at different pressures, valves were used 
downstream of the seeder such that the seeding injection was 
independently controlled to avoid velocity biases. 

The test section in the mainstream channel had glass on both 
side walls and top walls which allowed for optical access. The 
LDV was positioned on the side of the test section to measure 
the streamwise and vertical velocity components and was posi
tioned on the top of the test section to measure the streamwise 
velocity components inside the jet hole. When positioned on 
the side of the test section, the LDV was rotated at 45 deg and 
tilted at nominally 4.5 deg to allow near-wall measurements. 
As a result of the tilt, the vertical velocity, v, reported in this 
paper contains a small lateral velocity component. Similarly 
when the LDV was positioned on the top of the test section, a 
7 deg tilt was needed to avoid severe surface reflections. In 
both measurement configurations, however, the tilt has no affect 
on the streamwise velocity component. 

Uncertainty Estimates 

Based on a 95 percent confidence interval, both bias and 
precision uncertainties were quantified. The data presented in 
this paper were typically averaged over 10,000 points or more 
depending on the data rate. The bias uncertainty for the mean 
velocities were 0.4 percent whereas the precision uncertainties 
were one percent in the freestream and 3.4 percent near the 
wall. The precision uncertainty for the rms velocity measure
ments were 1.4 percent in the freestream and 5.8 percent near 
the waU. The precision uncertainty in the turbulent shear stress 
was 5.6 percent. Positioning the LDV probe volume with respect 
to the hole was Ax = ±0.05 mm, Ay = ±0.05 mm, and Az 
= ±0.05 mm. The uncertainty in setting the coolant mass flow-
rate was two percent and the overall uncertainty in the discharge 
coefficient was four percent. 

0.2 0.3 0.4 
Mole entrance cros&flow Mach number, Ma^ 

Fig. 4 Discharge coefficient measurements for a range of entrance 
crossflow Mach numbers (Ma^) and no exit crossflow (Ma„ = 0) 

Discharge Coefficient Measurements 
Discharge coefficients were measured for a number of condi

tions. Figure 4 shows the variation of the discharge coefficients 
as a function of the crossflow at the hole entrance alone. Note 
that for the data presented in Fig. 4, there is no crossflow at 
the hole exit. 

The four curves represent different ratios of total coolant (at 
jet hole entrance) to static (at jet hole exit) pressure {P,,clp^) 
ratios between 1.11 < P,,Jp^. < 1.63. Similar to the results 
presented by Hay et al. (1983) who investigated a P,,clp«= ratio 
greater than 1.6, as the entrance crossflow Mach number in
creases to Ma^ = 0.4, so does the discharge coefficient. How
ever, at P,,clp«= = 1'63 there is a decrease in the discharge 
coefficient as the crossflow Mach number at the inlet increases 
beyond Ma^ = 0.4. This increase in the discharge coefficient 
foUowed by a decrease occurs for all pressure ratios. Although 
the maximum discharge coefficient for all the pressure ratios 
investigated is between C,, = 0.85 and 0.86, the Ma^ at which 
this maximum occurs decreases as the P,Jp«, ratio decreases. 
For the lowest pressure ratio, P,,clp,>= = 1.11, the maximum 
occurs at a Ma^ = 0.18 while at the highest pressure ratio, P,,J 
Poo = 1.63, the maximum occurs at Ma^ = 0.3. The data also 
indicate that as the pressure ratio across the hole increases, the 
Mac range over which the discharge coefficient is a maximum 
increases. Gritsch et al. (1997) show that the same trends occur 
even when there is a crossflow up to a Maoo = 0.6 at the exit 
of the hole. 

Hay et al. (1983) attributed the increased discharge coeffi
cient to the additional dynamic head. Figure 4 clearly indicates 
that there is an additional effect occurring as the inlet crossflow 
Mach number is increased beyond the condition of the maxi
mum discharge coefficient. This effect will be clarified in the 
following sections of this paper which describe the flowfield 
measurements. It is clear, however, that the crossflow at the 
hole entrance plays a key role in the discharge coefficient for 
that jet hole at all pressure ratios. 

Flowfield Results 
Although flowfield measurements have previously been re

ported for round film-cooling holes with a crossflow at the jet 
exit, as mentioned in the introduction, there have not been any 
studies which have investigated the effect of a crossflow at the 
jet entrance. The following sections present the mean flowfield 
results and turbulent flowfield characteristics for single, scaled-
up round jet hole all at a velocity ratio of VR = 1. The three 
cases presented are for jet entrance crossflow Mach numbers at 
Mâ . = 0, 0.3, and 0.5. The jet exit crossflow Mach number 
remained constant for all of the flowfield tests at Ma,, = 0.25. 

The turbulent flowfield measurements are presented in terms 
of turbulence levels which use the measured rms velocities 
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Fig. 5 Mean streamwise velocity contours inside the jet hole at xlD 
- 0 . 7 5 for entrance crossflows of Ma^ = 0, 0.3, and 0.5 

Flow 
Direction 

Fig. 6 Mean streamwise and vertical velocity contours at the entrance 
to the jet hole at VcID = - 0 . 1 5 with a crossflow at the hole entrance of 
Mac = 0.3 

referenced with the relevant mean velocity rather than the local 
mean velocity. For the turbulence levels presented inside and 
just at the jet hole exit plane, the streamwise rms velocities are 
used and normalized by the average jet velocity, Tu^ (percent) 
= 100 X VM /V,, whereas the turbulence levels presented after 
the jet has exited into the crossflow, the streamwise and vertical 
rms velocities are normalized by the mean mainstream velocity, 
Tu (percent) = 100 X VO.5(M'^ + i; ' ' ) /l7„. Since these tests 
were conducted at a VR = 1, both the mean mainstream and 
average jet velocities are the same. 

Flowfield Inside Jet Hole. To fully understand the jet pro
file at the hole exit, measurements were made inside the jet 
hole passage as shown by the measurement plane in Fig. 5. The 
mean streamwise velocity component inside the jet hole were 
measured by placing the LDV above the jet hole. Reflection 
effects were minimized by putting a slight tilt on the LDV and 
by painting the inside surface of the hole with a velvet black 
paint. The measurements were taken in a vertical-spanwise 
plane at a streamwise distance of xlD = -0.75 upstream of the 
hole centerline or just 0.25 hole diameters downstream of the 
windward edge of the cooling hole. This location was chosen 
because it was the farthest upstream position that still allowed 
the LDV beams to cross as they entered into the cooling hole. 

The streamwise mean velocity contours inside the cooling 
hole for the three different entrance crossflow Mach numbers 
(Mac = 0, 0.3, and 0.5) are shown in Figure 5. The streamwise 
velocity contours are normaUzed by the total jet velocity. As 
indicated by the figures, the position at which the highest con
tour level occurs depends strongly upon the entrance crossflow 
Mach number. For the plenum-type supply (Ma^ = 0) , a large 
portion of the jet (highest streamwise velocity contour) is at 
the top portion of the cooling hole. This placement of the jet 
is consistent with previous studies (Leylek and Zerkle, 1994). 
The previous computational study by Leylek and Zerkle has 
shown that when there is no crossflow at the hole entrance, i.e., 
a stagnant plenum, the jet inside the hole is pushed towaids the 
windward edge of the hole because of the separation region on 
the leeward entrance to the hole. These experiments confirm 
that in fact the jet has been pushed toward the windward side 
which would appear at the top of the vertical-spanwise plane 
at x/D = -0.75. 

As the cross-flow Mach number is increased at the hole en
trance, the position of the maximum streamwise velocity con
tour shifts toward the leeward side of the cooling hole. Where 
the entrance crossflow Mach number is Ma^ = 0.3, the maxi
mum streamwise velocity is located primarily in the center of 

the hole {y/D = -0 .5 ) . There is only a slight shift toward the 
leeward side (bottom) of the cooling hole for the higher cross-
flow entrance Mach number, Ma<. = 0.5. Figure 6 shows the 
total velocity contours (based on the streamwise and vertical 
velocity components) at the hole entrance of the jet for the Mâ . 
= 0.3 crossflow condition. These measurements were taken at 
yc/D = -0.15 which is downward into the supply channel 
measured at the entrance of the cooling hole. Figure 6 indicates 
that a large portion of the jet is entering in the center of the 
cooling hole. 

The turbulence levels inside the jet holes (based on the rms 
of the streamwise velocity fluctuations and the mean freestream 
velocity) are quite different for the three different entry Mach 
number crossflows. Figure 7 shows a comparison of those turbu
lence level contours. Veiy high turbulence levels occur for both 
the low and high entry crossflow conditions (Ma,. = 0 and 0.5). 
The peak turbulence levels for these two cases are nominally 
Tu = 17 percent. The turbulence levels for the condition in 
which the entry and exit crossflow Mach numbers are matched 
Ma,: = 0.3 is much lower with a peak at Tu = 10.5 percent. It 
is clear that for the portion of the hole that was mapped, most 
of the hole has overall lower turbulence levels for the Ma,. = 
0.3 case. High turbulence levels exiting the hole for film-cooling 
applications can have a detrimental effect in that the jet fluid 
will tend to mix with the ' 'hot'' mainstream fluid more rapidly 
and not be as effective in cooling the blade surface. 

Flowfield at the Jet Exit. The total velocity contours 
(based on the mean streamwise and vertical velocity compo
nents), measured in a streamwise-spanwise plane just at the 
exit of the hole (y/D = 0.1), are shown in Figs. 8. Depending 
upon the development of the jet inside of the cooling hole, there 
are countervening effects between the crossflow at the jet exit, 
which tends to bend the jet, and the jet velocity profile itself, 

Ma,=o.o Ma,=0.3 Ma=0.6 

0.0 ^ p o;5 0.0 , 0.5 
z/D 

0.0 ,„ 0.5 
Z/D 

Fig. 7 Turbulence level contours inside the jet hole at x/D = - 0 . 7 5 for 
entrance crossflows of Ma,, = 0, 0.3, and 0.5 
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(U'+V")" /̂V. 

Fig. 8 Total velocity contours at the exit of the jet hole at yID = 0.1 for 
entrance crossflows of Mac = 0> 0-3, and 0.5 

Ma^=0.0 

Ma=0.3 

Ma=0.5 

which may have a higher momentum in particular regions due 
to the skewed velocity profile. 

As shown in the previous section for the low Mach number 
crossflow at the hole entrance, Ma^ = 0, a large portion of the 
jet is located in the windward side of the cooling hole. The 
skewing of jet profile for the Mâ . = 0 case would be such that 
the jet flow is able to counteract the mainstream crossflow at 
the jet exit. In fact, the jet exit location begins near the windward 
side of the cooling hole. At a Ma^ = 0.3, the jet exit moves 
more towards the leeward side of the cooling hole and at a Ma^ 
= 0.5, the jet exit is even more near the leeward side of the 
cooling hole at relatively high velocities. The skewing of the 
jet as it exits the cooling hole causes a higher penetration into 
the crossflow at the exit of the hole (as will be shown in the 
next section). 

The turbulence levels (based on the streamwise and vertical 
velocity components and the mean freestream velocity) at the 
jet exit, shown in Fig, 9, are similar to those seen inside the jet 
hole. Note that there is a change in the scale used for the 
turbulence level contours as compared to the scale that was 
used in Fig. 7. Very high turbulence levels occur for the Ma^ 
= 0 and 0.5 cases whereas for the Ma^ = 0.3 case the turbulence 
levels are much lower. The peak turbulence level exiting those 
cooling holes is Tu = 16 percent and Tu = 21 percent for the 
Ma^ = 0 and Ma^ = 0.5 cases, respectively. The peak turbulence 
level exiting the hole for the Ma^ = 0.3 case is lower at Tu = 
11 percent. 

Flowtield in the Mainstream Crossflow. The mean 
streamwise-vertical velocity vectors, measured at the jet center-
line in the streamwise-vertical plane, are shown in Fig. 10. As 

Ma.=0.0 Ma=0.5 

Flow 
Direction 

Fig. 10 Mean velocity vectors in the exit crossflow at the hole centerline 
(zlD = 0) for entrance crossflows of Ma^ = 0, 0.3, and 0.5 

expected from the previous discussion, the Ma^ = 0 case shows 
a strong vertical jet penetration which begins near the upstream 
edge of the cooling hole. In comparison, the Ma<: = 0.5 cross-
flow at the entrance causes the jet to exit from the leeward side 
of the cooling hole. 

Figure 11 shows the streamwise and vertical velocity profiles 
in the near-hole region at the jet centerline at xlD = 0 and 1. 
These figures clearly show that for no crossflow at the hole 
entrance (Ma^ = 0) the jet has exited the cooling hole x/D = 
0. At the downstream edge of the jet hole, x/D = 1, the Ma<: 
= 0.5 case shows higher streamwise and vertical velocity com
ponents indicating the exit location near the leeward side of the 
hole. 

The turbulence level contours, measured at the jet centerline 
in a streamwise-vertical plane, are shown in Fig. 12. As dis
cussed in the previous section the turbulence levels exiting the 
hole are significantly higher for the Ma^ = 0 and Ma^ = 0.5 
entrance conditions. In addition, large mean streamwise velocity 
gradients for the Ma^ = 0 and Ma,, = 0.5 entrance conditions 
are causing higher peak turbulence levels after the jet has exited 
the cooling hole in comparison to the Ma^ = 0.3 case. The peak 
turbulence levels, which occur at x/D = 2, are Tu = 28 percent 
for the Ma^ = 0 case and Tu = 36 percent for the Ma^ = 0.5 
case. In contrast, at x/D = 2 the peak turbulence level for the 
Mac = 0.3 case was Tu = 16 percent. 

Physical Description of Entrance Crossflow Effects 
The previous sections describe the flowfield differences oc

curring when a crossflow is present at the entrance to a represen-

y / D 

* j 1 ^ 

Ma = 0.3 

1 . S H » , 

A Ma .. 0.5 

• ' ' • ; • • 

Ai 0 0.2 0.4 O.e 0.8 

v/U 
0 0.2 0.4 0.6 O.i 

v/U 

Fig. 9 Turbulence level contours at the exit of the jet hole at y /D = 0.1 
for entrance crossflows of Ma,, = 0, 0.3, and 0.5 

Fig. 11 Comparison of the streamwise and vertical velocity components 
in the near-hole region at the hole centerline (zlD = 0) for entrance 
crossflows of Mac = 0, 0.3, and 0.5 
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Ma,=0.0 

Ma„ = 0.25 

Fig. 12 Turbulence level contours in the exit crossflow at the hole cen-
terline {z/D = 0) for entrance crossflows of MBC = 0, 0.3, and 0.5 

tative film cooling hole as it exits into a crossflow. This section 
gives a physical description of this jet flow. 

At a velocity ratio of VR = 1 with no crossflow at the hole 
entrance, previous studies have shown that a separation region 
occurs on the leeward side of the hole entrance (Pietrzyk et al., 
1989 and Leylek and Zerkle, 1994). These previous studies 
have shown that there are a number of effects that result from 
this separation region. First, the exiting profile is skewed caus
ing more jet fluid to exit from the windward side of the jet hole. 
This skewed profile causes a higher penetration distance of the 
jet into the mainstream. As was discussed in the introduction, 
when the separation region occurs on the leeward side of a short 
L/D hole in which the skewness of the profile would be more 
prominent than for a long L/D hole where the velocity profile 
had more time to readjust from the separation, adiabatic effec
tiveness measurements indicated the cooling jet detaches and 
then reattaches to the downstream surface (Schmidt, et al., 
1996). Second, the exiting jet has very high turbulence levels 
which promotes a more rapid mixing with the hot mainstream. 
The data presented in this paper concurs that when there is no 
crossflow at the entrance to the jet hole (Ma, = 0) a large 
portion of the jet exits from the windward side of the hole 
having turbulence levels higher than would occur say, for exam
ple, a pipe flow. 

Pietrzyk (1989) presents a good description of the shear 
layers occurring due to the cooling jet/mainstream interaction at 
low and high velocity ratios. The shear gradients are particularly 
relevant since the dU/dy gradients at the jet centerline are re
sponsible for the turbulence production. At velocity ratios 
greater than VR > 0.5, he shows a windward shear layer that 
occurs at the interface between the mainstream and the cooling 
jet as the jet exits the hole; a wake region behind the jet which 
is formed due to the jet blockage; and a wall-jet layer formed 
downstream of the wake region near the wall. Pietrzyk (1989) 
pointed out that the highest turbulence production occurs in the 
windward shear layer, or rather the interface between the jet 
and the mainstream, and is primarily a result of the large d VI 
dy velocity gradients. Similarly in this paper for the case with 
no crossflow entrance to the jet hole (Ma, = 0) , the peak 
turbulence levels occurred at an xlD = 2 where the most intense 
dUldy velocity gradients occurred. 

For the cases presented in this paper in which a strong cross-
flow existed, the Ma, = 0.5 crossflow also showed elevated 
turbulence levels exiting from the cooling hole, similar to the 
case with no crossflow at the hole entrance. However, the jet 
profile exiting from the cooling hole is much different in that 
a large portion of the jet is skewed towards the leeward side of 
the cooling hole. In the highest entrance crossflow case, there 

Mac = 0 

Ma„ = 0.25 I^^I> 

Ma, 0.30 

M a . = 0.25 

Ma, = 0.50 

Fig. 13 Physical Interpretation of the effects that a crossflow at the jet 
hole entrance has on the jet flowfield 

are even higher dU/dy velocity gradients because the higher 
jet velocities are interacting with the low-speed fluid near the 
wall. As a result, turbulence levels even higher than those for 
the no crossflow case (Ma, = 0) occur. For the case where 
the entrance crossflow is Ma, = 0.3, the turbulence levels are 
significantly lower exiting the hole and the velocity profile indi
cates that the jet exits more towards the middle portion of the 
hole. This more uniform jet profile then reduces the velocity 
gradient and, subsequently, the turbulence production. 

As the Mach number increases at the entrance to the jet hole 
from Ma, = 0 to Ma, = 0.5, the separation region which forms 
changes from the leeward side of the jet to the windward side 
of the jet hole. This effect is shown schematically in Figure 13. 
Since the turbulence levels are fairly low and the jet profile 
inside the hole appears to be more symmetric for the Ma, = 
0.3 entrance crossflow, the effect of the separation region, if 
there is a separation region, is not very large. In the Ma, = 0 
case, the downstream fluid has a large turning angle to overcome 
which causes the separation on the leeward side of the hole 
entrance. In the Ma, = 0.5 case, the upstream fluid has an 
effectively large turning angle to overcome which causes a 
separation on the windward side of the hole entrance. Consistent 
with those separation regions are that both the Ma, = 0 and 
Ma, = 0.5 cases have high turbulence levels occurring inside 
the hole. 

The discharge coefficients which were presented showed the 
entrance crossflow effect alone. Those results indicated that 
there was an entrance crossflow condition in which the dis
charge coefficient was a maximum. Below a Ma, < 0.15, all 
of the pressure ratio cases indicated increases in discharge coef
ficients as the Ma, increased. The increase in the discharge 
coefficient with increasing Ma, occurs because the separation 
region on the leeward side of the hole passage begins to become 
minimal. For the low pressure ratio case of P,,Jp^ = 1.11, the 
discharge coefficient begins to rapidly decrease at a Ma, = 0.2 
indicating that the total pressure is not high enough to overcome 
the frictional and separation losses. For the high pressure ratio 
case P,,clp^ = 1.63, the additional total pressure is enough to 
overcome the losses for a larger Ma, range. 

Conclusions 
The results presented in this paper indicate the importance 

of understanding not only the effects of the crossflow at the jet 
exit, but also flowfield effects at the jet hole entrance. The 
flowfields for a round, inclined hole having a short length-to-
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diameter ratio in which the jet is exposed to a crossflow at the 
hole entrance haye not been reported in the open literature prior 
to this investigation. These types of flows commonly occur as 
film-cooling holes on gas tvirbine blades and, in particular, a 
crossflow at the hole entrance occurs for nozzle guide vanes. 
With improvements and changes to inner blade convective cool
ing schemes, an understanding as to how a crossflow at the hole 
entrance can influence the exiting jet profile and the discharge 
coefficients (hole sizing) is needed. 

The mean velocity field measurements show that when the 
jet has no crossflow at the hole entrance, there is a separation 
region on the leeward side of the hole entrance which causes 
the jet to exit from the upstream portion of the hole. Alterna
tively, when there is a high velocity crossflow at the hole en
trance, there is a separation region on the windward side of the 
hole entrance which causes the jet to exit from the downstream 
portion of the hole. These skewed profiles lead to higher turbu
lence production after the jet interacts with the mainstream. 

In addition to a skewing of the jet as it exits the hole, in
creased turbulence levels inside the cooling hole and reduced 
discharge coefficients occur because of this separation region. 
As turbulence levels increase, the jet fluid would have a ten
dency to mix quickly with the mainstream at the jet exit. From 
a gas turbine film-cooling standpoint, this effect is detrimental 
because of the decreased cooling capability. 
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