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ABSTRACT

Further increases in film-cooling effectiveness is a primary goal of
the gas turbine industry. One effect that has been, for the most part, ig-
nored in film-cocling studies, is the effect that a cross-flow at the hole
entrance {which would occur on the internal side of the turbine blade)
has on exiting jet and the cooling capabilities of that jet. This CFD study
has investigated how different coolant flow directions at the inlet to ei-
ther a round cooling hole or a shaped cooling hole can affect the overall
cooling performance of that jet. The shaped cooling hole, which is fully
expanded at 15°, had a lateral hole spacing of six hole diameters while
the round hole had a lateral hole spacing of three hole diameters. Engine
conditions were simulated in that a density ratio of two was used with a
blowing ratio of M = 0.5 for the round hole and M = | for the shaped
cooling hote. This allowed a direct comparison between the two geom-
etries on the basis of equal coolant per blade pitch. The coolant supply
flows at the hole entrance were considered to be either a plenum condi-
tion; parailel and in the same or opposite direction of the mainstream at
the hole exit; or perpendicular to the mainstream at the hole exit. All of
the flowing supplies had a channel Reynolds number of 30,000 and a
channel height of 3 diameters. Results indicate that for the round cool-
ing hole the adiabatic effectiveness values for a plenum and supply chan-
nel flow at 90° were essentially the same even though the flow features
inside the coolant hole were significantly different. The adiabatic effec-
tiveness for the shaped cooling hole, however, was significantly reduced
when the coolant supply flow was perpendicutar to the mainstream flow
direction.

INTRODUCTION

The high performance gas turbines of today are pushing the inlet
temperature to higher levels in order to improve their thermal efficiency.
The practical limit for the inlet temperature is set by the material compo-
sition and convective cooling strategies for the blades. Film-cooling is a
proéess whereby compressor bleed air, which bypasses the combustor, is
injected through discrete holes in the blade surface. This cooling method

has been and is currently continuing to be refined to further aid in pro-
longing the blade life.

One effect that has been, for the most part, ignored in evaluating the
film-cooling process is the effect that the crossflow present at the hole
entrance has on the cooling characteristics. For the remainder of this
paper the crossflow at the exit to the film-cooling hole will be referred to
as the mainstream and the crossflow at the entrance to the film-cooling
hole will be referred to as the coolant supply. As film cooling holes on
the turbine blade are typically short (3 < L/D < 6}, the flow coming out of
these holes is not fully developed. Most experimental and CFD studies
on film cooling have been performed using a stagnant plenum supplying
the film-cooling holes. Although a stagnant plenum may be applicable
in the leading edge of a turbine blade, for example, the coolant supply in
the main body of the blade can be completely different. Alternatively,
the coolant can be supplied to the cooling hole from a supply channel
having a Reynolds number which can range between 7000 < Re,, < 90,000
as reported by Han (1984). Furthermore, in the process of routing the air
through the blade to enhance internal side convection, the flow in the
supply channel could potentially be in various directions with respect to
the film cooling hole entrance.

This CFD study investigates the effect of the coolant supply chan-
nel on the characteristics of the cooling film. The supply channel
crossflow at the hole entrance was considered to be co-flowing {¢=0"),
perpendicular (¢ = 90", or counter-flowing (¢ = 180") with respect to
the mainstream. These resuits are compared to the case in which the
coolart is supplied to the hole by a stagnant plenum, that which has been
commonly modeled both experimentally and numerically in past stud-
ies. Two typical film cooling hole geometries are investigated with both
having an L/D = 4 and inclination angle of &= 35°. The two hole geom-
etries include a round hole and a shaped hole that has a fully expanded
exit. All calculations are performed for a fixed density ratio of DR = 2,
also typical of actual turbine conditions. The following sections discuss
past refevant studies, the CFD method used in this study, the predictions
for the round and shaped cooling hole, and finally give some conclu-
sions.




PAST STUDIES

Since 1970, there has been an abundance of film-cooling studies
presented in the literature. This published film-cooling data, however, is
predominantly surface measurements representing adiabatic
effectivenesses (using either heat transfer or mass transfer measurements).
One of the more relevant studies to the work presented here was work
reported by Goldstein, Eckert. and Burggraf {1974). Goldstein, et al.
showed that when they laterally expanded the cooling hole by 107, im-
proved adiabatic effectiveness values were measured for a blowing ratio
as high as M = 2.2, In contrast, a round hole showed that the jet detached
from the surface causing low adiabatic effectiveness levels at much lower
blowing ratios.

Among the first in-depth flowfield results for relevant film-cooling
geometries were reported by Pietrzyk, et al. (1989;. Pietrzyk, etal. (1989)
measured flows from inclined jets exiting from a rov ~T ppond Alm
cocling holes with a length-to-diameter ratio of L/D = 3.3, This study
hypothesized a separation region occurring at the inlef to the cooling
hole based on the high turbulence levels and skewed jet velocity profile
that they measured exiting the cooling hole. This separation region was
also predicted by a CFD study done by Leylek and Zerkie (1994).

In a study involving round film-cooling holes with an L/D = 4,
Schmidt, et al. {1996) showed that compared to the data from Sinha, et
al. (1991), who used 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 at a blowing ratio of M = 1 and a density
ratio of DR = 1.6. 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 predicted by Garg and Gaugler showed
large differences in blade surface heat transfer depending upon the exit-
ing 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% depending upon whether a parabolic
or one-seventh jet profile was assumed to exit the cooling hole.

Although, the literature indicates that there is a large effect on the
surface temperatures as a result of the exiting velocity profile, there have
been only a few studies that have investigated the effect of the supply
channel crossflow, which in fact can infiuence the exiting profiles. The
studies that have considered the crossflow effect are discussed below.

Hay, et al. (1983) showed that the crossflow at the jet entrance had
a large 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 direction as the
flow at the hole exit, increased from Ma = 0 to Ma_= 0.4 the discharge
coefficient increased by 30%. In contrast, as the exit Mach flow in-
creased from Ma_= 0to Ma_= (.5, the discharge coefficient decreased
by only 10% for pressure ratios of 1.05 < Pr.c / p_ < 1.4 and remained
constant when the pressure ratios were Pt.c/ p_> 1.4. Similar results
were obtained in a recent study involving film-cooling holes with ex-
panded exits by Gritsch, et al. (1997a). They reported an increase in the
discharge coefficient of 40% when the crossflow at the hole entrance
was increased from Ma, = 0 to Ma_ = 0.6.

Berhe and Patankar (1996) performed a CFD study for round film
cooling holes in which they investigated the effect of the plenum flow
direction. Note that their studies, however, are significantly different

- thar the study presented in this paper in that the results from this paper

are for a condition where there is a through flow in the channel supply-
ing the coolant hole whereas Berhe and Patankar used a pienum supplied
from different directions. The results of Berhe and Patankar showed at a
blowing ratio of M = 0.5 and a plenum height of 10, the adiabatic effec-
tiveness was reduced significantly when the coolant was introduced into
the plenum flowing in the parallel but opposite direction {counter-flow-
ing) as the flow at the hole exit.

The experimental studies by Thole, et al. (1997), and Gritsch. et al.
(1997b) have included flowfield and surface adiabatic effectiveness
measurements for round and shaped cooling holes. The flowfield mea-
surements, reported by Thole, et al. (1997), for a round cooling hole
inclined at 30° with L/D = 6 showed a significant effect on the exiting
velocity profile of the jet as well as where the peak turbulence level
occurred. The results showed that for entrance crossflow Mach numbers
of Ma_ = 0 (representing a plenum) and Ma_= 0.5, a separation region
occurred either on the leeward and windward side of the cooling hole
entrances, respectively. As aresuit of this separation region, the cooling
Jet exited in a skewed manner with very high turbulence levels. For the
case of an entrance crossflow Mach number of Ma_= 0.3, which was
close to the mainstream Mach number of Ma_= 0.25, there was no evi-
dence to support the fact that there was a large separation region.

The fully expanded (at 15°) cooling hole measurements, reported
by Gritsch, et al. (1997a) showed that for blowing ratiosof M=1and 1.5
reduced values of laterally averaged adiabatic effectivenesses occurred
when the supply channel crossflow was tumed perpendicular (¢ = 90°)

Nomenclature

D = diameter of film cooling hole

DR = density ratio, defined as DR = p/p, Creek _

H = height of supply channel @ = injection ar_lgife of. film cooling holes

k = turbulent kinetic energy, defined as k = 3/2 (U_ Tu(%)/ 100 € = wrbulent dissipation rate, defined as £= C,™k*/ D

L = length of film cooling hole p = density )

L, = cylindrical metering length for shaped hole ¢ = angle between supply channel flow and mainstream

M = blowing ratio defined as M = pV/p_U n = adlabatllc cffectiveness, defined as n =(T - Tﬂ)/('I} -T )
Ma = Mach number paTmee © = normalized temperature, defined as &= (T - T_)/(Tj -T.)
P = pitch distance between film cooling holes Subscripts

Re,, = Reynolds number based on inlet velocity and channel height
Tu = turbulence level defined as Tu = 100 (273 &) /U

U = velocity component in the streamwise direction

V = velocity magnitude

VR = velocity ratio defined as VR = V/U

= streamwise direction measured from hole exit centerline
vertical direction measured at hole exit centerline

= spanwise direction measured from hole exit centerline
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aw = adiabatic wall

¢ = coolant

Cl = centerline
oo = f{reestream
J = jet
Superscripts

= laterally averaged
= area averaged




as compared to the case when there was a co-flowing supply (¢ = 0°).
For the same mainstream and coolant supply channel conditions, their
results for the round hole indicated no effect at a near-optimal blowing
ratio of M = 0.5. However, for the round hole the opposite trend to the
shaped hole occurred at higher blowing ratios of M = 1 and 1.5 where
higher values of laterally averaged effectiveness occurred for the ¢=90°
supply flow direction as compared to the ¢ = 0° supply flow direction.
Since the jet is known to separate at a blowing ratio of M = | for a round
hele (Sinha. et al., 1991), this opposite trend may be occurnng due to the
swirling of the jet inside the hole, which will be discussed later in this
paper, thereby causing a reduction in the severity of the jet detachment.

Results from these past studies have pointed to the importance of
understanding the entrance crossflow effect to the cooling coverage that
can be obtained by a film-cooling hole. The contribution, then, of this
study is to evaluate the effect of different crossflow directions ai the
entrance to film-coocling holes, both round and shaped, at realistic en-
gine conditions with a density ratio of DR = 2 and a supply channel
Reynolds number of Re, = 30.000. Both the adiabatic effectiveness as
well as the flow fields will be discussed to give a good physical under-
standing of the entrance crossflow effects. This information is useful for
two major reasons. First, a turbine blade designer can use this informa-
tion in that he or she may consider changing the inner blade geometry
such that better film-cooling coverage can be easily achieved. Second. a
turbine durability engineer can use this information in that he or she may
achieve better estimates for blade life.

HOLE GEOMETRIES AND TEST CASES

Two different hole geometries, one round and the other shaped, were
considered in this study. Both holes were angled at &= 35° to the main-
stream, had a hole diameter of D = 12.7 mm, and a length-to-diameter
ratio of L/} = 4 as shown in Figure 1. The shaped hole had a cylindrical
melering length of L /D = 2, after which it expanded at 15 in both the
forward and lateral directions. The inside corners of the shaped cooling
hole were rounded to have a radius of one-half the hole diameter. At the
hole exit plane, the shaped hole had a streamwise extent of 3.8D and a
spanwise extent of 1.8D. A hole pitch of P/D = 3 was used for the round
holes while the shaped holes were considered to be spaced P/D = 6 apart.
The hole pitch determined the spanwise extent of the computational do-
main and location of the symmetry boundary conditions.

While the round cooling hole is typical of that appearing in the
literature, the shaped cooling hole is similar to that reported by Wittig, et
al. (1996), which was derived from several European gas turbine com-
panies. Note that the coordinates for both of the cooling holes are mea-
sured at the exit plane of the hole and at the hole centerline. The biowing
ratio for the round hole was chosen to represent near optimal conditions

Fig. 1 Schematic of the (a) shaped and (b} round film cooling
hole geometry.

(Sinha, et al., 1991) at M = 0.5, whereas the blowing ratio for the shaped
hole was chosen higher at M = | since that is more representative of
engine operating conditions. Moreover, these two conditions, given the
fact that the round hole has half the pitch spacing betw zen holes com-
pared to the shaped hole. represents the same given coolant mass flux
per upit span. This means the results for the two hole shapes can be
compared directly from a design point of view based on coolant usage.

Table | shows the four different crossflow cases considered for the
coolant supply channel. These four cases were a plenum supply, a sup-
ply channel that was co-flowing (¢ = 0"} or counter-flowing (¢ = 1807,
and a supply channel that was flowing in a direction perpendicular to the
mainstream flow (¢ = 90°). For the ¢ = 0°, 90°, and 180" cases, the
supply channe! velocity and height was set to 3.5 m/s and /D = 3, which
provuded a channel Rcynolds number of Re,, = 30,000. The mainstream
vrloci al thie hele el waee 100 vxcept for the round hole plenum
case “here the mainstream velocity was set to 20 m/s which allowed
comparisons to data given by Pietrzyk, et al. (1989). A typical engine
density ratio (coolant-to-mainstream} of DR = 2 was considered for alt
of the cases.

Table 1. CFD Test matrix

Hole Geometry Plenum | ¢=0° ¢ =90° 9 =180°

Round M=03 M=035"

Shaped M=1 [M=1 {M=1 M=1|
COMPUTATIONAL DOMAIN

The computational domain consists of the mainstream flow, film-
cooling hole, and the supply channel as indicated in Figure 2. The
streamwise extent of the computational domain, sirilar to the past CFD
studies of Leylek and Zerkle (1994) and Berhe and Patankar(1996}.
was -19 £ /D < 30. A boundary condition of a uniform inlet velocity is
applied at the upstream end of the domain. This is consistent with Pietrzyk
et al, (1989) who reported that a fresh turbulent boundary layer started at
*D = -19 on the test plate. For the present study, with a freestream
velocity of U_= 10 m/s, this resulted in a Reynolds number of Re = 560
upstream of the film-cooling holes. An outflow boundary condition is
applied at the downstream end of the domain since gradients in the
streamwise direction are expected to be small at /D = 30. In the vertical
direction, the computational domain extends out to /I = 10 which is
sufficiently far away from the film-cooling flowfield to allow a zero
gradient boundary condition to be imposed. A zero heat flux boundary
condition is imposed on al! walls including the film-cooling hole.

For the case where the coolant supply channel is a plenum and for
the cases when flow in the supply channel is co-flowing (¢ = 0°) or
counter-flowing (¢ = 1807 to that of the mainstream flow, a symmetry
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Fig. 2 Computational domain for both the shaped and round (not

shown) holes. Note that the coordinate origin is located at the
hole centerline with the +z direction coming out of the page.




condition is applicd on both the jet centerline and the half-pitch line.
Therefore, for these cases the spanwise extent of the computational deo-
main is only -3 < /D < 0 and flow in onty half the film-cooling hole is
modeled. When the flow in the supply channel is in a direction perpen-
dicular (¢ =90") to that of the mainstream flow, this symmetry condition
cannot be applied at the jet centerline. In this case, the entire fiim-cool-
ing hole is modeled and the domain extends from -3 < /D < 3 with
periodic boundary conditions applied at both half-pitch lines.

The supply channel has a height of H/D = 3 and extends 5D up-
stream and 5D downstream of the entrance to the film-cooling hole. A
uniform inlet velocity of 3.5 m/s is imposed at the upstream end of the
supply channel while the velocity at the outlet of the supply channel was
set according to the desired blowing ratio. Mass conservation was checked
to insure that the correct blowing ratic was maintained through the cool-
ina hgl= and was within 0.1% of the desired value. The boundary layer
developed along the supply channel walls and was 4 mm thick (0.3D) at
a location one diameter upstream of the hole entrance. For the supply
channel flow in a direction normal to the mainstream flow, the supply
channel was rotated about its vertical axis by 90° and flow was consid-
ered to be in the -z direction. For the plenum case, the same supply
channet geometry was used with an appropriate inlet velocity imposed
at the bottom face of the entire channel length.

SOLUTION METHODOLOGY

These CFD simulations were completed with a software package
by Fluent, Inc., which included a pre-processor {Geomesh), an interior
mesh generator (Tgrid), and a 3D Navier-Stokes solver (FLUENT/UNS).
An unstructured mesh was used for these studies. The FLUENT/UNS
solver has the ability to adapt solutions based on gradients of all flow
variables in order to achieve grid independent results. The solution meth-
odology used in this study is similar to that described by Walters and
Leylek (1996). Second-order discretization was used for the governing
equations for momentum, energy, and turbulence. Turbulence closure
was achieved by using the standard k- model with nonequlibrium wall
functions (Kim and Choudhury, 1995). As recommended in the FLU-
ENT User’s Guide (1996}, the nonequlibrium wall functions were used
since they are more appropriate compared to the standard wall functions
for complex flows involving separation and reattachment, which is con-
sistent for film-cooling flows. Note that default constants for the Laun-
der and Spalding (1974) k-£ model were used without any adjustment
for ail the simulations in this study.

Figure 3 shows a cross-section on the hole centerline of the initial
unstructured grid used for the shaped film-cooling calculations. The
average cell skewness for the tetrahedral unstructured grids was 0.33
with the cells near the wall maintaining an average height of y* = 20,
which was required in order to use the wall function approach correctly.
The average number of cells for the round hole was 120,000 for the haif-
hole simulations and 180,000 for the entire hole. The average number of
cells for the shaped hole simulations was 180,000 for the half-hole simu-
lations and 220,000 cells for the entire hole. Typically, each simulation
was split into six partitions and was run in paralle! on an IBM SP/2 com-
puter. Solution initialization was done using the freestream velocity and
temperature and flow solutions were obtained using an under-relaxation
parameter of 0.2 for momentum, & and £ For each case, solution to the
momentum equation {with the supply channel at the freestream tempera-
ture) was obtained before beginning the energy solution (with the supply
channel temperature such that DR = 2).

To insure grid independence, the gradient adaption feature in FLU-
ENT/UNS was used to refine the grid. Adaption was done based on the
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Fig. 3 Close-up view of the initial grid on the centerline plane for
the shaped hole.

gradients of temperature and turbulent kinetic energy by using the hang-
ing node method which generates a finer grid without increasing cell
skewness. Typically, this adaption added about 40,000 cells to the initial
¢rid, mainly concentrated near the film cooling hele. To insure that a
grid independent solution was obtained. it was verified that further gra-
dient adaption changed the value of laterally averaged effectiveness moni-
tored near the hole by less than 47 = 0.005.

The convergence criteria for these computations involved two steps.
First, convergence was considered to be close when the exiting mass
flowrate was within 0.01% of that entering the computational domain,
which typically required around 2300 iterations. This took about three
days of run time on the [BM SP/2 and all residual levels were reduced by
at least three orders of magnitude. The solution was then adapted as
described above and run for 2000 iterations. For this final solution. vai-
ues of centerline and laterally averaged effectiveness monitored near the
hoie over the last 1000 iterations changed by less than 4n,, = 0.001 and
A7 = 0.0001 respectively. For the same number of iterations the veloc-
ity magnitude and turbulence level monitored near the film-cooling hole
changed less than AV = 0.003 m/s and ATu = 0.007% respectively.

RESULTS

The following sections discuss the predictions of the flow field,
thermal field, and surface adiabatic effectiveness levels obtained for the
test matrix given in Table 1. The results presented in this study focus on
the flow features inside the coolant hole as they dictate the changes in
adiabatic effectiveness resulting from changes in the flow direction of
the supply channel. The round hole results are first described which are
then followed by the shaped hole results.

Round Hole Results

The blowing and density ratios remained constant at M = 0.5 and
DR =2 for all of the round hole cases discussed in this section. For the
round hole, only the plenum condition and the 0 = 90° crossflow direc-
tion were computed. The velocity vectors on the jet centerline for both
the plenum condition and ¢ = 90° crossflow are shown in Figure 4. For
the plenum case, the vectors clearly show the formation of a separation
region on the leeward side of the cooling hole caused by the large wm-
ing angle encountered by the jet fluid. as first identified by Pietrzyk, et
al. (1989). This separation region causes the flow to accelerate on the
windward side of the hole. The separation region can also be seen for
¢ = 50° although the jet centerline is no longer a plane of symmetry.




Fig. 4 Velocity vectors at the round hole centerline for the ple-
num condition and ¢= 90°.

O T SO
et \-‘.-' el

P nnfy“r "
‘s...*\\\ I/,_/'

Yiewing
angle -7 1. Hole cotrance

Fig. 5 Velocity vectors inside the round hole and at trailing edge
of the hole exit for plenum condition and ¢= 90°.

Int-plane velocity vectors at three planes inside the round hole and
at the trailing edge of the hole exit, are shown in Figure 5 (see schematic
in Figure 5 for exact locations of the in-hole planes) for both the plenum
condition and ¢ = 90°. Vectors for the plenum condition show the for-
mation of a counter-rotating vortex motion inside the film-cooling hole,
caused by the flow turning over the separation bubble on the leeward
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Fig. 6 (a) Centerline and {b) laterally averaged eflectiveness for
the round hole compared to those in the literature.

side of the hole. In the mainstreamn at the trailing edge of the hole exit,
formation of a longitudinal vortex pair is clearly evident with the vortex
cores centered at /D = 0.5 identified in earlier studies such as Pietrzyk,
et al. (1989). On the other hand for ¢ = 90°, flow in the supply channel
causes a single swirling motion to develop inside the hole. This swirl
causes flow in the cooling hole to complete one entire rotation before
exiting the hole, thereby causing faster jet fluid to exit towards the -z
direction, which is the same direction as the coolant supply crossflow.

The counter-rotating longitudinal vortex pair in the mainstream has
been previously documented in the literature as causing a detrimental
effect on the film-cooling performance by moving in “hot’ freestream
fluid towards the jet centerline. Counter-rotating vortex motions have
also been shown to exist inside the film-cooling hole. What has remained
unclear is whether the vortex motions inside the film-cooling hole cause
the longitudinal vortices or whether the freestream fluid going around
the exiting jet causes the longitudinal vortices. As the results for ¢=90°
show with just a single swirling jet motion, the latter is true as the longi-
tudinal vortices are formed even though there are no counter-rotating
vortices inside the cooling hole. The single swirling motion caused by
the supply channel flow, however, does force the jet to come out of the
hole slightly skewed resulting in the two lobes of the longitudinal vortex
having different strengths.

As a benchmarking of these calculations, comparisons of the
centerline and lateraliy averaged adiabatic effectiveness predictions were
compared Lo those available in the literature. Figure 6 shows those com-
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Fig. 8 Laterally averaged and centerline effectiveness for the
round hole.

parisons. While the centerline effectiveness values are above those mea-
sured, these values agree well with those predicted by Walters and Leylek
(1996} who used a similar CFD package. The predicted laterally aver-
aged values also agree identically to those predicted by Walters and Leylek
and show agreement with those measured.

The effect that the ¢ = 90° coolant supply has on the surface adia-
batic effectiveness is to skew the coolant coverage as shown in Figure 7.
The contours for ¢ = 30° show that the film-cooling jet is directed in the
-z direction. Recall, the crossflow direction at the hole entrance is also
in the -z direction. On comparison with the plenum case, it is evident
that the maximum adiabatic effectiveness levels do not extend as far
downstream for the ¢ = 90° case. For example, the 1 = 0.5 contour
extends only to x/D = 8 for the ¢ = 90" case as compared with the n=10.5
contour extending to x/I> = 11 for the plenum case. The laterally aver-
aged effectiveness results shown in Figure 8, however, indicate that there
is not much difference between the two cases. This is because the skewed
jet results in a bigger blockage to the oncoming freestream, similar to
that of a compound angled cooling hole, and as a result the jet spreads
more in the lateral direction. Therefore, what the jet loses in terms of the
magnitude of adiabatic effectiveness, it makes up for by providing more
lateral coverage. Also shown in Figure 8 is the experimentat data given
by Gritsch, et al. (1997b) in which there was freestream Mach number of
Ma_=0.6. Note that their lateral averages for their single cooling hole
are over a lateral distance of 5.5 hole diameters (close o two times the
hole spacing simulated in these CFD studies) and, as expected, results in
laterally averaged effectiveness values almost a factor of two lower than
those predicted for a hole spacing of three diameters. The experimental
results of Gritsch et al. also indicate that there are no differences in the
laterally-averaged adiabatic effectiveness for a round hole that is sub-
jected to either plenum supply or a strong crossflow at ¢ = 90°.

Fig. 9 Velocity vectors at the shaped hole centerline for the
plenum and ditferent flow directions in supply channel.

Shaped Hole Results

For the shaped hole calculations, the blowing and density ratios
remained constant at M = 1 and DR = 2, All four entrance conditions
were investigated for the shaped cooling hole. The flowfield vectors,
inside the shaped cooling hole at the hole centerline are shown in Figure
9. Common to all of the entrance conditions considered for these studies
is the existence of a large separation inside the expanded portion of the
cooling hole. This separation region is not too surprising given the large
expansion angle (15°) of the cooling hole. The separation region causes
much of the coolani to flow along the windward side of the cooling hole,
and in some cases, with a strong jetting action.




Fig. 10 Turbulence intensity contours at the shaped hole centerline
for the plenum and different flow directions in supply channel.

For the plenum condition and the ¢ = 180" cases shown in Figure 9,
another large separation region occurs at the entrance to the cooling hole
that then propagates into the separation region occurring in the expan-
sion region. At a blowing ratio of M = | and a density ratio of DR = 2,
the velocity ratio is VR =0.5. This means that the average hole velocity
is one-half of the freestream velocity. The velocity magnitudes, however
for the plenum and ¢ = 180° cases are as high as twice the average value
along the windward side of the hole. The ¢ = 0° case indicates only
small separated regions on both sides of the hole entrance and velocity
magnitudes in a good portion of the hole were VJ/U_ =0.5. The hole
centerline plane for the ¢ = 90° case, which is not a symmetric plane.
indicates low-speed fluid in the center of the hole with high-speed fluid
on the windward side of the cooling hole. This low-speed region corre-
sponds to the swirling motion that exists in the coolant hole for this case.

1. Hole entrance

Fig. 11 Velocity vectors inside the shaped hole and at the
trailing edge of the hole exit for plenum condition and different
supply channel flow directions.

For both the ¢ = 0" and 180" cases, a stagnation point for the cool-
ant can be seen. For ¢ = 0°, the stagnation point actually occurs not at
the sharp comer, but rather on the coclant channel wall slightly down-
stream of the leeward side of the cooling hole. For the ¢ = 180" case, the
stagnation point occurs inside the cooling hole on the windward side.

The separation region inside the cooling hole was also hypothesized
in the experimental study by Thole, et al. (1996) who measured very
high wrbulence levels exiting the cooling hole. Consistent with those
reported turbulence levels by Thole, et al. (1996) are the high turbuience
levels that were predicted by these CFD calculations as shown in Figure
10. For all of the cases predicted, the exiting turbulence levels from the
holes are comparable to those measured, between 10% < Tu< 14%. Note
that the source for these high turbulence levels is the cooling hole as
compared to being produced due to the mainstream/jet interaction, The
peak turbulence for the plenum case, is produced as a result of the shear
between the separated region and the high-speed region of the jet. In the
# = 0" case, the peak turbulence occurs at the stagnation point for the
coolant fluid, but is dissipated before exiting the cooling hole resulting
in the lowest exiting turbulence level in comparison to the other entrance
conditions. In the ¢ = 180° case, which has the highest exiting turbu-
lence level at Tu = 14% and highest turbulence level inside the cooling
hole ai Tu = 24%, there are two distinct regions of high turbulence. These
two regions include one being at the coolant stagnation point and the
other being produced due to the high shear between the high and low
speed fluid. For the ¢ = 90" case, the peak turbulence level inside the
cooling hole occurs at the leeward side of the hole enirance due to the
separated region.

Figure 11 shows cross-sections of the cooling hole documenting
the development of the jet at various positions inside the hole and at the
trailing edge of the hole, as indicated on the schematic. The vector lengths




indicate the in-plane flow directions and magnitudes. In contrast to the
round hole, the shaped hole does not have any counter-rotating vortices
due to the jet-mainstream interaction as indicated at the hole exit planes
for all of the entrance ftow conditions investigated. Similar to the round
hole, however, for all of the entrance conditions except ¢ = 90" counter-
rotating vortices begin at the hole inlet and are clearly seen at the second
position. The low-speed separated region at the bottom (leeward side)
of the cooling holes can be seen for all of these cases, as discussed ear-
lier, and is the largest for the ¢ = 180" case which coincides with the
strongest vortex strength.

For the ¢ = 90° case also shown in Figure 11, there is no counter-
rotating vortex but rather a single rotating vortex swirling its way through
the hole. At the hole inlet. the center of the vortex is at the same side of
the hole as where the coolant enters the hole. At the next two positions
in the hole, the center of the vortex is at the opposite side of thic acle,
There is a very low-speed region occurring in the top portion of the hole
on the side opposite to where the flow enters the hole. Unlike the round
hole case which allowed the jet fluid to complete one rotation in the
cooling hole before it exited, the shaped cooling hole only allowed the
jet fluid to complete a quarter of a mum before entering the expansion.
Once the jet fluid entered the hole expansion the swirling motion was no
longer coherent.

Since the expansion angles of the cooling hole in both the lateral
and forward directions is the same at 15°, the question arises as to whether
the jet separation occurs from the bottom of the hole or from the sides of
the hole. Figure 11 indicates that the flow separates from the bottom of
the cooling holes as opposed to the sides. This may be, in fact, due to the
vortex motions spreading the jet fluid to the lateral edges of the diffuser.

One detrimental feature of all of the shaped cooling hole cases con-
sidered in this investigation is the ingestion of ‘hot’ mainstream fluid
into the hole. The entrainment of *hot’ mainstream into the ¢ooling hole
is a detrimental feature because of the reduction it causes to the cooling
capacity of the jet. Consider the case where the supply is flowing per-
pendicular ¢ = 90° to the mainstream. Figure 12 shows in-plane vectors
and contours of the non-dimensional temperature, 8, for three streamwise-
vertical planes at zZD = -0.75, 0, and 0.75 also shown. At /D = -0.75,
which is on the side opposite to where the flow enters the cooling hole,
the vectors clearly show the ‘hot mainstream fluid’ being entrained into
the hole. A recirculation region occurs at the windward side of the cool-
ing hole that entrains the hot mainstrearn into the hole. Although there
was ingestion of ‘hot mainstream fluid’ into the shaped cooling hole for
all cases considered, there were no recirculation regions at the hole exit
on the windward side of the shaped hole identified for the plenum, ¢ = ("
and 180" cases.

The degree of this “hot mainstream’ ingestion strongly depends on
the entrance crossflow condition for the shaped cooling hole. Figure 13
shows the spatially averaged temperature, G, as a function of depth down
into the cooling hole. Note that y/D = 0 is at the top of the cooling hole
and y/D = -1.55 is at the start of the hole expansion. For Figure 13, the
averaging for @ was done in a streamwise-lateral plane at each vertical
location where the vertical tocation is measured with respect to the main-
stream flow. These results show that the highest degree of ingestion
occurs for the ¢ = 90" case with a value of only &= 0.65 at the top of the
hole meaning that much of the coolant fluid was mixed with the main-
stream before it had a chance to exit the hole. In addition, for the ¢ = 90°
case a ©@ = | is not reached until one diameter inside the cooling hoie.
The ingestion for both the plenum and ¢ = 180" cases, are similar and
somewhat less while for the ¢ = 07 case the least amount of ingestion
occurs.
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Fig. 12 Velocity vectors and nomalized temperature (6)
contours inside the shaped hole for ¢ = 80°.
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x-z plane) with depth inside the shaped hole for ¢ = 50°.




E'N)

Fig. 14 Surface adiabatic effectiveness contours for the shaped
hole with plenum condition and different flow directions in supply
channel.

Of primary interest to the gas turbine community is the surface adia-
batic effectiveness, 1. The surface effectiveness contours are given in
Figure 14, while the centerline, 11, and laterally averaged, 7, values are
given in Figures 15, Adiabatic effectiveness contours for only half the
hole are given in Figure 14 for the plenum, ¢ =0°, and 180" cases since
the flow is symmetric, whereas 71 contours for the full hole are given for
¢ =90°. Also note that results for the ¢ = 07 and 180" cases are placed
next to the plenum case for comparison purposes.

As a benchmark, Figure 15b compares the predicted and experi-
mentally measured (Gritsch, et al. 1997b) laterally averaged adiabatic
effectiveness plot for their shaped, single cooling hole experiments. Their
experiments were also done with a cooling hole having a full 15 expan-
sion angle. There are, however, some slight geometrical differences in
that their hole length was longer with an L/D = 6. Gritsch, et al. per-
formed these experiments at a density ratio of DR = 1.85 and a blowing
ratio of M = | and this can be directly compared to the CFD predictions.
The agreement between experimental results and CFD predictions are
very good for the plenum condition. Experimental data presented by
Gritsch, et al. is also shown in Figure 15b for the cases in which the
direction of the plenum is changed for the shaped film cooling hole, but
at a much higher freestream Mach number of Ma_ = (.6 and faster
crossflow at the hole entrance of Re, = 2.8- 10", The trend even at these
flow conditions, however, is the same as the CFD predicted trends.

The surface contours indicate that the plenum and ¢ = 180" cases
are very nearly the same while the results for the ¢ = 0° case indicates
higher effectiveness values further downstream relative to the other two
cases. This can also be seen in comparing the centerline and lateraily-
averaged adiabatic effectivenesses with higher values occurring for the
¢ =0" case.

The surface contours for the ¢ = 90° case indicate a very skewed
pattern because of the jet fluid primarily exiting towards the +z direc-
tion. Recall, the round hole result for ¢ = 90° indicated that the jet exited
toward the -z direction. This difference is because the expansion in the
shaped hole weakens the swirling motion and prevents it from making a
complete rotation like it did in the round hole. It is not surprising that the
centerline adiabatic effectiveness values are much lower than for the
other three entrance conditions considered. Although the peak adiabatic
effectiveness levels are higher further downstream for the ¢ = 90° case
than for the plenum ¢ =0" and 180° cases, the lateral spreading of the jet
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Fig. 16 Comparison of the laterally averaged effectiveness for
round and shaped holes for pienum condition and ¢= 90°.

is not very wide. In fact, the laterally-averaged effectiveness values in-
dicate a significant decrease for the ¢ = 90" case especially near the hole
exit. This reduced effectiveness near the hole exit is attributed to the
ingestion of the mainstream fluid on one side of the hole.

Figure 16 compares the performance of the two cooling hole geom-
etries that were considered. Although this comparison is not for the same
blowing ratio through each hole, the total mass flux for the round and
shaped holes would be the same per unit span, as discussed earlier. The




results indicate that a shaped cooling hole performs worse than a round
cooling hole when the supply channel is flowing perpendicular to the
mainstream at the exit of the hole, as is the case in most turbine applica-
tions. Future CFD and experimental studies will concentrate on evaluat-
ing the degree of ingestion that causes the reduction in effectiveness
from a shaped cooling hole, at higher blowing ratios.

CONCLUSIONS

These CFD predictions indicate that at the near-optimal blowing
ratic (M = 0.5) for a round cooling hole having an L/D = 4, the laterally-
averaged values of surface adiabatic effectiveness are the same whether
the coolant hole entrance is supplied by a plenum or by a channel that is
turned perpendicular to the mainstream flow direction. The results also
indicate, however, that counter-rotating vortices occur inside the hole
when tha coplaps is oupplied by 2 planuas-cppestdsio a single swirl
motion that completes one revolution inside the hole when the coolant is
supplied with a perpendicular crossflow. No matter which flow pattemn
occurs inside the hole, the longitudinal counter-rotating vortices in the
mainstream, due to the mainstream fluid going around the jet, still oceur.

These CFD results indicate that the flowfield inside a fully expanded
cooling hole at 15" is quite complex. For all of the entrance crossflow
conditions considered, a large separation occurs in the expanded portion
of the cooling hole. Considering that many turbine blade designs rely on
convective cooling from the flow going through the hole, this separation
is not desirable.

The surface adiabatic effectiveness values for the plenum and the
counter-flowing supply channel are quite similar while a slight improve-
ment is achieved with the co-flowing supply channei. Untike the round
hole, the effectiveness deteriorates when the hole entrance is subjected
to a crossflow that is perpendicular. This deterioration is caused by the
significant amount of ingestion of ‘hot’ mainstream fluid into the cool-
ing hole. The skewed jet velocity profile exiting the cooling hole results
in a recirculation region on the windward side of the hole exit which was
identified as the mechanism causing mainstream ingestion into the hole.

These results indicate that a turbine designer, given an allowable
coolant mass flux as simulated in these predictions and knowing that the
crossflow at the hole entrance is perpendicular to the mainstream, should
use a round cooling hole. A round hole should be strongly considered
because its effectiveness performance is comparable to the shaped hole;
because it’s less sensitive to the coolant supply condition at the hole
entrance; because there is potentially higher convective heat transfer
within the round holes as opposed to the separated flow in the shaped
holes; and because of the lower manufacturing costs.
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