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A New Perspective on Internal
Turbine Blade Cooling

by Perforated Blockages and
Pin-Fins

The cooling configuration, sequentially combining perforated blockages (forming blockage
jets) and a pin-fin array inside the trailing-edge of a turbine blade has been perceived
unsuitable due to the presumed inferior thermal performance (n<1.0). In the present
study, we provide a new perspective on this particular cooling configuration, based on
fluidic mechanisms, newly established in a better representative setup for blockage jets
aligned with pin-fins, accounting for relevant heat transfer surfaces. To this end, heat trans-
fer on the blockage, pin-fin, and end-wall surfaces was measured at a selected Reynolds
number of Rep=26,000 using a thermochromic liquid crystal technique. Flow field
mapping by particle image velocimetry and oil-dye flow visualization were supplementally
performed. We demonstrate, contrary to previous studies that the thermal performance of
the blockage pin-fin configuration can be e.g., n=1.1 if the blockages and pin-fins are
arranged to maximize both elements’ thermofluidic advantages. Our data further suggest
that unlike conventional pin-fin configurations subjected to uniform coolant stream, the
blockage pin-fin configuration can offer a better performance with fewer pin-fin rows used.
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constraints associated with the requirement for a thin trailing-edge
(Fig. 1(a)). Its internal cooling can be implemented by, among
other techniques, pin-fin arrays (Fig. 1(b)) and perforated blockage
plates (Fig. 1(c)). A combination of the two techniques is referred
to, here, as a “blockage pin-fin” (BPF) configuration as shown in
Fig. 1(d). The total heat transfer in the BPF configuration is made
up of the heat transfer from end-wall surfaces, pin-fin surfaces,
and the surfaces of perforated blockages.

For a pin-fin (PF) configuration (Fig. 1(b)), the relationship
between pin-fins and end-wall heat transfer has been previously
established. VanFossen [4] determined that for Rep < 60,000, a
pin-fin aspect ratio of H/D <2.0, the average heat transfer at the
pin-fins was approximately 35% higher than at end-wall surfaces.
Goldstein et al. [5] and Lawson et al. [3] reported similar results
(1) to the forgoing case for H/D=2.0 and 1.0, each considering Rep,
<30,000. There exists a tendency for higher Reynolds numbers
to result in a decrease in the difference between pin-fin and
end-wall surface heat transfer. This relation between end-wall and
pin-fin heat transfer cannot be assumed equivalent for a BPF config-

1 Introduction

A gas turbine operates more efficiently at higher combustion tem-
peratures with the first row of stators (or airfoils) being exposed to
excessive temperatures of 1850 K [1]. It, therefore, necessitates
proper cooling of such airfoils, which is achieved by redirecting
some airflow as coolant from the compressor stages. However,
the introduction of cooling compromises the overall engine effi-
ciency at the expense of an analogous pumping power. The
cooling performance of a given cooling configuration can thus
be assessed by a product of the increased heat transfer offered
against the increased unit pumping power, the thermal performance
[2,3], given as:

_ Nu/Nug
f/f)'?

where Nu is the Nusselt number and f is the friction factor with each
normalized against the respective values for a smooth or empty

n

channel denoted by the subscript of O.
The cooling of a turbine blade at the trailing-edge can be espe-
cially difficult given the aerodynamic and manufacturing
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uration due to a difference in end-wall flow topologies between the
two cases.

Specifically, in a conventional pin-fin array that is subjected to a
uniform coolant stream, a horseshoe vortex is formed around the
base of each pin-fin as shown in Fig. 2(a) [6]. The formation of
such horseshoe vortex results from the boundary layer separating
from the end-wall and subsequent rolling up due to the adverse
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Fig.1 Turbine blade internal cooling configurations at the trailing-edge: (a) a CAD design of
a high pressure (HP) gas turbine blade, (b) a pin-fin array, (c) perforated blockage plates, and
(d) a combination of perforated blockage and pin-fin array

(b)

Fig. 2 Flow schematic and end-wall topology distinction between flow structure around a circular pin-fin subjected to

(a) a uniform type of flow [6] and (b) a jet type of flow [7]

pressure gradient set by the downstream pin-fins. In a BPF config-
uration, however, there is no end-wall flow upstream of the pin-fins
due to the presence of the upstream blockages. The only flow inter-
acting with the pin-fins is jets formed from the perforations in the
blockages (here on termed as “blockage jets”). This results in a
wholly unique flow field illustrated in Fig. 2(b) as established by
Schekman et al. [7]. The flow on the end-wall surface radiates out-
wards from the pin-fin’s leading surface itself. The uniqueness of
this flow topology was not identified in previous studies of the
BPF configurations.

Similar to the case for a conventional pin-fin array, the end-wall
heat transfer for a perforated blockage (PB) configuration (Fig. 1(c))
is also established. Moon and Lau considered the end-wall heat
transfer between a series of perforated blockages at Rep,=
10,000 and 30,000 for the perforation’s center-to-center distance
fixed at S.,/D;=2.0. They showed that the perforated blockages
increased the end-wall heat transfer by 5.0-8.0 times. A large
increase in pressure drop attributed to the perforated blockages,
resulting in the thermal performance of a typical PB configuration
being approximately # = 0.70 [2,26]. Considering the significantly
enlarged surface area of the blockages exposed to the coolant
stream, a notable amount of heat transfer is expected to occur on
the blockage surfaces as noted by Lau et al. [8]. However, no sub-
sequent studies, to the best of the authors’ knowledge, have directly
measured the heat transfer on the surfaces of the perforated block-
ages for either perforated blockage cooling (Fig. 1(c)) or blockage
pin-fin cooling (Fig. 1(d)).
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A further consideration in the BPF configuration is the depen-
dence between perforation spacing (S.,/D;) and pin-fin spacing
(S;;/D) as indicated in Fig. 1. These spacings determine how well
aligned the blockage jets are with the pin-fins (i.e., for S,,/D=
S,1/D). Prior studies of the perforated blockage cooling use a perfo-
ration spacing in the range of 1.33 <S_,/D; <3.33 [2,8-10]. Other
spanwise spacings used for the pin-fins arrays were 2.0<S,;/D <
8.0 by Metzger et al. [11], Goldstein and Chen [5], and Lyall
et al. [12]. Lower spanwise spacing values typically resulted in
higher heat transfer but a higher pressure drop through the array
[12]. Following these conventions, Kan et al. [13] used the spacings
of 2.14 <§_,/D;<3.85 and S_;/D =2.0. However, none of the spac-
ings used resulted in an alignment between the perforations and the
pin-fins. As such, some or all blockage jets would not directly
impinge on the pin-fins, and each pin-fin in the first row was sub-
jected to a unique flow field. Those pin-fins that were subjected
to blockage jet impingement more directly on their surface, exhib-
ited significantly higher local heat transfer on the end-wall (2.0-4.0
times higher). The mismatch between perforation spacing and
pin-fin spacing is considered to further misrepresent the thermal
performance of the BPF cooling configuration.

A BPF configuration has thus been perceived to provide an infe-
rior thermal performance, < 1.0 (i.e., lower than that of an empty
channel), specifically 7~ 0.8 by Kan et al. [13] or even 7~ 0.2 by
Kim et al. [14]. A PF configuration, in sharp contrast, can have a
superior thermal performance of 7~ 3.0 by Lawson et al. [3]. Due
to the presumed inferior performance, the BPF configuration has
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not received significant attention. Over and above the mismatch
between perforation spacing and pin-fin spacing, Kim et al. [14]
only measured the end-wall heat transfer, and Kan et al. [13] only
measured the heat transfer on the end-wall and pin-fin surfaces.
The pressure drop was measured across the entire configuration,
however, considering all features of the BPF configuration
(end-wall, blockages, and pin-fins).

This inferior thermal performance of the BPF configuration
seems to be inaccurate or at least misrepresented. The heat transfer
of all surfaces was not considered or was considered inaccurately,
and non-optimal setups were utilized. Therefore, this study aims
to squarely address this issue by investigating a complete ther-
mal performance of a setup using perforations aligned with the
pin-fins. To this end, heat transfer measurements in two perforated
blockages and five rows of circular pin-fins have been conducted
using a thermochromic liquid crystal technique. Supplementary
flow measurements were conducted using particle image velocime-
try and end-wall oil-dye flow visualization.

2 Experiment Details

2.1 Test Facility. The schematic representing the present test
setup is illustrated in Fig. 3. An axial fan supplies ambient air
into a rectangular channel with cross-sectional dimensions of W=
200 mm and H=20 mm. Two perforated blockage plates were
staggered and installed in the channel. Two blockages were used
as this is considered more optimal for a BPF configuration for
cooling purposes—the increase in friction factor from an additional
blockage is largely negligible [2] while the end-wall heat transfer
between the blockages is higher than around a pin-fin array
[2,5,13], providing more benefit obtained from the additional block-
age. All perforations had the same diameter of D;=10 mm. The
blockage plate thickness (#) was half that of the perforation diameter
(#/D;=0.5), which assumes an orifice-type jet flow [15,16].

Five rows of staggered circular pin-fins were positioned down-
stream of the two staggered perforated blockage plates and had a
diameter (D) twice that of the perforation diameter (D/D;=2.0).
The pin-fin spacings were S.;/D=2.0 and S,/D=1.5. To ensure
the alignment of the second blockage plate perforations with the
pin-fins, the perforation spacing was set as S.»/D;=2.0 (S,2/D =
1.0). These variables were predicted based on prior testing to
result in a more optimal BPF configuration compared to that of
the comparison case by Kan et al. [13]. Both the perforation dia-
meter and thickness (D; and t) may prove difficult to achieve in
practice due to the small scales. They are considered, regardless,
as a representation of a theoretical and optimal BPF configuration.

The pin-fins had an aspect ratio H/D =1.0. This was based on
previous studies using pin-fin arrays [3,11,12]. Both blockages
had 10 perforations. For the second blockage, the first and tenth per-
forations were split into two half circles at the channel edge. This
was primarily to maintain a constant reduction in flow area across
both blockages (Aper]‘bmtion =0.196A1anner)-

The first pin-fin row was positioned x/D = 1.0 downstream from
the exit of the second blockage. The distance between the perforated
blockage plates, relative to the height of the channel was lg/H =15/
D =1.5. The pin-fins, perforated blockages, and bottom end-wall
were machined from aluminum for heat transfer measurements.
The channel sidewalls and lid (top end-wall) were machined from
transparent Perspex to allow for optical access using thermal and
velocity field mapping techniques (to be discussed later). A sidewall
was machined for static pressure taps, which were positioned along
the channel at selected locations as indicated in Fig. 3. The furthest
downstream location was positioned x/D = 10 from the second per-
foration blockage. The Reynolds number was fixed at Rep=
26,000, based on the pin-fin diameter (or Rep;, = 10,000 based on
the hydraulic diameter of the test rectangular channel). Fully turbu-
lent flow would thus be expected for the blockage jets [17]. This
Reynolds number falls in the range that is accepted to cover most
turbine applications of 3.0x 10* <Rep <5.0x 10* [11].
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Fig. 3 Cutaway of test setup schematic showing two perforated
blockage plates and five staggered rows of short circular pin-fins
with left sidewall and upper end-wall removed

2.2 Flow Field Mapping Using Particle Image
Velocimetry. The impingement of blockage jets on a pin-fin
array was mapped by particle image velocimetry (PIV) as shown
in Fig. 4(a). Clear glass pin-fins were implemented to further
increase laser penetration and increase flow illumination between
the pin-fins for the mid-height plane measurements. This technique
allowed for the regions that would typically be shadowed by the
pin-fins, to be illuminated. The channel could be rotated 90 deg
from that shown in Fig. 4(b) for measurement in the x-y plane.

The side walls and lid of the test setup were constructed from
transparent Perspex to allow for laser illumination and imaging.
Other surfaces were painted matt black to minimize reflections
and light scatter. The flow field was seeded with an atomized
mineral oil (Shell Ondina 901L0996) having a mean particle dia-
meter of approximately 1 um. The particles were introduced into
the test channel upstream of the blockage plates. The position
where the particles were introduced, and pressure of the seeding
generator was adjusted to ensure a uniform seeding distribution in
the measurement window.

The flow field was illuminated by a pulsed laser light, generated
from a frgguency—doubled, dual cavity Nd:YAG laser (New Wave
Research ', USA), with a light wavelength of 532 nm. The mea-
surement period is defined by two sequential pulses of the laser
light sheet that are separated by a finite time interval (approximately
18 us based on the flow measurements made using a Pitot tube).

The recorded flow field is represented by the random pattern of
particle images that are mapped onto the image plane of the
charge-coupled device (CCD) sensor. The camera was positioned
so the optical axis was perpendicular to and focused on the laser
light sheet. The images were recorded on the sensor frame that
had a 2048 x2048-pixel resolution and a pixel pitch of 7.4 ym.
The field of view that was set up within the light sheet had a PIV
measurement area of the full channel width (200 mm x 200 mm),
and the image magnification factor was My~ 0.1026. The PIV
images were divided into sub-regions referred to as interrogation
areas that were 16x 16 pixels in size and overlapped by 50%;
hence, each velocity map contains 255 x 255 vectors, and the result-
ing vector spacing was 0.4 mm. The evaluation of the image field
between two successive frames yielded an instantaneous vector
map which was achieved with a Dantec Dynamic Studio V1.45
software. The ensemble-averaged velocity field for a specific loca-
tion in the flow field was then evaluated over an ensemble of 124
instantaneous vector maps sampled at a frequency of 5 Hz. The
measurement techniques and setup were based on the work estab-
lished by Atkins and Kim [18].

2.3 End-Wall Surface Flow Visualization Using an Oil-Dye
Mixture Technique. End-wall surface flow pattern was visualized
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Fig. 4 Test schematics: (a) The particle image velocimetry (PIV) setup in the mid-height
plane illumination and (b) The thermochromic liquid crystal (TLC) setup with « = 30 deg

using an oil-dye mixture technique. Florescent powder was mixed
with light diesel fuel, and the mixture was then applied to the
end-wall surface. The aerodynamic shear stresses, at the end-wall,
redistributed the mixture, and visualization of the surface flow
patterns was realized. This pattern represented a time-averaged
visualization of the end-wall flow topologies. Validation and inter-
pretation of such topologies have been independently validated
against near-end-wall PIV measurements in a previous study [7].

Before the application of the mixture, the surface was painted
black to enhance the reflectivity. An ultraviolet (UV) light illumi-
nated the surface flow pattern while it was being photographed.
Further, the experiment was run for a sufficient length of time
to allow for at least a partial evaporation of the diesel. This
allowed for the patterns to be imaged with the wind tunnel
turned off without the disturbed diesel mixture flowing back
over the patterns, disrupting the image. More details associated
with this flow visualization technique can be found in the study
by Kim et al. [19].

2.4 Surface Heat Transfer Mapping Using Thermochromic
Liquid Crystal. A film heater was positioned under the end-wall
surface (Fig. 3). A Teflon board was mounted beneath the heater
for insulation. The heat flux (¢”) used to calculate heat transfer coef-
ficient (%) is estimated as:

q” = Onet/A 2)

where A is the heating area and Q,,,, is the net heat removed by the
convective flow in the channel after taking account of heat loss (i.e.,
Oner = Qinpur—Qioss)- Here, Qi 18 the input power calculated from
the measured input current and voltage to the film heater and Qs
is the heat loss at the test Reynolds number which was conserva-
tively calculated to be 5% of Q... considering the thermal conduc-
tivity of the surrounding materials, ambient air temperature, and the
end-wall temperature.

The local surface temperature was measured using thermo-
chromic liquid crystal (TLC) painted onto the setup surfaces
(end-wall, pin-fins, and perforated blockages). A 12-MP digital
camera was used to capture the images. A single-point flash was
used for illumination. For overhead measurements of the end-wall
surfaces, the camera was placed directly overhead of the surfaces.
For measurements on the vertical surfaces (perforated blockages
and pin-fins), the camera was inclined by 30-deg either side of
the vertical to capture the upstream and downstream sides of the
surfaces (Fig. 4(b). To avoid parallax issues from the pin-fins
obscuring end-wall measurements, a series of images were captured
after repositioning the camera in both spanwise (z) and
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streamwise directions (x). These images were then combined in
post-processing. The test rig was allowed to reach steady-state
heat transfer before measurements were taken.

Calibration of the w was achieved by mounting a thin film ther-
mocouple (Omega CO,-K) to the end-wall surface. For the over-
head images, the camera was positioned directly overhead the
thermocouple. For the inclined images, the camera was positioned
at 60 deg to the horizontal (accounting for the 90-deg difference
in vertical and horizontal surfaces). The hue values at the thermo-
couple were then matched with those from the thermocouple as
shown in Fig. 5. As evident there can exist a large difference
between measurements at 90 deg and 60 deg. When capturing the
end-wall surface, the measurement window was limited to 50%
of the channel span. This limited the angle of the incoming light
and reduced the variation from the outer edges of the measurement
to just less than 1 °C. Regions were then combined together in post-
processing to create a complete end-wall map. This had the added
benefit of allowing regions of the end-wall obscured by the
pin-fins to be visualized.

During testing, a large heat transfer range was noted. Specifically,
the perforated blockages and pin-fin surfaces have a higher heat
transfer compared to the overall end-wall surface. To account for
this, the input power Q;, was adjusted depending on whether the
vertical surfaces or end-wall was measured. This was preferred
over the use of TLC with a larger temperature band to ensure
greater temperature sensitivity over a given surface. Images cap-
tured during testing were then cropped and the hue values extracted.
These were converted to surface temperatures using the calibration
data from Fig. 5. From these values, the heat transfer coefficient (1)

0 50 100 150 200 250
Hue

Fig. 5 Calibration curves for the present thermochromic liquid

crystal (TLC) for a=90—- deg and « =30 —deg inclined
viewpoints
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was calculated as:

h=q"/(Ts = Tyun) 3)

where T was the measured surface temperature and 7, was the
bulk air temperature based on Ty = Tin + Oner/MCp(X/ lpeater)-
Here, T;, was the measured air temperature at the channel inlet
using a K-type moving air probe, 7 was the mass flowrate, C,
the specific heat, and x/l;,,.., Was the relative distance along the
length of the heater. T}, was approximately 10 K higher than 7},
by the end of the heater. The resultant Nusselt number relative to
the hydraulic diameter was:

NuDh = hDh/kf (4)

where k¢ is the thermal conductivity of air in W/m/K.

2.5 Data Reduction Parameters and Measurement
Uncertainties. The Reynolds number, based on pin-fin diameter,
is defined as:

Rep=pv.D/u (©)

where p is the air density in kg/m3, u is the air viscosity in kg/(ms),
v is the centerline (maximum) velocity of blockage jets at exit in
m/s and D is the pin-fin diameter in m. A Reynolds number,
based on hydraulic diameter (Repy), instead uses v,,,, the average
velocity through the channel in m/s, and D), is the hydraulic dia-
meter in m. Velocity measurements were initially made through
Pitot tube measurements and then confirmed with PIV measure-
ments. The empty channel Nusselt number was based on [20]:

Nug = 0.022Rel; Pro (6)

where Pr is the Prandtl number. The friction factor was based on:

A
f= —(A—i) D;/0.5pV2,, %)

where p is the static pressure measured at set intervals along the
length of the channel. The baseline friction factor was based on
[21]:

fo=0.507Re} ®)

Measurement uncertainties were estimated using a method as
., X,), then the uncertainty propagated

follows. If y=f (x1, x, ..

(@)

‘ l}/vma.\" 0

z/D

by x; in the variable y is given by [22]:

oy 2 oy 2 oy 2
Ay=[[=—Ax | +|—=—Ax ) +...+|—Ax, )
ox1 Oxp OX,

Using this method, the uncertainty associated with the Reynolds
number was calculated to be within 1.8%. The uncertainty in the
Nusselt numbers was calculated to be 4.1%. This value is lower
than that typically purported for TLC measurements, but this was
attributed to the measurements being conducted at a steady-state
rather than using a transient approach. The uncertainty in the tem-
perature measurement from TLC was 3.0%. The uncertainty of
the instantaneous PIV velocity measurements is primarily related
to the estimation of the average particle displacement within an
interrogation area. The uncertainty regarding the timing of the
light sheet pulses and particle lag are not considered significant
sources of error. The determination of measurement uncertainty
relating to particle displacement has been quantified analytically
and by the generation of synthetic images with known parameter
values [23-25]. To provide a reasonable estimate of measurement
error, the PIV algorithm given by Westerweel [25] was applied.
The displacement measurement error based on the mean particle
image diameter of 2-3 pixels is 0.05 pixels. Therefore, the full-scale
relative measurement error is 0.6%.

3 Discussion of Results

3.1 Mid-Height Velocity and End-Wall Heat Transfer
Fields. Considering the blockage pin-fin (BPF) configuration, the
mainstream in the rectangular channel is forced to pass through
the perforations of the first blockage, forming blockage jets at
Rep=26,000 (Rep, =10,000) as depicted in Fig. 6(a). At this Rey-
nolds number, fully turbulent blockage jets are expected. These
blockage jets then impinge on the second perforated blockage.
The stagnated flows are subsequently redirected away from the
stagnation point and toward the upper and lower end-walls. These
redirected jets and resulting end-wall flows are, however, not distin-
guishable in the end-wall heat transfer contours (Fig. 6(b)). The
end-wall flows have only been discerned in the end-wall heat trans-
fer if the blockage jets exit closer to the end-wall surfaces [2,8] and
if there is a larger spanwise spacing (S.»/D;) between jets [27].

The flow is further forced through the perforations of the second
blockage, forming blockage jets. These blockages jets can be
broken into two groups: “even blockage jets” (via z/D=0.0,
+2.0, and +4.0) that impinge on the first row of pin-fins and

(b) N [

Nu,/Nu, 35 4 45 5 55 6 65

27

Fig. 6 Velocity field and heat transfer for the BPF configuration at Rep = 26,000: (a) flow fields in the mid-
height plane measured with PIV where v,.x is the centerline velocity of blockage jets at exit and

(b) end-wall surface heat transfer measured by TLC
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“odd blockage jets” (via z/D = +1.0 and +3.0) that pass between the
pin-fins of the first row to impinge on the second row of pin-fins as
exhibited in Fig. 6(a). The even blockage jets have insufficient
space to diffuse before impinging on the pin-fin. As such the
entirety of the even blockage jets stagnate on the pin-fin surfaces
and are subsequently redirected both circumferentially around the
pin-fins as well as towards the end-walls as wall jet type flows.
Those flows moving around the pin-fin surface then detach from
the pin-fins resulting in wakes downstream of the pin-fins. The
flows towards the end-wall surfaces go on to form end-wall flow
structures as shown in Fig. 2(b). On the other hand, the odd block-
age jets continue to diffuse past the first row of pin-fins with the cen-
terline velocities decreasing accordingly. The flow directly
interacting with the pin-fins in the second row is distinctly slower
compared to the pin-fins of the first row as per Figs. 6(a) and 7.
Further, the velocity contours around the second row of pin-fins
are similar to those around the fourth row of pin-fins in the mid-
height plane (Fig. 6(a)). After the first row of pin-fins, jet structures
in the mid-height plane are indiscernible.

As a result of the impingement of blockage jets on the array of
pin-fins, local heat transfer on TLC-painted end-wall surfaces is dis-
tributed as shown in Fig. 6(b). The end-wall is broken up into two
specific regions: between the perforated blockages and around the
pin-fin array. A very high-end-wall heat transfer occurs between
the perforated blockages. Contour bands between the two perfo-
rated blockages show that end-wall heat transfer increases in mag-
nitude in the downstream direction. Similar contours are noted in
previous perforated blockage studies [2]). A larger variation of
heat transfer exists around the pin-fin array than between the block-
ages. At the first row of pin-fins, clear semi-circular contour bands
surrounding the leading-edge of the pin-fins in the first row are
observed. Similar contours were noted by Kan et al. [13]. Down-
stream from the second row of pin-fins, there are no such contour
bands, and the end-wall heat transfer decreases consistently
through each row of pin-fins. Further, as convecting downstream
along the pin-fin array, low-end-wall heat transfer between the
outer pin-fins and channel sidewalls occurs.

To highlight local end-wall heat transfer features, the data were
extracted from Fig. 6 at two transverse locations e.g., z/D=0.0
and 1.0 as plotted in Fig. 7. The even blockage jet discharging at
z/D=0.0 exits the blockage and impinges on the first row of the
pin-fin (Fig. 7(a)). Local end-wall heat transfer increases leading
up to the first row of pin-fins and then decreases with successive
rows. The centreline velocity of the even blockage jet (at z/D =

W 2/D=0.0

(,m‘(mrr(..«m««mmmu(ro‘n«mu( U

v L e |

0123 4567 8 910
x/D

0.0) steeply increases after exit, peaking at x/D=0.5 (i.e., ¥/D;=
1.0 from the exit of the perforation or x/D;= 1.5 from the mlet of
the perforation, since D;/D=0.5). Th1s peaking location is
roughly coincident with the longitudinal location of Vena Contracta
of jet flow through an orifice. After which, the centerline velocity
drops to zero due to stagnation on the leading-edge of the first-row
pin-fin. The odd blockage jet, discharging at z/D = 1.0, bypasses the
first row before impinging on the second row of the pin-fins
(Fig. 7(b)). After the first row, the centreline velocity continues to
decrease. This velocity decrease is slightly more than a case
without downstream pin-fins as seen in Fig. 7(b), indicating that
the circumferential flow around the first row of pin-fins has some
effect on the odd blockage jet. Due to the lower relative centreline
velocity, there is a weaker flow interacting with the pin-fin, and cor-
respondingly, lower heat transfer occurs around the second row of
pin-fins compared to the first.

Initially, blockage jets impinge on the mid-span of the pin-fins.
At the first pin-fin row, the only end-wall flow surrounding those
pin-fins is solely from the (even) jet flows in the mid-height plane
(Fig. 8(a)) where the jet flow does not contact the end-wall
upstream of the pin-fin. The end-wall flow around the pin-fins
thus is expected to resemble the flow topology in Fig. 2(b). This
end-wall flow results in the high heat transfer around the first
row of pin-fins. If sufficiently downstream, however, the blockage
jets both decelerate and diffuse, contacting the end-wall surface
and horseshoe vortex-like flows (like those in Fig. 2(a)) begin to
form (Schekman et al., 2019). These features are responsible for
the small local increase in end-wall heat transfer immediately
upstream of the second and fourth pin-fin in Fig. 7(b) and the
third pin-fin in Fig. 7(a). The variation in end-wall heat transfer
in Figs. 6(b) and 7 is then due to a variation not only in the
strength of the end-wall flows but also in the type of flow topolo-
gies. This combined variation then results in an almost monotonic
decrease in the end-wall heat transfer with successive pin-fin rows,
as seen in Fig. 7(a).

We consider next the end-wall heat transfer averaged in the trans-
verse direction (Fig. 9). Between the blockages, the heat transfer is
almost uniform with a variation of approximately ANu/Nuy=0.5
across the end-wall surface and an average heat transfer of
Nup,/Nug = 6.4. This is attributed to the relatively short distance
between the perforated blockages (Igz/H=1.5 compared to 2.0 or
higher in previous studies such as that of Moon and Lau [2]) and
a narrow spacing between perforations (S,,/D;=2.0). The average
heat transfer correlates with that seen by Moon and Lau [2], Ahn

z/D=1.0

1 11 ) (R ) ) (GRS ) ) ) )

01 2584 5687 8 9 10

012 3 45 6 7 8 910
x/D

Fig. 7 One-to-one response of local Nusselt number and mid-height velocity field, and com-
parisons where D; is the blockage diameter and D is the pin-fin diameter for D/D; = 2.0 fixed in
the present study: (a) extracted along x/D; at z/D = 0.0 and (b) Extracted along x/D; at z/D = 1.0
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Fig. 8 Flow field at first row of pin-fins: (a) Velocity contour in the symmetric (x-y) plane by PIV for a
pin-fin subjected to jet flow at Rep = 35,000 for a jet exit-to-pin-fin spacing of x/D = 1.0 and (b) oil-dye
end-wall flow visualization image and corresponding flow schematic at Rep = 26,000
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Fig. 9 End-wall heat transfer averaged in the transverse direc-
tion (the z-axis i.e., the channel width) for the BPF and PF config-
urations at Rep =26,000

et al. [26], and Park et al. [10] for a conventional perforated block-
age (PB) configuration (i.e., without downstream pin-fins).

Referring to end-wall heat transfer patterns altered by the
pin-fins, the heat transfer averaged in the transverse direction
(along the z-axis) is compared to a conventional pin-fin (PF) config-
uration. Note that the reference cases of Lawson et al. [3] and Kan
et al. [13] used different streamwise spacings (S,/D=1.73 and S,/D
=2.0, respectively), which may account for some differences. Four
notable observations based on Fig. 9 are (1) the variation in
end-wall heat transfer contours, (2) the difference in the end-wall
heat transfer distribution between PF and BPF configurations, (3)
the apparent convergence of end-wall heat transfer of the BPF
and PF configurations, and (4) the large difference of end-wall
heat transfer around the first pin-fin row between the present
study and that by Kan et al. [13].

Around the first row of pin-fins in the BPF configuration, contour
bands in the end-wall heat transfer are clearly noted. The end-wall
heat transfer is, however, low, and asymmetrical surrounding
the outer pin-fins (in the first row), nearest the channel walls. For
the inner pin-fins, the outward radiating end-wall flow from the
pin-fin (illustrated in Fig. 2())) interacts with that from neighboring
pin-fins resulting in the end-wall flow field as shown in Fig. 8(b)
where a distinct band of deposited dye between the pin-fins
brought on by the interaction of end-wall flows from each pin-fin
is visible. For the outer pin-fins in the first row, however, there
are no neighboring pin-fins on the outer side. On their inner side,
towards the channel center, the end-wall flow interacts with that
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from the neighboring pin-fins. However, no such interaction
exists on the outer side of these pin-fins. The “flow interaction
bands” between the pin-fins result in a higher heat transfer com-
pared to the cases of no end-wall flow interaction (Fig. 6(b)).
Note that the asymmetry in heat transfer is not due to any
skewing of the jets after exiting the second blockage or any mis-
alignment of the blockage jets. It can be considered an inherent
feature of such a cooling configuration.

The end-wall heat transfer between the blockage and the first
pin-fin row is significantly higher for the present study than that
by Kan et al. [13] or a conventional pin-fin array (Fig. 9). This
higher heat transfer is due to the end-wall flow from the pin-fin
interacting with the upstream blockage. This forms a “blockage
interaction band” of flow shown in Fig. 8(b). A poor alignment
between the blockage perforations and pin-fins would result in a
weaker or no blockage interaction band and hence a lower
end-wall heat transfer in the region. This further emphasizes the per-
forations aligned with the pin-fins.

The BPF configuration resulted in the end-wall heat transfer that
is consistently higher than that of a PF configuration. The area-
averaged end-wall heat transfer is Nup;,/Nug =4.65 compared to
Nupy,/Nug =2.72 for the PF configuration [3]. The higher heat
transfer is attributed to the end-wall flow features unique to the
BPF configuration but also the alignment between perforations
and pin-fins. An argument against this might be that the space occu-
pied by the perforated blockages could arguably limit the number of
pin-fin rows that could be implemented downstream (i.e., the more
perforated blockages or the larger the space between the blockages,
the less space available for pin-fins). Considering a pin-fin stream-
wise spacing of S,/D=1.5 in the present study, the perforated
blockages occupied a space of two pin-fin rows. The averaged
end-wall heat transfer for the BPF configuration (from both
between the blockages and around the pin-fin array) is
Nupy,/Nug = 5.05. For a PF configuration of seven rows (account-
ing for the extra two pin-fin rows taken by the perforated block-
ages), the averaged end-wall heat transfer is Nupy,/Nug = 3.3 [3].
There is then a clear increase in the end-wall heat transfer offered
by the inclusion of perforated blockages.

The heat transfer at the end-wall, however, only represents a
portion of the heat transfer for the overall BPF configuration. The
flow in the mid-height plane and the end-walls is acting on both
the perforated blockages and the pin-fins directly and as such the
heat transfer on these elements needs to be considered.

3.2 Heat Transfer on Perforated Blockage Surfaces. The
heat transfer on the perforated blockage surfaces is shown in
Fig. 10. For both first and second perforated blockages (Figs.
10(a) and 10(b)), a clear variation across the mid-height line (y/D
=0.5) is observed with the upper half of the blockages (y/D>0.5)
having higher heat transfer. This is not due to an asymmetry in
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Fig. 10 Heat transfer contours measured using TLC on the surface of the perforated block-
ages of a blockage pin-fin configuration at Rep =26,000: (a) the first blockage and (b) the

second blockage

the flow fields across the bottom and top half of the channel.
Instead, only one end-wall surface is heated, and therefore, the
upper half of the perforated blockage is further from the heat
source. The heat transfer across the span of the blockage (in the
z-axis), the heat transfer is largely symmetrical about z/D=0.0
for the second blockage. Higher heat transfer towards the center
(z/D=0.0) correlates to the end-wall heat transfer (Fig. 6(b)).
There is a slight asymmetry on the first blockage, however. The dif-
ference is approximately ANup;,/Nug = 0.5. In a review of the prior
studies of perforated blockages (such as that by Moon and Lau [2]
and Shin and Kwak [9], there can be seen asymmetric end-wall heat
transfer contours. There is likewise a very slight asymmetry in the
end-wall heat transfer between blockages and between the second
blockage and first row of pin-fins (Fig. 6(b)). Despite the flow
field in the mid-height plane appearing largely symmetrical
(Fig. 6(a)), the resulting heat transfer appears to exhibit slightly
asymmetric contours.

On the second perforated blockage (Fig. 10(b)), distinct vertical
bands of high heat transfer on the downstream surface are formed.
These vertical bands correlate with the position of the first row of
pin-fins and the upstream flowing end-wall flows from these
pin-fins (Fig. 8(b)). The flow interaction with the blockage
surface results in a localized region of higher heat transfer. Less
heat transfer occurs at the outer pin-fins (z/D = +4.0).

The vertical bands are not evident on the upstream surface of the
perforated blockage, despite the relatively thin blockage (#/H =
0.25). The upstream surface, however, is exposed to a more dis-
tributed cooling flow of ten blockage jets impinging on its
surface. On the downstream surface, the cooling flow is coming
from the five pin-fins in the first row with a spacing twice that of
blockage jets. Despite the distinct variations in the heat transfer con-
tours, the average heat transfer on the downstream surface of the
second blockage is only ANup,/Nuy =0.86 higher than that of
the upstream surface. On the first blockage, the difference
between the upstream and downstream surface is smaller at
ANup;, /Nugp = 0.39. On the second blockage, however, the down-
stream surface has a higher heat transfer than the upstream
surface while the upstream surface has a higher heat transfer than
the downstream surface. The second blockage has an average
heat transfer only ANup,/Nuy = 0.47 higher than that of the first
blockage.

To the best of the authors’ knowledge, the heat transfer on the
surface of a perforated blockage, used for cooling applications
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has not been presented previously. It was commented by Lau
(2008) that the heat transfer on the blockages would not be negligi-
ble. Based on the present measurement data, the average heat trans-
fer for the two perforated blockages is Nup,/Nug=7.11. The
blockages make up 21% of the overall cooling surfaces in the con-
figuration. Their contribution to the overall heat transfer is therefore
significant, Nup;/Nug = 1.50. Even a single perforated blockage,
as used in the setup by Kan et al. [13] and Kim et al. [14], could
be expected to contribute notably to the overall heat transfer
performance.

3.3 Pin-Fin Heat Transfer. The heat transfer on the pin-fins is
shown in Fig. 11. The surfaces of pin-fins were painted by TLC.
Converted temperature values were taken at the leading-edge,
trailing-edge, and upper surface of each pin-fin. The heat transfer
of these surfaces varied by less than ANup;,/Nug < 0.2, indicating
a negligible difference in heat transfer along the pin-fin surface.
The heat transfer of the pin-fin surfaces in each row is averaged.
The measurements by Chyu [27] used the naphthalene sublimation
mass transfer analogy while Kan et al. [13] used the direct heat
transfer measurements using TLC. The pin-fin heat transfer for
the blockage pin-fin configuration was not included by Kan et al.
[13] as only the central pin-fins were measured. The pin-fins in
each row in that setup were not necessarily subject to the same
flow conditions based on inconsistent heat transfer around the

= Present study
Chyu [27]
-4 -+ Kan et al. [14]

Nu,,/Nu,
O M A OO ® O
—————r

Fig. 11 Spanwise-averaged pin-fin heat transfer for a blockage
pin-fin (BPF) and conventional pin-fin (PF) configurations mea-
sured using TLC at Rep =26,000
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Fig. 122 Comparisons of cooling performance with different configurations: (a) heat transfer,
(b) the friction factor, and (c) the thermal performance (n) with different cooling configurations

base of the pin-fins. Therefore, the pin-fin heat transfer values
by Kan et al. [13] did not accurately represent the average heat
transfer for a given row or the entire array of the blockage pin-fin
configuration.

In our study, the pin-fin heat transfer for the BPF configuration is
consistently higher than that of a conventional PF configura-
tion (Fig. 11). The pin-fin heat transfer, however, decreases mono-
tonically along the pin-fin array, similar to the end-wall heat
transfer, while it remains relatively constant for a conventional
pin-fin array. It is likely that the pin-fins for the BPF configuration
exhibit such high heat transfer, compared to a conventional PF array
due to the concentration of the cooling flow in the mid-height plane.
The decrease downstream then occurs due to the diffusion of the
blockage jets in the y-direction, towards the end-wall surfaces.

The average heat transfer for the pin-fins across the full array is
Nupy,/Nug = 6.58 for the BPF configuration. This is more than
double that of the conventional PF array. Further, the pin-fins had
heat transfer that is 53% higher than the end-wall around the
pin-fins (excluding the end-wall space between the perforated
blockages). This difference is higher than the 35% noted by Van-
Fossen [4] and Goldstein et al. [5] for a full pin-fin array. This is
attributed to the distinctly different flow features as noted in
Fig. 6, notably the concentration of the flow as aligned blockage
jets in the mid-height plane. Overall, the PF array makes up
34.7% of the cooling surfaces in the present study. It, therefore, con-
tributes Nup;,/Nug =2.28 to the overall heat transfer, 10.5%

pin—fin

more than the end-wall surfaces (Nup;/Nu,,,..,) = 2.0.

3.4 Thermal Performance and Summary. The combination
of perforated blockages and a pin-fin array results in consistently
higher heat transfer compared to a conventional PF array. This is
in all three primary regions: the end-wall (Nup;/Nugeq_
wall =2.18), perforated blockages (Nupy/Nug,,,,., = 1.50) and
pin-fins (Nup;,/Nug,, . =2.28). Combined the heat transfer for

the BPF configuration is Nup;,/Nug = 5.96. Further, due to the con-
sidered alignment of the perforations with the pin-fins, a greater heat
transfer is attained, compared to previous ones (Fig. 12(a)).

There is, however, a large increase in the pressure drop through
the test channel due primarily to the perforated blockages. Just
across the perforated blockages, the friction factor ratio is
f/fo=773.96. Across the full BPF configuration, this decreases
to f/fo =165.6 due to the minimal pressure drop from the PF
array and increased streamwise distance. These values are shown
in Fig. 12(b) in comparison to other configurations.

The thermal performance of the BPF configuration at the Rey-
nolds number of Rep, =26,000 is therefore 7 =1.1. In contradiction
to previous studies, this implies a performance greater than that of a
smooth channel. This is due to two primary differences from the
previous studies. First, the perforations (and therefore the blockage
jets) are aligned with the pin-fins. With this change and considering
only the end-wall heat transfer around the PF array alone, the
thermal performance is #=0.90. While below unity, this thermal
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performance is still higher than that of other BPF configurations
obtained by Kan et al. [13] or Kim et al. [14]. Secondly, the consid-
eration of the combined heat transfer on the blockage, pin-fin, and
end-wall surfaces meant a more complete measure of the heat trans-
fer taking place.

Further, the performance at different Reynolds numbers has
not been considered. An increase in Reynolds numbers is noted
in prior literature to result in a consistently lower thermal perfor-
mance. This applies to conventional PF configurations [3], PB con-
figurations [2], and BPF configurations [13]. The current Reynolds
number (Rep,=10,000) represents the lower end applicable to
turbine blade cooling flows [28]. Tests at higher Reynolds num-
bers would result in thermal performances below 1.1. The thermal
performance of a PF configuration is significantly higher than the
current BPF configuration as per Fig. 12(c). There is therefore no
merit in considering other Reynolds numbers using the current con-
figuration of two perforated blockage plates and five rows of
pin-fins.

Unlike a PF configuration, however, the end-wall and pin-fin heat
transfer of a BPF configuration decreases along the pin-fin array
(Figs. 6(b), 7, and 11). The averaged heat transfer for a BPF config-
uration would be expected to be higher if there are fewer pin-fin
rows while the opposite would occur for a conventional PF array.
On the other hand, fewer pin-fin rows would not significantly
alter the relative pumping power given the small pressure drop
through a PF array. The thermal performance of the BPF configura-
tion would therefore increase with fewer pin-fins rows while the PF
configuration would decrease for a given pumping power. There
may then exist a design condition involving limited space, such
as the turbine airfoil trailing-edge where a BPF configuration
would produce a superior cooling performance to a conventional
PF array. Additionally, the consideration of slots instead of circular
perforations in the blockage plates may result in a lower pressure
drop across the cooling configuration. There would however be
less coolant focused on the pin-fins in the mid-height plane.
These considerations are considered beyond the scope of this
study. It has been shown that a blockage pin-fin configuration can
achieve a thermal performance above unity and there may even
be merit for its application. It is nevertheless evident that in its
current form of two perforated blockages and five rows of
pin-fins, the setup has a thermal performance well below that of a
conventional PF array.

4 Conclusions

We revisited the thermal performance of a blockage pin-fin con-
figuration applicable to the cooling of a gas turbine blade inside the
trailing-edge. Using a series of flow field and thermal mappings by
particle image velocimetry and thermochromic liquid crystal tech-
nique, respectively at Rep =26,000, the thermal performance as a
product of convective heat transfer and pressure drop was character-
ized and compared with other conventional cooling configurations.
The present setup used two sequentially staggered perforated
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blockages and five rows of staggered pin-fins. The perforations of
the second blockage were aligned so that the blockage jets directly
impinge on the downstream pin-fins. The heat transfer from all sur-
faces on which the cooling flow acts, pin-fins, perforated blockages,
and end-walls, was considered. The conclusions of this study are as
follows:

(1) A thermal performance above unity (e.g., n=1.1) for a
blockage pin-fin configuration can be achieved.

(2) Due to the cooling flow being initially constrained to the
mid-height plane as blockage jets, the pin-fins had heat trans-
fer 53% higher than the end-wall heat transfer.

(3) The heat transfer on the surfaces of the perforated blockages
is not insignificant and contributed to 20% of the entire heat
transfer for a blockage pin-fin configuration.

(4) The heat transfer on the pin-fins and local end-wall decreases
along the pin-fin array. The thermal performance of the
blockage pin-fin configuration thus benefits from having
fewer pin-fin rows.
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Nomenclature

= heat transfer coefficient, Wm K™
friction factor
static pressure, Pa
thickness of perforated blockage plate, m
flow velocity, m/s
= an axis coinciding with the streamwise direction of the
flow and nominal jet axis
an axis coinciding with the axis of the pin-fins or height
of the channel
an axis coinciding with the spanwise direction of the
flow or width of the channel
= heater surface area, m?>
pin-fin diameter, m
test channel height, m
heat input, W
temperature, K
test channel width, m
mass flowrate, kg/s
heat flux, Wm™>

fo = friction factor for smooth channel

ke = thermal conductivity, Wm™'K™!

I = spacing between perforated blockage plates, m

C, = specific heat, Jkg™'K

D; = jet diameter, m

D;, = hydraulic diameter, m

S, = spacing between components, m

Nu = Nusselt number

Nuy = empty channel Nusselt number

Pr = Prandtl number

Re = Reynolds number
S.1, S;» = spanwise spacing between pin-fin and perforation
centers, m
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Greek Symbols

a = camera inclination angle, degrees
dynamic viscosity, N s/m*

/,l =

n = thermal performance

p = density, kg/m3
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