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ABSTRACT
The trailing edge of the high pressure turbine blade and vane presents significant chal-
lenges to the turbine cooling engineer. The cooling design using cross corrugated slots
allows for tuneable coolant flow through the slot, but results in poor film cooling perfor-
mance, an effect that must be mitigated with exit shaping. A set of four cross corrugated
slot geometries with optimised exit shaping has been investigated in a large scale model
of the trailing edge slot. Pressure sensitive paint was used to measure adiabatic film cool-
ing effectiveness at blowing ratios ranging from 0.6 to 1.4. The new optimised designs
were able to improve upon previous designs, permitting levels of film effectiveness on the
cutback surface up to the end of the lands that were significantly better than a plain rect-
angular slot at blowing ratios of 0.8 and below, while maintaining the pressure loss benefits
of the cross corrugated slot and also increasing effectiveness next to the lands.
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NOMENCLATURE

General
A Area [m2]
h Equivalent to Hse [mm]
Hcc Corrugation height [mm]
Hlip Minimum lip thickness [mm]
Hse Maximum slot exit height [mm]
Hsi Maximum slot internal height [mm]
Lcoff Straightening section offset [mm]
Lcurve Straightening section length [mm]
Lramp Ramp down length [mm]
Lroff Ramp down offset [mm]
ṁ Mass flow rate [kg s−1]
M Blowing ratio
p(O2) Partial pressure of Oxygen [Pa]
Pspan Spanwise pitch [mm]
Ptrue True perpendicular pitch [mm]
Rcurve Straightening section radius [mm]

Re Reynolds number
u Velocity [ms−1]
x Downstream distance [mm]
z Spanwise displacement [mm]
Greek
η Adiabatic film cooling effectiveness
ρ Density [Pa]
θcc Included angle [°]
Subscripts
air Air coolant
c Coolant flow
m Mainstream flow
N2 Nitrogen coolant
ref At Reference conditions
se At slot exit
w At wall
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INTRODUCTION
The Need for Trailing Edge Cooling Research
In order to increase the fuel efficiency of civil turbofan engines, manufacturers have contin-

ued to increase the operating temperatures and pressures of new engine designs. Modern high
pressure turbine blade and vane designs require the use of air film cooling to maintain an accept-
able metal temperature and component life. This use of air is detrimental to engine efficiency
and can potentially outweigh the increase in efficiency due to a high turbine entry temperature
(Haselbach and Parker, 2012). The trailing edge is a particularly challenging part that is com-
monly cooled using film holes or slots just upstream on the pressure surface side, sometimes
including a cutback region where material is removed between the film hole exits and the trail-
ing edge to allow the coolant to exit almost tangentially to the mainstream and also reduce the
risk of blockage. Cooling slots have an advantage over holes in that the film is more uniform
along the spanwise width and the film sticks to the surface more readily (Sargison, 2001). How-
ever, continuous cooling slots are not mechanically robust as the slot weakens the design. This
necessitates the use of interrupted cooling slots which have an internal “bridge” connecting the
two sides and dividing the continuous slot into discrete slots, as well as an external “land” which
extends from the bridge to the trailing edge, dividing and stiffening the cutback area. Further-
more, manufacturing constraints dictate the minimum slot height, resulting in excessive coolant
usage if a plain, unobstructed slot is used. Various methods are used by cooling designers to
restrict coolant flow, including pedestal banks and internal ribs (Rolls-Royce, 2005).

Figure 1: Slot cooled blade with cross corrugated design applied

One potential flow restriction method is the use of a cross corrugated internal slot geometry,
a design first presented in a previous study (Wong et al., 2016b). Figure 1 shows an example
applied to the trailing edge slot. It is comprised of a set of repeated, parallel corrugations on the
suction side of the slot along with a second set of repeated, parallel corrugations on the pressure
side of the slot. The first set is at an inclined angle to the opposing set such that the tops of the
ridges of one set periodically cross the tops of the ridges of the other set. The angle between
the corrugations on opposing sides of the slot is defined as the included angle θcc. The angle
between each set and the mainstream direction is θcc/2. The flow within the slot roughly follows
the channels created by the corrugations and internal bridges create an obstructing wall forcing
the flow to reflect from one side to the other. This results in a tuneable pressure loss through the
slot, providing the cooling designer with fine control over coolant mass flow through the slot by
modifying the corrugation profile dimensions and included angle.
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Literature Review
There have been many studies investigating general film cooling experimentally and numer-

ically, including the work of Cresci et al. (2015) and Ravelli and Barigozzi (2014). Goldstein
(1971) provided a review of much relevant work up to that year on various slot designs including
tangential and angled slots. Yang and Hu (2012) used stereoscopic particle image velocimetry
to take flow field measurements of an interrupted slot geometry with and without lands and
compared these with film cooling effectiveness maps acquired using the pressure sensitive paint
(PSP) technique (Yang and Hu, 2011). The PSP technique was used in a previous study (Wong
et al., 2016a) to measure effectiveness on top of the lands with different land geometries. This
was taken further by Gurram et al. (2016) using PSP on a full blade profile at engine Mach
numbers. Becchi et al. (2015) also used PSP to study effectiveness on the cutback and lands
both with and without an upstream film row.

Lattice cooling is a method of internal cooling similar to the cross corrugated slot design.
The use of lattice cooling in blades and vanes is most recognisable in Soviet-era designs, where
it has been developed over the last few decades. In a typical lattice design, each side of the
passage has a set of parallel channels. The channels on one side are at a different angle to the
channels on the other side, such that they cross over each other periodically. These channels are
separated by ribs spanning half the passage height so that the tops of the ribs meet periodically
in the middle of the passage. This forms a vortex where the flow moves along the channels
on one side, reflect from the side wall and continue in the opposing channels. A number of
studies have been conducted on lattice geometries including stationary experiments by Bunker
(2004) and Carcasci et al. (2014) and rotating experiments by Acharya et al. (2004) to obtain
heat transfer and pressure loss characteristics. Goreloff et al. (1990) also measured cooling
effectiveness around the external surface of a blade. Experiments with lattice cooling applied to
the radial passage feeding the trailing edge of the blade were conducted by Gillespie and Ireland
(1997) and (Carcasci et al., 2015). The advantages in high heat transfer, low pressure loss, high
structural integrity and suitability for investment casting are summarised by Bunker (2008).

The cross corrugated geometry is frequently found in heat exchanger designs, where a large
body of research has been conducted, including heat transfer measurements, pressure loss mea-
surements and flow visualisations using a wide variety of geometries at a broad range of flow
conditions in papers by Focke and Knibbe (1986), Stasiek et al. (1996) and Ciofalo et al. (1996).
Adams (2004) studied heat transfer using variations on cross corrugated heat exchanger ge-
ometries including double harmonic cross corrugated geometries. Kwan (2011) investigated
applications of cross corrugated heat exchangers in intercooled high bypass jet engines.

Aim of Work
In the previous study (Wong et al., 2016b), the angled exhaust was found to aid very slightly

in film cooling on top of the lands due to impingement of the coolant flow on the land walls.
However, the exhaust directly from an unmodified corrugated slot was observed to be at an
angle to the mainstream and also uneven across the blade span, resulting in low and uneven film
cooling effectiveness over the cutback surface. This was mitigated by shaping the slot exit using
a ramp down design to achieve a rectangular exit profile and was able to improve effectiveness
levels and spanwise consistency to the point that it performed as well or better than the baseline
geometry at M < 0.8 up to the end of the lands.

The scope of the current work is to improve upon the exit shaped geometry with further
design iterations which can be quickly manufactured by stereolithography and tested using
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PSP. This was accomplished by taking detailed film cooling effectiveness measurements of
the cutback surface and tops of lands for the same internal cross corrugated slot geometry with
four different exit shaping designs. These are contrasted with data from the previous study.

EXPERIMENTAL SETUP
The experiments were conducted in one of the low speed facilities of the Osney Thermo-

Fluids Laboratory, University of Oxford, with a large scale model of a portion of the blade
trailing edge pressure side slot and cutback. A schematic of the rig is shown in Figure 2.
Detailed cross-sectional plan and side views of the test section are shown in Figure 3. Further
information on the installation can be found in Wong et al. (2016b).

Figure 2: Rig schematic with test section

Figure 3: Detailed cross-sectional views of test section

Geometries
The new cross corrugated geometries were comprised of four pairings of top and bottom

plates, denoted G1–4, all with the same spanwise corrugation profile, included angle of 90°,
rectangular exit profile identical to a plain rectangular slot and tapered diffuser shaped lands.
To achieve the rectangular exit profile, a “ramp down” section was used with chamfered cor-
rugation ridges and reduced slot height applied gradually over a specified length, as shown in
Figure 4. Upstream of the ramp down section, the slot had internal height Hsi, which was re-
duced to the slot exit height, Hse. The length of the ramp down section of the slot was defined
as the ramp length, Lramp.
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Figure 4: Ramp down exit shaping

In addition to the ramp down, channel straightening was applied. The channels which were
originally angled at 45° to the mainstream flow direction were curved until they were paral-
lel to the mainstream flow. Figure 5 shows the dimensions that define the combined channel
straightening and ramp down exit shaping as applied to G1–G4. The ramp down section has
length Lramp and is offset from the slot exit by length Lroff. The straightening section has length
Lcurve with a radius of curvature Rcurve and is offset from the slot exit by length Lcoff. In the
case of G1, shown in Figure 5a, both the ramp down section and the straightening section have
equal length and no offset from the slot exit, fully overlapping each other. For G2, shown in
Figure 5b, the length of both has been doubled, again with no offset. For G3, shown in Figure
5c, the ramp down section has no offset and the straightening section has an offset equal to
the length of the ramp down section, such that the ramp down section immediately follows the
straightening section. Finally for G4, shown in Figure 5d, both the ramp down section and the
straightening section have equal length and offset from the slot exit, resulting in a short length
of plain rectangular slot leading up to the slot exit. This transition is visualised using spanwise
slices in Figure 5e. The exit shaping dimensions are tabulated in Table 1.

Geometry
Lramp Lroff Lcurve Lcoff Rcurve

[mm] [mm] [mm] [mm] [mm]

G1 13.7 0.0 13.7 0.0 19.4
G2 27.4 0.0 27.4 0.0 38.8
G3 13.7 0.0 13.7 13.7 19.4
G4 13.7 13.7 13.7 13.7 19.4

Table 1: Exit shaping dimensions

Measurement Technique
The pressure sensitive paint (PSP) technique was used to measure adiabatic film cooling

effectiveness on the cutback and land surfaces. The technique has been explained very well
by Han and Rallabandi (2010). The test and calibration setup and procedures were identical
to those described in the previous study (Wong et al., 2016b). The film cooling effectiveness
measurements were taken by running the experiment twice for each geometry at each blowing
ratio. Once using nitrogen as the coolant, and once using air as the coolant. Intensity images
were taken at each condition and converted to values of p(O2)w/p(O2)ref for each pixel with
nitrogen and with air as the coolant. This was related to film effectiveness by Equation 1 where
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(a) G1 exit shaping (b) G2 exit shaping (c) G3 exit shaping

(d) G4 exit shaping (e) G4 exit visualised using spanwise slices

Figure 5: Combined channel straightening and ramp down exit shaping

the coolant gas has a similar molecular weight as air. The second run with air as the coolant was
performed in order to account for the local changes in p(O2)w caused by the geometry and flow
field rather than by nitrogen mixing. In a low speed test like this, where local pressure variations
were very small, p(O2)w,air/p(O2)ref had a mean value of 1.014 with a standard deviation of
0.0094.

η ≈ 1− p(O2)w,N2/p(O2)ref

p(O2)w,air/p(O2)ref
(1)

Operating Conditions
The total exit flow including both mainstream and coolant gas was set at 31 g s−1 and blow-

ing ratio was set by adjusting the mass flow ratio between the mainstream and coolant streams
using OMEGA FMA5545 mass flow controllers. These operated using heat transfer through a
heated tube to measure molecular gas flow rate and were able to simultaneously measure and
set mass flow rate. Mainstream air was at ambient conditions of approximately 293K, 101 kPa,
with a mean flow velocity varying from 6.7m s−1 to 7.9m s−1 (calculated from the measured
mainstream mass flow rate, density and area). Coolant gas was also at ambient temperature,
giving a density ratio of approximately 1. The coolant stream mean exit velocity was estimated
to vary from 4.6m s−1 to 9.4m s−1 depending on the blowing ratio. The Reynolds number of
the coolant stream Rec, based on the slot exit height, varied from 1400 to 3000. Blowing ratio
M , was defined as in Equation 2. In this study M was varied from 0.6 to 1.4 in increments of
0.2.
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M =
ρcuc

ρmum
=
ṁcAm,se

ṁmAc,se
(2)

Experimental Uncertainties
Following the perturbation method of Moffat (1988), the greatest uncertainty in film effec-

tiveness measurements was at lower effectiveness when the difference in intensity between the
reference and test images was smaller. However, the majority of the cutback displayed effective-
ness levels in the mid-high range. For η = 0.68, uncertainty ≈ 0.055 in absolute effectiveness
value and for η = 1.00, uncertainty ≈ 0.003. Blowing ratio uncertainty was calculated to be
≈ 8.5%.

As in the previous study, the position, lighting and camera settings were kept constant
throughout calibration and tests. Temperature was monitored to ensure temperature effects were
minimal. Density ratio was not matched. The low mainstream channel height and lack of an
accelerating mainstream flow limited the applicability of effectiveness measurements taken to
a real engine blade. However, back-to-back comparisons were still valid to judge the suitability
of each cross corrugated slot design when applied to trailing edge cooling designs, reducing the
number of geometries that must be tested in a more expensive and more complicated high speed
facility.

RESULTS AND DISCUSSION
2D η Distributions
Figure 6 shows some of the 2D plots taken in the current study. All of the figures correspond

to a plan view of the cutback region and tops of lands. h is defined as equal to Hse = 4.6mm
since all geometries have an identical exit profile. x is the downstream distance from the slot
exit and z is the spanwise displacement from the centreline as defined in Figure 3. These are
non-dimensionalised by h to give x/h and z/h. The left and right borders correspond to the
centrelines of the left hand land and the right hand land respectively. Measurement were taken
for M = 0.6, 0.8, 1.0, 1.2, 1.4. Blue regions show poor coverage from the nitrogen coolant and
correspond to low η and red regions correspond to high η. The lands can be seen as the blue
triangles at the top corners of each image.

In Wong et al. (2016b), unmodified cross corrugated slots resulted in high η peaks corre-
sponding to the exit positions of the top plate channels and a right side bias due to the top plate
directing flow towards the right. The simple exit shaping applied in that study (where it was
denoted as G9) was able to improve the spanwise consistency but the bias towards the right
remained.

For G1, the straightening of the coolant flow resulted in the coolant flow leaving the slot
nearly parallel to the mainstream flow. However, since the exit shaping was applied very close
to the slot exit, the distinct flows from the individual channels was not able to spread out. This
resulted in four distinct jets of coolant exiting the slot, visible as the four high η peaks in Fig-
ure 6, each corresponding directly in pitch and position to the flow from one of the channels.
Since they exited parallel to the mainstream, they were able to extend far downstream of the
slot exit, dissipating much later compared to the previous study’s geometries. Similar to those
geometries, the left-most and right-most peaks appeared to stick to the sides of the lands. This
is likely due to coolant following the walls of the internal bridges and leaving the slot parallel
to the mainstream flow with less spanwise momentum and greater streamwise momentum, re-
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G1

G2

G3

G4

M ≈ 0.6 M ≈ 0.8 M ≈ 1.0 M ≈ 1.2 M ≈ 1.4

Figure 6: 2D η distributions for all geometries, x/h and z/h are defined in Figure 3
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ducing mixing with the mainstream. This resulted in η being highest far downstream of both
lands compared to in between them. Due to the substantially parallel coolant ejection, the bias
towards the right was less obvious, especially at higher M .

G2 extended the straightening and ramp down lengths by a factor of two, resulting in a more
gradual transition from the corrugated channels to the rectangular exit. This provided sufficient
space for the individual channel flows to spread out more evenly across the slot resulting in
a marked improvement in terms of achieving a more consistent spanwise η profile across the
slot. Since the coolant still exited the slot parallel to the mainstream, η remained high far
downstream of the slot exit. However, unlike G1, η far downstream of the lands was lower
compared to in between them. This would appear to indicate that the coolant flow at exit had
less spanwise momentum, resulting in less coolant being directed against the sides of the lands
and the absence of the high η peak attached to the lands that was a common characteristic of
all previous cross corrugated geometries. However, a slight right-side bias was still visible,
indicating that there still remained some spanwise momentum.

In contrast, G3 showed an η distribution very similar to G1, with distinct high η peaks
extending far downstream. This design placed the straightening section before the ramp down
section which was immediately before the exit. As before, the straightening section provided
in higher η further downstream. However, having the ramp down section being so short in
length and immediately before the exit meant that the coolant jets were not able to spread out
in the spanwise direction, leading to the distinct peaks of high η with low η in between them
and overall uneven spanwise coverage similar to G1. The bias towards the right appeared to
be more pronounced though, with the third peak from the left almost combining with the right-
most peak next to the land. The left-most peak appeared to detach from the land side, resulting
in the largest peak appearing slightly to the right of the land centreline rather than directly
downstream of the land as was the case with G1.

G4 added an offset for the ramp down section so that the last section of the slot immediately
before the exit had a constant plain rectangular profile 3 slot heights long. This effectively acted
as a short settling section, allowing the coolant to spread out and fill the slot in the spanwise
direction. The resulting η profile was considerably more even in the spanwise direction while
maintaining high η far downstream of the exit due to the straightening section. The right-side
bias was still present, but like G2, the coolant flow did not exhibit the tendency to attach to the
sides of the lands.

Comparison of Spanwise Averaged η and Spanwise Profile
Figure 7 shows plots of η for each geometry at each M , including data for the baseline

rectangular slot geometry (G0) from Wong et al. (2016b) for ease of comparison. The plots
in the left hand column (a) take a spanwise average of the entire region as shown in Figure 6,
including the lands. The plots in the right hand column (b) take data along a line parallel to the
slot lip at a distance from the slot equal to the length of the lands where x/h = 12.11. The left
and right borders correspond to the centrelines of the left and right hand lands respectively. The
legends of the right hand (b) plots are identical to their left hand (a) counterparts.

At mid to high blowing ratios, where M > 1.0, all geometries displayed reduced spanwise
averaged η compared to the baseline rectangular slot, both near to the slot and far downstream.
However, at low M of 0.8 and below, all the cross corrugated geometries showed a marked
improvement in η near the slot exit, exceeding the baseline slot up to x/h ≈ 15. This was due
to the cross corrugated geometries directing some coolant flow towards the sides of the lands,
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G0

G1

G2

G3

G4

(a) Spanwise averaged (b) Spanwise variation at end of lands

Figure 7: Spanwise averaged η and spanwise variation of η at end of lands
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resulting in higher η near the lands whereas the baseline geometry typically had low η near the
lands where the coolant flow separated slightly from the lands upon exit from the slot. This
effect can be seen in Figure 7b where for G0, η was significantly lower near the lands whereas
for G1–4, η did not drop as much near the lands and in some cases was actually higher near
the lands. This benefit has less significance far downstream from the slot exit, where the cross
corrugated geometries have lower η across the board.

Most Optimised Geometry
Figure 8 shows a plot of area averaged film cooling effectiveness for all four geometries

and the baseline rectangular slot geometry (G0) at their tested blowing ratios. This included the
cutback and land top surfaces up to the end of the lands where x/h = 12.1. It gives an overall
picture of the relative performance of each geometry over the region most relevant to trailing
edge cooling. Overall, G4 performed the best out of the cross corrugated geometries at all M
and also better than G0 up to M ≈ 0.8. However, above M ≈ 1.0 the baseline rectangular slot
performed best.

Figure 8: Area averaged η for all geometries

Figure 9a shows a direct comparison between G0 and G4 focusing on the region up to the
end of the lands. Peak η = 0.92 was achieved at M ≈ 0.6 at x/h = 6.67, compared to the
η = 0.93 achieved by G0 at M ≈ 1.4 at x/h = 8.59. At M ≈ 1.4, η at the end of the lands
where x/h = 12.11 was reduced by 4.0%. However, at M ≈ 0.8, η at the same distance was
increased by 21.5% while at M ≈ 0.6, η was increased by 29.8%. Figure 9b shows a direct
comparison of spanwise η profiles at the end of the lands. G4 displayed fairly consistent η
across the span, especially at the land tips and was relatively insensitive to M compared to G0.

CONCLUSIONS
While the simplified nature of the experimental model limits the direct applicability of the

measurements to a real blade or vane, the current research has shown that cross corrugated
internal slot geometries with appropriate exit shaping can be used in a trailing edge cooling
design for purposes of pressure loss and mass flow control through the slot without a significant
penalty to cooling effectiveness on the cutback.
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(a) Spanwise averaged η (b) Spanwise variation at end of lands

Figure 9: Comparison of η between G0 and G4

• The combination of stereolithography and PSP allowed for the rapid manufacturing and
testing of multiple geometries for quick cooling design optimisation.

• The exit shaping design from Wong et al. (2016b) was refined by the addition of a flow
straightening section to turn the channels from 45° to the mainstream to parallel to the
mainstream.

• It was found that adding the straightening section was able to increase significantly the
effectiveness farther downstream of the slot. However, the resulting spanwise profile was
uneven, leading to lower average effectiveness overall.

• Placing the straightening section immediately on top of or before the ramp down section
did not significantly change the result.

• The spanwise profile could be made more even by extending the length of the ramp down
and straightening sections, thereby allowing for a more gradual transition to the rectan-
gular exit profile.

• Alternatively, the ramp down and straightening sections could both be offset from the
slot exit to leave a short settling section with a plain rectangular profile just before the
exit. This was found to be the best cross corrugated design overall and superior to the
baseline rectangular slot up to M ≈ 0.8. Spanwise averaged effectiveness at the end
of the lands was increased by 29.8% at M ≈ 0.6 and 21.5% at M ≈ 0.8. Spanwise
averaged effectiveness at the end of the lands was reduced by 4.0% at M ≈ 1.4. The
spanwise effectiveness profile at the end of the lands was found to be more evenly and
relatively insensitive to blowing ratio compared to the baseline geometry.

Numerical simulation studies will be necessary to better understand the flow field and further
testing of the optimised design in a high speed facility with a more engine representative model
is needed to obtain effectiveness measurements directly applicable to a real engine.
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