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Application of Riblets on Turbine Blade End-wall Secondary
Flow Control

X. Miao', Q. Zhand?L.Wand, H. Jiang, and H. Qf

Within the past ten years, significant improvements have been achieved in the laser
manufacturing process. It is feasible now to design various small-scale surface features (such
as dimples, riblets, grooves, etc.) in gasturbine applications with the current manufacturing
readiness level of laser surface texturing techniques. In this paper, the potential of adding
riblets on turbine end-wall has been investigated through combined CFD and experimental
studies in a low speed linear cascade environment. Detailed comparisons of the flow
structures have been made for cases with and without riblets on the end-wall. The numerical
results show that end-wall riblets can effectively reduce the strength of the pressure side leg
of the horseshoe vortex, lower the cross passage pressur e gradient, and alleviate the lift up of
the passage vortex. Oil film flow visualization and exit aerodynamic loss survey in
experiments support the CFD observations: the passage vortex loss core moves closer to the
end-wall with the addition of riblets. The present study consistently demonstrates that the
addition of riblets can be an effective approach to reduce the end-wall secondary flow.
Further research questions are raised for the applicability of riblets concept in actual engine

conditions and optionsfor design optimization.

Nomenclature

C = Chord or Probe calibration coefficient
C, = Pressure loss coefficie6f = Pgl_P"
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Axial chord

Design of Experiments

Laser Doppler Velocimetry

Low pressure

Laser powder deposition

Pressure or Blade Pitch

Radius-wise location normalized by blade span

Blade span

Velocity

Pitch-wise measurement location normalized by blade pitch

Non-dimensional wall distancg: =u,y/v

Probe calibration flow (pitch) angle
Probe calibration flow (yaw) angle

the second eigenvalue of the second in variant of the veloaitjegt tensor

total

Three-hole probe center channel

Average of A, B and C (three-hole channels)
Left-hole probe angled channel

Top-hole probe angled channel

Right-hole probe angled channel

Probe calibration total pressure

Probe calibration flow (pitch) angle

Probe calibration flow (yaw) angle

Blade row inlet, radial position



[.  Introduction
A. End-wall Secondary Flow and L oss Reduction
Endwall secondary flow has been investigated for more than 50 yedh® igas turbine community. The
aerodynamics loss due to such secondary flow can be as §%@50% of the total loss in a blade row (Sharma
and Butler [1]). Substantial extra heatdoaould also be introduced by the end-wall vortical flow. A significant
amount of efforts have been devoted in controlling the end-wall dacpfiow.

Sieverding [2] and Langston [3] reviewed the main work in the secgiilbw physics and theorieblawthorne
[4] first described the classic end-wall vortex system. After his worlgymasearchers found the evidences of
secondary flow and horseshoe vortex in turbine passage. Lamegstbf5] presented a secondary flow model based
on their measurements: the fluids within the inlet boundary layaratepat the saddle point and form the horseshoe
vortex. One leg of the horseshoe vortex is drawn into theagagswards the suction side and becomes the passage
vortex by the cross pressure gradient, the othersldgaivn into the adjacent passage and becomes a counter vortex.
It needs to be pointed out that there are some different secondary flelsmdtse strength, stability, and detailed
structures are largely dependent upon the blade loading, flow turnifey Regnolds numbers, Mach numbers, etc.
Sieverding and Bosche [6] showed the development and interaction of theepasdag and counter vortex by
using colored smoke wire technique. In their experiments, the présguaed suction leg of horseshoe vortex were
clearly distinguished by different smoke colors. They concluded tbdidiseshoe vortex and passage vortex do not
exist independently, both of them are part of the same vortex seudllaw visualization by Wang et al. [7]
provided a more detailed insight into flow structures near the leading édgeirocascade. In practice, secondary
flow loss can be effectively reduced by end-wall contouring, leaéitgge modifications, end-wall fence, cooling
injection, etc.

End-wall contouring is a passive flow control method developed taeeithe strength of the passage vortex by
varying the cross passage pressure gradient. In the early nineties, Rospd&}d that flat end-walkhould no
longer be a necessary design constraint and aerodynamic benefits couldaripeofiling the end-walls. Convex
curvature near the pressure surface and concave curvature near thessdetioere applied to the end-wall in the
early study of Yan et al. [9]. Their experimental and computationaltsgsroved that 3D end-wall contouring can
reduce 20% of the pressure loss. Harvey etldl]. 4nd Hartland, et al. [11] reported a net total loss reduction of

20% and net secondary loss reduction of 30% by their end-wall modifidati@ large-scale, low-speed rotor in a



linear cascade. Ingram et al. J[1showed a 24% reduction in the secondary loss achieved by an optimabaknd
profile. Saha and Acharya [13] investigated 3D end-wall contouring twithcombined curves varying in both
streamwise and pitchwise directions. They found that, for the redaregion, the pitchwise pressure gradients are
reduced, and the flow is more aligned with the midspan inviscid stisanflow direction with a lower yaw angle.
Praisner et al. [14] studied the application of non-axisymmetric end-waburimg to mitigate the end-wall losses
of LP turbine airfoil designs. In the study of Brennan et al. [L§]HR turbine of the Rolls-Royce Trent 500 engine
was redesigned with the application of non-axisymmetric end-wallsltReboved that the addition of profiling to
the end-walls reduces secondary loss by 0.24% of stage efficientdyef®dGV and by 0.16% for the Rotor. The
total efficiency for the HP Turbine is increased by 0.4%. Snedden et al7]1dtlied the influence of a generic
end wall design on the secondary flows structure. Their results indicatd@oairprovement in rotor efficiency.
Recently, a new method for designing non-axisymmetric end-walbemwas proposed by Schobeiri and Lu [18].
By constructing the end-wall contour, the pressure difference oruthean be controlled to reduce the secondary
flow and increase the efficiency.

Leading edge modification is another common approach to vary the thoesesrtex development. Sauer and
Wolf [19] employed a bulb geometry on an inlet guide vane. Toeyd the bulb geometry can increase the strength
of counter vortex, which results in a reduction of passage vortex due ¢outhter-rotation of these two vortices.
Zess and Thole2] performed experimental and numerical investigations on leading edge fillet. rEsaits
indicated that the fillet design can effectively accelerate the incoming boundaryalayereduce the turbulent
kinetic energy and streamwise vortices levels, therefore reduce the swéihgitseshoe vortex. Sauer bulb and a
fillet geometry were investigated by Becz et al. [21]. Their results stiahat both the small bulb and fillet
geometries can reduce the area-averaged total loss by 8%.

The concept of end-wall fence is to stop the cross passage flowpfessure side to suction side by adding
fence which height is larger than the inlet momentum thickness onto theadind=hung et al. [22] used one
streamwise fence to block and change the migration of the pressure sfighiednorseshoe vortex. Comparisons of
the flow patterns obtained by flow visualization and LDV measuremémawesl that the fence is effective in
reducing the highly skewed flow motion on the near end-wall suctim surface due to the passage vortex.

Recently, Govardhan et al. [23] also proved that the fences are effectveakening the end-wall cross flow.



However, due to the extensive cooling requirement for the fencetivesthe high local heat load, the end-wall

fence is almost impossible to be applied to the real turbine environment.

B. Manufacturability of Riblets

It is feasible now to design and apply $irsxale engineered surface features in gas turbine environment. Within
the past ten years, significant improvements have been achievedriratiufacturing process. Profile grinding and
laser machining are commonly used processes for riblets manufaciturindustry [24-25]. Denkena et al. [R5
demonstrated a method of manufacturing riblet structures directly otginsese metal surface by profile grinding.
The produced micro-scale riblets with the V-shaped cross-section pméitestested in fluid dynamic experiments
and are capable to reduce the skin friction by up to 4%. In Siegel’s [26] study, micro-structuring surface of metal is
produced using a picosecond pulsed laser ablation technique. A 7.2 % reduptiessure loss has been achieved.
However, the picosecond laser micro-machining has its limitations in achieaalbkion rates, which could be
improved by adapted system technology and optimized machining gtrateg

To compromise between quality and efficiency, processes such as[EDQMmicro milling , micro planning
[28] and micro grinding [29] can all be used to produce micro-levidtsilwith a minimum feature size around 20
um. However, these processes have common limitations in riblet manufacturing as an industrial economical and
effective way due to their relatively low material removal rates. The rolliaggss demonstrated by Hirt et &0[
has a comparatively higher efficiency, however, the produced minimal structure dimension is above 100 pm.

The Laser Powder Deposition technique (LPD) has become an attractivespimaerospace manufacturing
industry. In this process, a focused, intense source of laser emasgysed to create a small molten pool (as small
as 0.3 mm) with high absorptive efficiency. The heat-affected zaypially much smaller than other processes.
Fine metal powder was melted on the base material by scanning laser beam layer [B/1la This technique is
well suited to the production of high-strength near net shaped contpatdow manufacturing volumes [32]. As
such, it provides a more flexible and efficient way to manufacture thiledvstructures than the conventional

manufacturing processes.

C. Motivation of the Pressur e Study
The research idea of the present study is motivated by the current mialetsacturing readiness level and its

potential in end-wall secondary flow control. Unlike many other innovative mkesigshich lack the



manufacturabilitythe end-wall riblets concept can be directly applied to the real turbine digisigan be proved to
be effective in reducing the end-wall secondary flow.

Considering the complexity of secondary flow and various operatinditions in the real engines, the intention
of this study is not to demonstrate a successful complete story thieoemd-walkiblets concept. Rather, it tries to
open a new research option for end-wall secondary flow controleohasis of our wisdom gained in the past 50
years.

The work presented in this paper is a combined CFD and experimental Btuidiye purpose of aligning the
end-wall fluid and blocking the cross passage flow migration, a serissalf-scale riblets were added onto the
end-wall region of a typical LP turbine blade, following the streamlifigkeopassage flow. Detailed comparisons
of flow structures fo numerical cases with and without end-wall riblets are introduced first. Oil ffom
visualization and loss survey in a low speed linear cascade are sbaivto validate the findings from the CFD

study.
1.  Experimental Apparatusand Procedures

A. Test Section
A low speed wind tunnel was employed in the present study. & 2B&wer is connected with a large-sized
flow stabilizer with flow straightener and meshes installed inside, which enshe uniformity of the inlet flow.

The stabilizer is then connected to a cascade test section, as showrlin Fig.

Traverse .

I
system 3

Test section i

Stabilizer/Nozzle

Fig. 1 Low speed wind tunnel and test section employed in the presgnt stud
The test section consists of seven passages and eight blades. A schematim is1dFig. 2. There are two

boundary-layer bleeds near the leading edge of the two side wall blades tchielpe a better flow periodicity.



Two movable tailboards are also attached at the exit section. The flow periodicite el by a full traverse of
pressure measurement in the mid-span of the test section exit. A 2Ddraystsm was used to drive a four-hole
probe for detailed aerodynamic loss measurements. The traverse engaguplane is located at 0.2 axial chord
downstream of the blade trailing edge. Inlet stagnation and static pressuren@asered by using a pitot-static
probe located 1.5 axial chord upstream of the test blade leading edge.ridenice level of the inlet flow is

around 1%.
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Fig.2 A schematic of the test section: (a) Top view (b) Side view.

A boundary layer trip was placed 10mm after the end-wall boundeegidy which is located at 1.8 axial chord
upstream of the test blade leading edge. The incoming end-wall bodaglarysurvey was conducted by using a
boundary layer probe (flattened tip, sensing head diameter 0.3mngddc& axial chord upstream of the leading
edgeand 3 pitch to the upper movable tailbodartie measured velocity profiles were set as the inlet boundary
conditionin the CFD study.

A typical LP turbine blade design was adopted in the present study.|dde frofile is similar to the one
employed by Harrisof83] and Dentorj34]. Detailed information of flow conditions and the blade design is shown

in Table 1.



Table 1 Detailed flow condition and blade geometries

Inlet Reynolds number (based 6r) 3.77x1d
Exit Reynolds Number (based oR)C 7.64x1d
Mass flow rate (full passage) 0.31 kg/s
True chord 67.6mm
Axial chord 54mm
Pitch 56mm
Span 73mm
Inlet blade/flow angle (from axial) 40
Mean exit flow angle (from axial) 65.5
Inlet momentum thickness 0.6mm
Inlet displacement thickness 0.67mm

B. Four-hole Probe M easurement and Calibration

An L-shape four-hole probe was employed in the experimental studyprobe was constructed from four
stainless steel tubes of 1.0mm outer diameter and 0.4mm inner diametey, agivoverall tip outer diameter of
3.0mm. The three outer tubes are evenly located around the center tubehantitbam has a 60° face angle. The
probe vascalibrated in the present low speed wind tunnel (with a same Reynolt®ntange as the loss survey).

In the calibration process, the pitch (o) and yaw (B) flow angle ranges are, —20° < o < 20° and -16°< B < 16°.

Fig.3 shows the four-hole probe employed and two calibration magading a total pressure calibration matrix

CT (0,B) and an application matrix CT (C,. Cﬁ ,). The detailed computation technique is described by Main et al.

[35]. The coefficient&C ,Cﬁ and CT are defined as follows,

1
P,—=(P.+P,)
Ca _ B 2 C D (1)

PA Pavg

c,-eh @
Py~ P
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® 3

The calibration map is largely symmetric, as shown in Fig. 3. Other calibnagms forC, andCﬁ, also

indicate a good performance of the probe. With this calibration data, theptetsure and flow angles can be

obtained by linear interpolation and lookup of the application matrix.
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Fig.3 (a) Four-hole probe and (b) calibration maps.

During the exit total pressure loss survey, pressure measurementskegrat fifteen pitch-wise locations and
ten span-wise locations for the lower half blade span. At each tealkmation, pressure data were taken for 10
seconds ah sampling rate of 1k

Sensor Techniques HCLA pressure sensors were used for presssueememts. These sensors were calibrated
with a Beamex MC2-MF multifunction calibrator (accuracy 0.05% FS). [Quitie measurements, all differential
pressure sensors were referenced with the inlet total pressure to redoogdlated bias error.

The experimental uncertainty for loss coefficient Cp is 0.0135afdypical nominal value of 0.3 (95%

confidence level).

C. Flow Visualization by Oil Film Method
In the present study, flow visualization was carried out by an oil fiethod described in Lee et al. [3&.

general procedure is briefly introduced here. Prior to each wingkuest, a mixture of black carbon powder and
kerosene was evenly spread on the passage end-wall. A white adhegaet paper (0.1mm in thickness) was
attached to the lower half-span of the suction side surface to distingaigfil fiilm from the blade background.
With the flow passing the blade passage, the oil film gradually devekdpad the end-wall and the suction side
surface. After the complete evaporation of kerosene, the final impimygra¢h of passage vortex can then be
clearly identified on the white contact paper. A high resolution digital cam&saused to capture the surface flow

traces in this oil film experiment.



D. Ribletsfabrication: Laser Powder Deposition technique (L PD)

The Laser Powder Deposition technique (LPD) was used to fabricate the smalitsdletdeemployed in the
present study. Figure 4 shows a sample of the riblets fabricatedteal late by the LPD technique. The relative
locations and detailed dimensions of the riblets are also shown in Fig. 4

The experimental setup for the deposition consists of a continuous¥ittavieium fiber laser (YLSE000CT)
with a wavelength of 1080nm, a max laser with a power output dvi,08nd a Staubli TX90 robot with CS8
controller. The powder used is Inconel 718 in the size range 0®8%tth, delivered through a coaxial nozzle along
with argon gas. To achieve reliability and consistency of thin watlufeeturing, Design of Experiments (DOE)
approach was adopted. A 0.9mm thick, 0.9mm high riblet welyfi built with a laser power of 120w, scanning

speed of 4mm/s, and powder feed rate of 3g/min.

50% C,

3.2% P

Fig 4. Deposited riblets on end-wall by using LPD technique

1. Computational Approach and Details

ANSYS FLUENT 14.5 was employed in the present numerical study.cbiisnercial CFD solver solves the
three-dimensional, steady, turbulent form of the Reynolds-Averaged MNatokes (RANS) equations with a finite
volume method. Fig.6 shows the computational domain which consistmeotblade with periodic boundary
conditions. The blade definition, flow angle, and inlet boundary condit@wasthe same as the experimental
arrangement.

The kw SST turbulence model was chosen in the present study. No further efforts have bade to evaluate

different RANS turbulence models. It was assumed that, with consistentiry conditions and meshing scheme

10



the ke SST turbulence model should be capable of ranking the qualitative differences in flow physics made by end-
wall riblets.

A commercial meshing tool, Pointwise, was used for mesh generiiipme 5 also shows the fully structured
hexahedra mesh employed in the present study. The near end-wallmbitgesolution varies to check the final
solutions’ grid independency. An enlarged view of three mesh resolutions near rég@s is shown in Fig. 5. For
all grid levels, the near end-wall y+ value is around 1. Note that the sarhedisgibution was also implemented
for the case without riblets to minimize the grid effect.

Flow visualization of the solutions was performed using the Ensiffineaze.

Three mesh redutions near riblets

Fig. 5 Computational domain and mesh

Figure 6 shows both spanwise and pitchwise-averaged loss coefficieftit&iped with three density levels of
grids at 0.2 chord downstream of the cascade blade. Negligibleediffebetween results from 7 million and 9
million grids observed. In the present study, 7.1 million and 7 miljods were used for calculations with and

without riblets, respectively.
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Fig. 6 Grid independence study: (a) span-wise and (b) Pitchwise averaged loss coefficient Cp at 0.2 chord

downstream of the cascade blade, obtained with three density levels of grids.

IV. Resultsand Discussions

This section firstly presents CFD results to demonstrate the influghead-wall riblets on the end-wall
secondary flow structure. Experimental data of exit loss surveyirades obtained by oil film method are

presented next to validate and compare with the CFD results.

A. Secondary Flow Structurewith Riblets (CFD)

Firstly, vorticity contours along three passage cut planes are shown iraFfay.the case without riblets. The
pressure side horseshoe vortex core is illustrated by a blue streamlingee@tdtean the inlet boundary layer) which
separates at a saddle point near the blade leading edge, rolls towards thesgletomface, and merges into the
passage vortex. The suction side horseshoe vortex leg (“counter vortex”) is illustrated by a streamline colored in red.
Figure 7b presents the differences in flow structure made by the endbhet:r(1) the strength of the pressure side
leg of the horseshoe vortex is greatly reduced through the padeage (orticity); (2) the passage vortex
developed downstream is confined closer to the end-wall while migratirsgdswhe suction side; (3) discrete high-

vorticity regions near the end-wall indicate the existence of smd#-gogices between riblets.

12



(b)

Fig. 7Iso-vorticity contours along three cut planes in the passage for cases (a) without and (b) with riblets (CFD).

Figure 8 presents an end-wall top view, illustrating the developmentdsfvath streamlines with and without
riblets. It can be clearly observed that the early over-turning of seaewall fluids is effectively reduced by the

riblets structure. The near wall flow becomes more aligned with therdineacurvature of the end-waiblets.

(@) (b)
Fig. 8 Fluid streamlines near the end-wallfor cases (a) without and (b) with riblets (CFD).

Pressure gradient contours and streamlines near the passage leading edgeedgitirer illustrated in Fig..9

Secondary flow velocity vectors are also plotted on the same cut plane. tegsire gradient near the end-wall is

13



greatly lowered by the addition of riblets. The rolling and early devedopf end-wall passage vortex are held up
in this region, as shown by the secondary flow vector and thenadlsstreamlines. Near the end-wall riblets region,

the streamlines indicate that some small-scale vortices develop and roll in the smalshatween riblets.

Pressure
gradient
700

400

100

(a) (b)
Fig. 9 Pressure gradient contours and streamlines near the passage leading edge for cases (a) without and (b) with
riblets (CFD).
Figure 10 presents the passage flow vortical structure visualized based sunfés®s ofi, [37, 38]. Same
negative), value was selected for better illustration for both cases with and without.ribtetshe case without
riblets, the passage vortex is lifted up from the end-wall, and a passage loss core is formed next to the wake

region, shown by the loss coefficient Cp contour in Fig. 10a. Withddéion of riblets, the passage vortex stays at

a much lower position near the exit of the blade passage, as shownlfitFig.

(@) (b)

Fig. 10 Loss coefficient contour and iso-surfaces of A, for cases (a) without and (b) with riblets (CFD).
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B. Experimental Result

Flow traces on the suction side surface (near end-wall region) are visualthedn oil film method in the
present experimental study. Figure 11 shows two images obtaineahiditions with and without riblets on the end-
wall. Clearly, the oil film develops to a much lower level on the suction sidface for the case with riblets. This

observation is consistent with the flow structure from CFD result as dtasdtin Fig. 10.

Fig. 11 Flow traces for cases (a) with(git) and (b) with riblets on tl(lte):)suction side surface (near end-wall) obtained

by oil film experiment.

Figure 12 presents experimental result of loss coefficient Cp distribdtipnenditions with and without riblets.
These datavere obtained at 0.2 chord downstream of the blade through the 4-hdie puwvey. Note that no
attempt was made to measure pressure data within 1.5 mm heightetodtiall due to concerns with the probe-
wall interaction. The profile loss for near mid-span region is ganjlar for both cases. The circled regions in Fig.

12a and 12b are identified as the passage vortex signatures in the wdke.dase with riblets, a higher loss region

is drawn closer to the end-wall

PS
SS, . PS ! 0.6
0375 0.6
£104
025 |
» |
4 0.3
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0 0.25 05 075 1 025 05 075 T 0
/P /P
@ (b)

Fig. 12 Aerodynamic loss coefficient Cp distributions for cases (a) without and (b) with riblets obtained 0.2 chord
downstream of the cascade blade.(Experimental study)
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Fig. 13 Aerodynamic loss coefficient Cp ((aili)stribu‘fibo)ns for cases (a) without and (b) with riblets obtained 0.2 chord
downstream of the cascade blade.(CFD)

Fig. 13 shows results of loss coefficient Cp distributions obtained by CFDlations, conducted with same
boundary conditions as the experimental study. For the case withowadiniblets, the passage vortex loss core
can be clearly identified above the end-wall, as shown in Fig. 13a (cirkedonthe wake). With end-wall riblets,
the loss core location is varied significantly. Fig. 13b shows #dasipattern as the experimental contour data in
Fig. 12b (as well as CFD result in Fig. 10b).

Quantitatively, there are some expected discrepancies between CFD and experimentalnremnityral, less
diffusion can be observed from the CFD loss contours. Note that faeestinish of the riblets fabricated with LPD
technique is not perfectly smooth. All blade surface roughness level hasemomeasured and taken into account in
the CFD simulation.

Qualitatively, both CFD and experimental results show a consistent trend: thgeasstex loss core is drawn

closer to the end-wall with the addition of riblets.

C. Overall Aerodynamic L ossand Optimization Strategies

It has been found that the riblets design has to be further optimizmdntalesired overall aerodynamic benefit.
Observed from experiments and numerical results in the present giadgifferences of overall mass-averaged
aerodynamic loss coefficient with and without adding riblets are less ¢m& percent, which are within
uncertainties in experiments and RANS CFD.

It has been recognized that additional loss penalty can also be introduttesl rilylets surface roughness (un-
characterized in the experiments). Friction and the mixing loss fnrersrhall-scale vortices near riblets (shown in

Fig. 8 and 10) will accumulate and be convected downstream througpa#isage. The beneficial effect of

16



secondary flow control needs to overcome these unavoidable side.difettand fouling in engine operating
condition could also alter the performance of endwall riblets, which sheuldrther evaluated.

The riblets geometry optimization should be conducted by a thoroughmetaic study (beyond the scope of the
present paper). Strategy-wise, the detailed geometry has to be determined accahdirigctmming flow boundary
layer thickness, the passage turbulence level, Reynolds number |dddie, etc. Uniform riblets height is not
necessary since the need for local flow alignment varies in pitch-wdsaxsad-wise.

Additional impact from riblets on the heat load reduction also needs toted: the reduction of passage vortex
size and strength will significantly reduce the heat load near the hlatienssurface, and thus lower the local
cooling requirement on the blade. In the overall budget, this benefftéalt has to be balanced with the negative

effects of increased vorticity between riblets and surface area onadhideat transfer.

V. Summary and Conclusion

Incented by the manufacturability of riblets in gas turbine indudtey ptesent work explatl the potential of
controlling the end-wall secondary flow with riblets through a comb@gerimental and CFD study.

The numerical predictions were undertaken using the FLUENT with thiekSSturbulence model. Detailed
comparisons of the passage flow structures were made in CFD simufaticzeses with and without end-wall
riblets. These comparisons suggest that the end-wall riblets greatly thdisteength of the pressure side leg of the
horseshoe vortex, lower the cross passage pressure gradient, and alleviateptiod tife passage vortex.

Qil film flow visualization and exit aerodynamic loss survey were conduictel low speed linear cascade
experimental facility. Laser Powder Deposition technique (LPD) was used tafaname the small-scale riblets.
Qualitatively all experimental data support the CFD observations: the passtayeloss core moves closer to the
end-wall with the addition of riblets.

The new end-wall riblets concept proposed in this study proedesv research option to control the end-wall
secondary flow. However, it should be noted that, in an actual enlginjgh turbulence level and unsteady flow
with wakes from upstream blade rows could also affect the perfornodmitdets. Further investigations are needed

to optimize the riblets design and evaluate its applicability in these differentdogitions.
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