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ABSTRACT

Feather seals (also called slot seals) typically found in
turbine stators limit leakage from the platform into the core
cavities and from the shroud to the case. They are of
various geometric shapes, yet all are contoured to fit the
aerodynamic shape of the stator and placed as close as
thermomechanically reasonable the powerstream flow
passage. Oscillations engendered in the compressor or
combustor alter the steady leakage characteristics of these
sealing elements and in some instances generate flow
instabilities downstream of the seal interface.

In this study, a generic feather seal geometry was
studied numerically by imposing an upstream harmonic
pressure disturbance on the simulated stator-blade gap.
The flow and thermal characteristics were determined; it
was found that for high pressure drops, large fluctuations
in flows in the downstream blade-stator gap can occur.
These leakages and pulsations in themselves are not all
that significant, yet if coupled with cavity parameters, they
could set up resonance events. Computationally generated
time-dependent flow fields are captured in sequence video
streaming.

INTRODUCTION

Brush, finger, and leaf seals are representative of
conventional compliant seals. They have potential
hydrodynamic lifting capabilities, a non-contacting nature,
and theoretically unlimited lifespan. Their configurations,
modeling, and applications are described in a large body of
literature: for example, Braun et al. (2005), Hendricks et
al. (2006), and Nakane et al. (2004), while a good review
of nozzle guide vane seal configurations is given by
Farahani and Childs (2006). Feather seals, however, have a
configuration similar to that of placing a thin metal sheet
between each slot cut in each segment of adjacent stators,
Tibbott and Gates (1996). It is desirable to cool the
surrounding segment and the feather seal itself with
minimum leakage and negative effect on the gas turbine.
This paper studies via the Colburn factor the flow and
implicit thermal behavior of a typical feather seal by

superimposing an upstream harmonic pressure disturbance
over a steady pressure amplitude.

GEOMETRY

The geometry of the feather seal is presented in
Figure 1. The clearance coefficient A varies from 0.3 to
0.5 and 0.7, respectively, which means the clearance can
be 0.024, 0.04 and 0.056 mm, respectively. The length of
the narrow path is 2.6 mm. The geometry is symmetric
about the horizontal center line. In reality the clearance
varies with engine operations, yet for this analysis the
clearance is fixed.

NUMERICAL IMPLEMENTATION

The numerical algorithm used in the present
calculations, CFD-ACE+, is a commercial software
package, which solves the full incompressible or
compressible Navier-Stokes equations in a body-fitted
Cartesian coordinate system. The finite-volume approach
employs an algebraic multi-grid solver that allows as many
as 50 internal sub-iterations for both the velocity and
pressure correction equations. The adoption of the finite-
volume approach is especially attractive because of the
fact that it allows a conservative formulation for the
discretized governing Navier-Stokes equations. First-order
upwind scheme is adopted for the discretization of the
convective terms because of its nature of stability. This
solution procedure applies to both incompressible and
compressible flows. The 2D X-Y grid was adopted for the
computational domain. Grid-convergence experiments
were performed to ensure that the results are grid
independent. Eventually 7X140 and 200X100 nodes are
chosen for the small clearance and the large clearance
passages, respectively. The total grid contains 534 nodes in
the X-direction and 420 nodes in the Y-direction. The
number of total quad cells is 71,882 for the whole domain.
No turbulence model [Direct Numerical Simulation (DNS)
scheme] was adopted for both incompressible and
compressible flows.



BOUNDARY CONDITIONS

The left-hand side of Figure 1 represents the high-
pressure side, which is set as an inlet boundary condition
with oscillating pressure P, = F, [l+ asin(27rft) . Here a is
amplitude and f frequency of the oscillation, with P, the
upstream stagnation pressure. The right-hand side represents
the low-pressure side, which is set as an outlet boundary
condition with pressure P, =0 . All the other sides of the
geometry are set as non-slip wall boundary conditions.
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Figure 1.—Geometric description of the feather seal. (1) Units
are in millimeters. (2) C = 0.08 mm. (3) A =0.3.0.5. or 0.7.
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RESULTS AND DISCUSSION

Figure 2 presents, for an incompressible flow, the
contours of velocity magnitude at different dimensionless
times (r* = t/T, T = 1/f = 0.01 s) for the case of A = 0.5, Py =
5x10* N/m?, a = 0.05, f= 100 Hz. It shows the process of the
backward pulsation flow. At the beginning, the flow on the
low-pressure side is symmetric before it reaches the outlet,
and the flow on the high-pressure side is not symmetric
because the velocity in the clearances [high length to
clearance (L/C) passages] is not large enough to pass the flow
(the flow is “blocked” by the clearances), Figure 2(a). The
flow on the low pressure side begins to pulsate after it reaches
the outlet, and the non-symmetry of the flow on the high
pressure side decreases with an increase of the velocity in the
clearances, Figure 2(b). The pulsation of the low pressure side
flow “transports” upstream with the further increase of time,
while the high pressure side flow becomes symmetric,
Figure 2(c). The flow pattern is fully developed when ¥ =
0.12, and only the magnitude of the velocity oscillates with
the oscillation of the upstream pressure, Figure 2(d).

Figure 3 presents the contours of the stream function cor-
responding to the velocity magnitude shown in Figure 2. It
shows the same process of backward pulsation flow; that is, the
flow in the low pressure side is symmetric before it reaches the
outlet, it pulsates when it reaches the outlet, and then the
pulsation “transports” upstream until it is fully developed.
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Figure 2.—The contours of velocity magnitude at different time (P, = 5x10* N/m?, a = 0.05,

f=100 Hz and incompressible flow).
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Figure 3.—The contours of stream function at different time (Py = 5x10* N/m?, a = 0.05, f= 100 Hz and

incompressible flow).

Figures 4 and 5 present, for compressible flow, the
contours of velocity magnitude and stream function vs.
time for the case of A =0.5, Py = 5x10* N/mz, a=0.05,f=
100 Hz. The flow pattern is similar to that of the
incompressible case shown in Figures 2 and 3. The
difference is that the flow on the low-pressure side begins
to be non-symmetric when #* = 0.05, which happens
before it reaches the outlet, Figures 4(b) and 5(b). Also, the
largest velocity magnitude and stream function for the
compressible flow are larger than those of the
incompressible flow: 130.3 m/s vs. 86.12 m/s and
0.008277 m*/s vs. 0.005829 m?/s, respectively.

Figure 6 presents, for both of the compressible and
incompressible cases, the pressure-time history for one and
one-quarter period at five different locations P;, shown in
Figure 1. It is shown that the pressure of the compressible
case is always larger than that of the incompressible case at
all five points. Also, the amplitude of the pressure
oscillation for the compressible flow is always larger than
that of the incompressible case: for example, 1,900 N/m? vs.
1,350 N/m* at Pl for compressible and incompressible
cases, respectively. It is also shown that there is a transition

stage when the pressure is increasing significantly for the
case of compressible flow. This stage coincides with the
formation of the flow pattern (¥ < 0.12) shown in
Figures 4 and 5. There is no such transition stage for the
case of the incompressible flow. Also note that the
pressure oscillates drastically during the formation of the
flow pattern (r* < 0.12) at P5 for both compressible and
incompressible cases, Figure 6(c). Finally, there is
surprisingly little change in phase between the two cases.
Figure 7 presents the pressure-time history for one
period at five different locations for the cases of (i) Py =
5%10* N/m?, a = 0.05 and (ii) Py = 5x10° N/m?% a = 0.1,
respectively. Both cases are for incompressible flow. It is
shown that the pressure profiles are not much different at
P1 and P2 for the two cases, Figures 7(a) and 7(b). The
pressure at P3 and P4 for case (ii) oscillates at the same
primary frequency with subharmonic frequencies,
Figure 7(d), while for case (i) there are no subharmonic
frequencies, Figure 7(c). However, the pressure oscillates
during the formation of the flow pattern (#* < 0.12) at both
P3 and P4 for case (i), Figure 7(c). The pressure at P5
for case ii) is random, and the primary frequency is not
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Figure 4.—The contours of velocity magnitude Figure 5.—The contours of stream function at

at different time (Py = 5x10* N/m?, a = 0.05, different time (P, = 5%x10* N/m?, a = 0.0,
/=100 Hz and compressible flow). f=100 Hz and compressible flow).
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Figure 6.—Pressure vs. time at different locations
(P = 5x10* N/m?, a = 0.05, f = 100 Hz).
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Figure 7.—Pressure vs. time at different locations

(incompressible flow).
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Figure 7.—Continued. Pressure vs. time at

different locations (incompressible flow).

discernible because of the turbulent nature of the flow,
Figure 7(f). However, the pressure at P5 for case (i) still
oscillates at the same frequency with that of the inlet
pressure, except that the pressure changes drastically
during the formation of the flow pattern, Figure 7(e).
Figure 8 presents the mass flow rate vs. time for both
the incompressible and compressible cases. It is shown
that the mass flow rate for the compressible case is much
larger than that of the incompressible case, 6.62x107 vs.
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Figure 8.—Mass flow vs. time for incompressible and
compressible flow (Py = 5x10* N/m2, a = 0.05,
/=100 Hz).

5.64x107* kg/(s'm). Also, the mass flow rate increases
rapidly during the formation of the flow pattern for the
case of the compressible flow.

When combining the effects of the pressure
perturbations of Figure 7(f) and the jetting effects of
Figures 2 and 4, it is apparent that the flows are unsteady
and can lead to unstable flows within the cavity regions.
These oscillating flows, if compounded with corrosive
gases or micro- or nano-particulates can promote an
erosive action at the sealing interface that can also pump
foreign matter into the outlet cavities. Unstable flows also
engender noise, which can couple with other oscillations
with a potential to resonate. Both the erosive effect and the
potential to resonate limit the life of a system and need to
be considered early in the design phase.

The mass flow rate (or leakage) acts as a coolant for
the seal and the sub-platform region. The dynamics at P1—
P4 are not all that different between compressible and
incompressible flows, and the mass flows closely follow
the square root law of the pressure ratio at the exit P5
shown in Figure 6(c). Some instabilities are noted in the
initial phase of the compressible solution.

Through the Colburn analogy, the heat transfer would
be higher for compressible flow and in either case follows in
phase with the sinusoidal amplitude of the pressure pulse.
The oscillatory behavior would engender component fatigue
and enhanced corrosive gas attack on the material interfaces.

CONCLUSIONS

The flows within a feather or slot seal with a perturbed
upstream pressure have been investigated. While the
upstream responses on the average are uniform, the local
values are time dependent with unstable jetting on the
downstream side of the slot passage interface.

Local pressure dynamics are similar for both
compressible and incompressible flows, except at the seal
outlet where the mass flows closely follow the square root
law of the pressure ratio; here they are higher for
compressible flow.



The oscillatory behavior of particulates or corrosive
gases within the narrow sealing gaps enhance the local
heat transfer coefficients engendering wear that degrades
component life. As such, perturbed behavior needs to be
considered early in the design phase of the component
sealing interface.

ACKNOWLEDGEMENT

The authors are grateful to Dr. Dzu K Le, NASA
Glenn Research Center for assistance in investigating the
pressure-time dependence, Dr. Meng-Sing Liou for
assistance in CFD coding and discussions with Dr. Florin
Dimofte.

REFERENCES

Braun, M.J.,, Pierson, H.M. and Deng, D. (2005),
Thermofluids Considerations and the Dynamic
Behavior of a Finger Seal Assembly, Tribology
Transactions, vol. 48, pp. 531-547.

Farahani, A. and Childs, P. (2006), Nozzle Guide Vane
Static Strip Seals, GT2006-90185, ASME Turbo
Expo 2006, Barcelona, Spain.

Hendricks, R.C., Braun, M.J., Deng, D. and Hendricks,
J.A. (2006), Compliant Turbomachine Sealing,
ISROMAC-11, Honolulu, HI.

Nakane, H., Maekawa, A., Akita, E., Akagi, K., Nakano,
T., Nishimoto, S., Hashimoto, S., Shinohara, T. and
Uehara, H. (2004), The Development of High-
Performance Leaf Seals, Transaction of ASME,
Journal of Engineering and Gas Turbines and Power,
vol. 126, pp. 342-350.

Tibbott, 1. and Gates, R. (1996), Gas Turbine Engine
Feather Seal Arrangement, United States Patent No.
5,531,457, July 2, 1996.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


