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The ongoing need for higher performance industrial turbines has lead to extensive efforts to improve various
components of gas turbines, steam turbines, compressors, and generators. One area being addressed is improved
seals to reduce parasitic leakage � ows. Major progress has been made to implement advanced dynamic seals
into industrial turbines with resulting performance gains. Brush seals have signi� cantly decreased labyrinth seal
leakages in gas-turbine compressors and turbine interstages, steam-turbine interstage and end packings, industrial
compressor shaft seals, and generator seals. Abradable seals are being developed for blade-tip locations in various
turbine locations. The development and implementation of advanced seals in industrial turbines is summarized
and with a focus on dynamic seals.

Introduction

IMPROVEMENTS in dynamic seals between rotating and sta-
tionaryparts in industrialgasand steamturbinescan signi� cantly

reduce parasitic leakages and give better control of secondary � ow
systems. These improvements result in performance improvements
in both reducedheat rate (increasedef� ciency) and increasedpower
output.1 Brush seals have been developed to improve signi� cantly
leakageperformanceover labyrinthseals in gas-turbinecompressor
and turbine interstage locations, steam-turbine interstage and end
packings, aircraft engine turbine locations, industrial compressor
shaft seals, and generator seals. Abradable seals are being devel-
oped for several blade-tip locations.Also, aspiratingface seals have
undergone extensive analysis and testing for potential applications
in aircraft engines.2

This paper addresses the development of dynamic seals for in-
dustrial turbines. A companion paper3 focuses on the overall de-
sign approach, experimental facilities, and static seal development.
Two dynamic seal areas are addressed in this paper: brush seals for
gas and steam turbines and abradable seals for blade-tip sealing.
Figure 1 shows the various areas where these seal types are being
incorporated into industrial gas turbines.

Gas-Turbine Brush Seals
Brush seals can signi� cantly reduce leakage � ows in turboma-

chinerybetweenthe stationaryand rotatingcomponents.Brushseals
have been under development by General Electric (GE), other tur-
bomachinerymanufacturers, seal vendors, universities,and NASA.
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An extensivesummary of brush seal researchand developmentwork
through 1995 has been published.4 More recent papers have been
publishedcoveringbrushsealdevelopmentbyGE5¡8 andothers.9¡33

Brush seal developmentat GE for industrial turbinesbegan in the
early1990s. Initialwork focusedon gas turbinesand built on sealing
improvement efforts for the GE90 engine. The performance gains
achievable in industrial gas turbines is signi� cant. They range from
a 0.2 to 0.6%reductionin heat rate and a 0.3 to 1% increasein power
output for each location.1 Technological development continues to
leverageaircraft engine applicationswhere possible and focuses on
several industrial turbomachineryapplications, including industrial
compressors.

A brush seal consists of a bristle pack welded at the outer diam-
eter to the side plates. The downstream plate serves as a backing
plate and provides structural support for the bristles. The forward
plate protects the bristle pack from incoming � ow disturbancesand
handling damage. In turbine retro� t installations, typically a rotor
land is removed to maintain an axial clearance between the brush
seal and neighboring lands. Figure 2 show a typical brush seal con-
� guration, and Fig. 3 compares leakages for brush seals compared
to typical labyrinth seals.

Figure 4 is a photographof a representativebrush seal taken dur-
ing a routine inspection. The seal is in good condition after nearly
threeyearsof operation.To date, 205 brush seals have been installed
in 70 GE industrial gas turbines,nine of which are instrumented for
performance monitoring. These turbines have been E and F tech-
nology classes in Frames 3, 5, 6, 7, and 9. Brush seals have been
installed in the compressor dischargehigh-pressurepacking (HPP),
middle bearing, and turbine interstage locations.Of the turbines,16
with brush seals have been operating since 1996 and 52 since 1997.
The current� eet leaderis a Frame 7EA HPP brushsealwith 40,000h
of operation.Field data and experiencefrom these installationshave
validated the brush seal design technology.

Brush seals must be carefully designed to achieve the design
requirements.Severalbrushsealdesignconsiderationsaredescribed
hereafter.

Material Selection

Materials in rubbing contact in brush seal installations must
have suf� cient wear resistance to satisfy engine durability require-
ments. A proper material selection requires knowledge of the rotor
and seal materials and their interactions. In addition to good wear
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Fig. 1 Advanced dynamic seals locations in a Frame 7EA gas turbine.

Fig. 2 Typical brush seal designs for steam turbine.

Fig. 3 Representative brush seal leakage data compared to a typical,
15-tooth, 0.5-mm (20-mil) clearance labyrinth seal.

characteristics, the seal material must have acceptable creep and
oxidation properties. Commonly, cobalt-based alloys are used as
bristle material due to their good wear and oxidation characteris-
tics. There is no general requirement for coating rotor surfaces for
industrial gas- and steam-turbine brush seal applications.

Seal Fence Height

A key design issue is the required radial gap (fence height) be-
tween the backing plate and the rotor surface. Following detailed
secondary� ow, heat transfer,and mechanicalanalyses, fenceheight
is determined by the relative transient growth characteristicsof the
rotor vs the stator and rotordynamic considerations. This backing
plate gap is designed to avoid any contact between the rotor surface
and the backing plate during any operating condition or under a set
of dimensional variations.

Consequently, the design of an effective brush seal hinges on a
thorough knowledge of the turbine behavior, operating conditions,
and design of surrounding parts.

Fig. 4 HPP brush seal for 7EA gas turbine after 22,000h of operation.

Fig. 5 Pressure forces acting on seal bristle pack.

Fig. 6 Bristle stress/de� ection analysis.

Seal Stress/Pressure Capability

Pressure capacity is another important brush seal design param-
eter. The overall pressure drop establishes the seal bristle diameter,
bristle density, and the number of brush seals in series. In a bristle
pack, all bristles are essentially cantilever beams held at the pinch
point by a front plate and supported by the backplate. From a load-
ing point of view, the bristles can be separated into two regions (see
Fig. 5), the lower part, of fence region,between the rotor surfaceand
the backplate i.d. and the upper part from the backplate i.d. to the
bristle pinch point. The radially innermost portion carries the main
pressure load and is the main source of the seal stress.16 In addition
to the mean bending stress, contact stress at the bristle/backplate
interface must be considered. Furthermore, bristle stress is a very
strongfunctionof the fence height set by the expectedrelativeradial
movement of the rotor and seal. Figure 6 shows the seal stress and
de� ection analysis and includes a list the controllable and noncon-
trollable design parameters.

Heat Generation/Bristle Tip Temperature

As the brush seal bristles rub against the rotor surface, frictional
heat is created that must be dissipated through convectionand con-
duction. If the seal is not properly designed, this heating can lead
to premature bristle loss, or, in the worst case, the rotor/seal opera-
tion could become thermally unstable. The latter condition occurs
when the rotor grows radially into the stator, increasingthe frictional
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Fig. 7 Measured brush seal leakage characteristic.

Fig. 8 Measured brush seal leakages for interference and clearance
conditions.

heating, leading to additional rotor growth until the rotor rubs the
sealbackingplate, resultingin componentfailure.Thesemechanical
design issues signi� cantly affect the range of feasible applications
for brush seals. Many of these issues have been addressed in more
detail in a recent paper.33

Seal Leakage and Blowdown

Leakage characterization of brush seals typically consists of a
series of tests at varying levels of bristle-to-rotor interference or
clearance, as shown in Figs. 7 and 8. Static (nonrotating) tests are
run to get an approximate level of seal leakageand pressurecapabil-
ity. They are followed by dynamic (rotating) tests to provide a more
accurate simulation of seal behavior. Rotating tests also reveal ro-
tor dynamics effects, an important consideration for steam-turbine
rotors that can be sensitiveto radial rubsdue to nonuniformheatgen-
eration. By measuring baseline seal leakage in a line-to-line (zero)
assemblyclearancecon� guration,bristleblowdownfor varyinglev-
els of assembly clearancecan be inferred from the leakage data (see
Fig. 8).

Finally, leakage, blowdown, and heat generation data from rig
tests are integrated into analytical tools used to design brush seals
for new applications.Semi-empirical transfer functions are derived
from test data or analytical equations and validated through test-
ing. Figure 9 gives a summary of the current status of brush seal
technology.

Steam-Turbine Brush Seals
There are several locations in steam turbines where applying

brush seals can signi� cantly improve performance. These include
the interstage shaft packing, end packing, and bucket tip seals. To

Fig. 9 Brush seal technology status.

Fig. 10 Typical rotor surface � nish undera steam-turbineend packing
brush seal.

date, there are 10 GE steam turbines running with combinations of
interstage packing, end packing, and bucket tip brush seals. These
units range from a 20-MW industrial turbine to a 900-MW utility
turbine. The � rst steam-turbine brush seals installed have recently
been inspected and were in excellent condition after three years of
service. Brush seals, which were installed more recently in a util-
ity steam turbine, have also been inspected and were generally in
excellent condition after 17 months of service. Figures 10 and 11
show photographs from this latter inspection. Figure 10 depicts an
end packing brush seal. Figure 11 shows the stage 9 tip brush seal
that rides over a row of integral cover buckets. Whereas bucket tip
seals are still underdevelopment,steam-turbineshaft brush seals are
now a robust product with validated leakage reduction and reliabil-
ity performance.Development efforts continue to re� ne the current
design and to expand the range of applications.

The steam-turbine environment adds some unique design con-
siderations to be addressed to assure a robust and effective seal
design and to minimize the impact of the seal on the steam turbine.
The design challenges include very high operating pressures, rotor
dynamics, turbine startup, and steam chemistry.

Steam leakage at the gaps between stationary parts and the ro-
tor can account for as much as 29% of the total stage ef� ciency
loss, and leakageat the end packings further reducesoverall turbine
ef� ciency.8 The end packings and stages with the highest pressure
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Fig. 11 Horizontal-joint view of brush seals above the buckets tips;
design has been improved to eliminate bristles being caught between
segments.

drop provide the greatest bene� ts for reducing leakage. Thus, in-
corporating brush seals will typically include interstage shaft seals
toward the high pressure (HP) section of the turbine and at HP end
packings. The number of brush seals in a turbine is in� uenced by
critical speed considerationsderived from a rotor dynamics system
analysis. Such analyses and other system parameters indicate if it
is feasible to use a brush seal in the low-pressure (LP) end of the
turbine. These steam turbine design issues are discussed in more
detail elsewhere.8

Abradable Seals
As the name suggests, abradable seal materials are worn in by

the rotating blade during service. They are applied to the casing of
gas and steam turbines to decrease clearances to levels dif� cult to
achieve by mechanical means. Abradable seals are gaining appeal
in gas turbinesas a relativelysimple means to reducegas-pathclear-
ances in both the compressor and turbine. They offer clearance re-
ductions at relatively low costs and minor engineering implications
for the service � eet. Abradable seals have been in use in aviationgas
turbines since late 1960s/early 1970s.34 However, they have been
used less in land-basedgas turbines for power generation,primarily
becauseof the longcycle times that the materialsare in service.With
increasing fuel prices and advances in materials to allow extended
service periods, abradable seals are gaining popularity within the
power generation industry.

Without abradable seals, the cold clearances between blade or
bucket tips and shrouds must be large enough to prevent signi� cant
contact during operation. Use of abradable seals allows the cold
clearances to be reduced with the assurance that if contact occurs,
the sacri� cial part will be the abradable material and not the blade
or bucket tips. Also, abradable seals allow tighter clearances with
common shroud or casing out of roundness.

Abradableseals aregenerallyclassi� ed accordingto their temper-
ature capability35 1) low temperature, usually for LP compressors,
ambient to 400±C (750±F); 2) Midrange for LP and HP compres-
sors, ambient to 760±C (1400±F); and 3) high temperature for HP
turbines, from 760±C (1400±F) to 1150±C (2100±F).

Abradable seals can be also characterized by the method of
application36: 1) castings for polymer-based abradable materials,
2) brazing or diffusion bonding for honeycomb and/or � ber metals
(porous � ber metal structures), and 3) thermal spray coatings for a
large range of powdered composite materials.

Many attempts have been made to study the wear mechanismsof
abradable structures using conventional tribometers37 or specially
designed test rigs.38;39 However, due to the high relative speeds,
>100 m/s (>330 ft/s), between the abradable seal and the rotating
blade tip surface, the mechanisms of wear/cutting differ consider-
ably from low-speed tribologynormally associatedwith machining
operations. At high speeds, the removal/cutting of thermal spray
abradable coating is done by release of small particle debris, that
is, <0.1 mm (<0.004 in.). In contrast to conventional (low-speed)
cutting in machine tools, the particle debris released in abradable

Fig. 12 Aluminium–silicon–polyester coating wear map.47

materials is ejectedat the rear of the movingblade.40 This, therefore,
partly sets the criteria for the design of such materials. It also sets
a limiting design criterion for blade-tip thickness. Generally, a cut-
ting element (blade-tip) thicknessless than 1.3 mm (0.05 in.) allows
release of the particles from the coating. Thicker tips tend to entrap
the loose particlesbetween the blade and the abradable material. As
a result, special considerationshave to be given to the design of the
materials to allow for the cutting mechanisms (for example, altering
the base material particle morphology and size).

Certain abradable materials rely more on densi� cation (com-
paction) of the structure than on particle debris removal.41 Material
compaction limits the functional depth of the abradable material
because the compacted material will increase the wear of the ro-
tating blade tips as the porosity is reduced. These types of seal
materials include some of the thermal spray coatings and porous
metal � ber structures (� ber metals). Fiber metals can be designed
and constructed with varying � ber sizes and densities to alter their
tribological behavior.42;43

Low-Temperature Abradable Seals

For thermally sprayed abradable coatings, different classes of
coating materials behave tribologically differently. Traditionally,
most of the powder metals available for low-temperature applica-
tions, that is, <400±C (<750±F), are aluminum–silicon based. To
make them abradable,a second phase is added.38 This phase is usu-
ally a polymericmaterialor a releaseagentand is often calleda solid
lubricant. The role of the second phase in aluminum–silicon based
abradable material is primarily to promote crack initiation within
the structure. The size, morphology, quantity, and material of the
second phase determine the wear mechanisms and abradability of
the seal coating under various tribological conditions. Figure 12
shows a typical wear map for an aluminum–silicon–polyester coat-
ing.This map displaysthenumerouswearmechanismsthatare dom-
inant under different blade-tip velocities and incursion rates when
rubbedby a 3-mm (0.12-in.)thick titaniumblade at ambient temper-
ature.The arrows indicate themovementofwear mechanismbound-
aries when a stiffer polymer than polyester is used as the second
phase.

Midtemperature Abradable Seals

For temperature applications up to 760±C (1400±F), Ni- or Co-
basedalloypowdersare commonlyused as thebasisof theabradable
sealmatrix.Otherphasesare addedto thebasemetal powder to make
the material abradable.These added phases are polymericmaterials
that are fugitive elements used to generate coating porosity and act
as release agents.39;44

Figure 13 displays a wear map of a midtemperature coating sys-
tem abradedat 500±C (930±F) using titaniumblades.The map shows
the wear mechanism domains vs blade-tip velocity and incursion
rate. The arrows indicate the movement of the wear regime bound-
aries as the polyester level increases. As polyester content and,
thus, porosity increases,cutting becomes increasinglypredominant
mechanism over the entire range of the speeds and incursion rates.
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Fig. 13 Midtemperature abradable coating (CoNiCrAlY) wear map
at 500±C (930±F) by titanium blades.43

However, increasingporosity has a negative effect on coating cohe-
sive strength and erosion properties.

High-Temperature Abradable Seals

Foroperatingtemperaturesabove760±C (1400±F), commonprac-
tice is to use porous ceramics as the abradable material. The most
widely used material is yttria-stabilized zirconia (YSZ), which is
usuallymixedwith a fugitivepolymericphase.Thereare a numberof
important considerations to make regarding porous ceramic abrad-
able materials. To achieve an acceptableabradability,the cutting el-
ement/blade generally has to be reinforcedwith hard abrasive grits.
Choosing these grits and processes to apply them has been the sub-
ject of numerous research activities. There are a number of patents
that deal with this aspectof ceramic abradablematerials.45¡49 Abra-
sive grits considered include cubic boron nitride (cBN), silicon car-
bide, aluminumoxide, and zirconiumoxide. Publisheddata suggest
that cBN particles of a given size range tend to be the best abrasive
medium against YSZ porous ceramics.45;48 This is because cBN
poses a high hardness (second to diamond) and a high sublima-
tion temperature, >2980±C (>5400±F), which makes it an ideal
candidate to abrade ceramic abradable materials. However, cBN’s
relatively low oxidation temperature, »850±C (»1560±F), allows
it to function for only a limited time. This has prompted the use
of other abrasives such SiC.46;49 Despite successful functionalityof
SiC against YSZ, SiC has been met with limited enthusiasm. SiC
requires a diffusion barrier to prevent its reaction with transition
metals at elevated temperatures.50 This adds to the complexity and
the cost of the abrasive system.

The ceramic abradable coating microstructure and its porosity
is another essential consideration. Clearly, the higher the porosity,
the more abradable the coating is. However, YSZ is strongly sus-
ceptible to high-angle erosion because of its brittle nature,51 and
adding porosity makes it prone to low-angle erosion also. Ther-
mally sprayed porous YSZ coatings show different tribological be-
havior when compared to metallic abradable materials. They tend
to show a strong in� uence of blade-tip velocity on abradability (see
Fig. 14).40 Abradability tends to improve with increasing blade-tip
velocity. On the other hand, porous YSZ coatings show less de-
pendency on incursion rate. They tend to have poor abradability at
very low incursionrates, <0.005 mm/s (<0.2 mils/s), thus requiring
blade-tip treatments.

Designing Abradable Materials for Turbomachinery

Because abradable seals are low-strength structures that wear
without damaging the mating blade tips, they are also suscepti-
ble to gas and solid particle erosion. Abradable structures intended
for use in harsh temperatures occurring in gas turbines can also be
prone to oxidation because of the inherent material porosity. These

Fig. 14 Abradability of high-temperature materials by SiC tipped
blades at 1025±C (1880±F): right set of data is for a CaF abradable,
other data are for YSZ with polyamide; the x axis lists velocity and in-
cursion rates, and the legend gives porosity levels and average pore sizes
after the polyamide is burnt out.49

con� icting properties need to be accounted for in designing abrad-
able seals. Abradable seals then have to be consideredas a complete
tribologicalsystemthat incorporates1) relativemotionsanddepthof
cut, blade-tipspeed and incursionrate; 2) environment temperature,
� uid medium, and contaminants; 3) cutting element geometry and
material, blade-tip thickness, shrouded or unshrouded blades; and
4) counter element, abradable seal material and structure.Manufac-
turing processesas well as microstructuralconsistencyof abradable
seals can have a profound effect on their properties.42;52

Considering the aforementioned elements makes the abradable
system quite unique, that is, designed to suit the particular appli-
cation. Thus, despite the availability of many off-the-shelf mate-
rials, abradable seals have to be modi� ed or redesigned in most
applications to meet the design constraints. More extensive lists of
references on abradable seals and their use have been published
elsewhere.40;42

Conclusions
Implementationof advancedseals into industrialturbineshaspro-

gressed well over the last few years. Applications have been seen
in gas turbines, industrial and utility steam turbines, aeroengines,
industrial compressors, and generators. Brush seals have been in-
corporated into many labyrinth seal locations, and abradable seals
have been employed to reduce blade-tip clearances. These sealing
improvements have resulted in signi� cant reductions in parasitic
leakage � ows, thereby increasing turbine ef� ciency, power output,
and, in some cases, reducing emissions.

Extensive development efforts have been carried out for the var-
ious types of advanced seals and application. These include the
following:

1) Brush seals have been implemented into many industrial gas
turbines at the compressor discharge, middle bearing, and turbine
interstage locations. Experience has shown that these seals operate
well for their expected life (24,000 h and more) with signi� cant
turbine performancebene� ts (up to 2% combined).

2) Brush seals are also being applied to interstage shaft pack-
ings, end packings, and opposite the bucket tips in steam turbines.
Inspection of brush seals from initial applications shows that these
brush seals are operating well. Unique design issues for steam tur-
bines includevery high operatingpressures,rotor dynamics, turbine
startup, and steam chemistry.



CHUPP ET AL. 1265

3) Abradable seals offer an effective means of improving tur-
bine performancethrough reducedclearances.These seals are being
applied to the casings and shrouds of gas and steam turbines to
decrease the blade-tip clearances beyond what is practical by me-
chanical means. Abradable materials are selected based on the en-
vironment temperature, that is, relatively low temperatures (com-
pressors), midtemperature (HP compressors and LP turbines), and
high temperatures (HP turbines). Besides temperature, other issues
include the method of application, cutting mechanism, need for
blade-tip treatment, etc. As for all advanced seals, many engineer-
ing and material issues need to be addressed to ensure an abrad-
able seal is properly designed and applied for the speci� c turbine
application.
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