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SUMMARY

The purpose of this program was to provide basic information on the leakage
characteristics of current gas turbine engine air/gas seals and sealing
surfaces which can be useful in the design and development of small, high-
performance gas turbine engines under consideration by USAAMRDL for future
Army use.

The approach consisted of (1) definition of all probable air/gas leakage
sources and paths in a small, high-temperature, high-pressure gas turbine
engine possessing variable compressor and power turbine stator geometry,
(2) identification of the various sealing concepts available and currently
in use, (3) prediction of the magnitude of leakage of a number of these
seals that can be used in the small engine, (4) rig testing of several
selected sealing methods to determine leakage rates, and (5) analysis of
the effect of this leakage on small engine performance.

The results of the pro ,ram indicate that performance losses in a small
engine amounting to an increase in specific fuel consumption of over 10
percent and a loss in power of over 20 percent are possible if leakages
are not predicted and accounted for in the cycle. Overboard leakage pro-
duced the largest effect on specific fuel consumption,and leakage bypass~
ing the gas producer turbine had the largest effect on shaft horsepower.

The major source of engine leakage was found to be the labyrinth seals.

This was verified both by analytical prediction and by rig testing cf a

typical labyrinth seal design under simulated engine conditions. The air/

gas leakages typical of labyrinth seals constituted more than 75 percent j

of the total engine performance losses associated with leakages. d
i

The major source of leakage in the compressor case split-lines occurred ]
at the intersections of the horizontal and vertical flanges. Use of

static seals at the split-lines vroduced no significant improvement over

the metal-to-metal flanges. '

A fluorocarbon bushing used as a variable-geometry compressor vane trun- i
nion seal provided excellent sealing characteristics. The turbine vane
trunnion metal bushing leakage was about sixty times higher than the com-
pressor vane seal leakage.

i1i
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FOREWORD

The work reported herein was performed by Curtiss-Wright under United
States Army Contract DAAJ02~-70-C-0024 (Task 1G162204A01409) to provide
information on the leakage characteristics of current gas turbine engine
air/gas seals and sealing surfaces which can be useful in the design and
development of small, high-performance gas turbine engines.

The technical guidance of Messrs, H. Morrow, N. Kailos, and R. Furgurson
of the Eustis Directorate, U.S. Army Air Mobility Research and Development

Laboratory is gratefully acknowledged.
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INTRODUCTION

Gas turbine engines contain various air and gas leakage sources which are
detrimental to engine performance. The problem is compounded in advanced,
high-performance engines by the requirements for higher compressor pressure
ratios, higher turbine inlet temperatures, and variable geometry in compres-
sor and turbine stator sections. Furthermore, the problem becomes even
more acute in the smaller engines of the 2 to 5 pounds per second airflow
range where engine leakage as a percentage of total airflow increases due

to the increase in the ratio of engine circumference to flow area.

Typical performance losses in a small turboshaft engine for a leakage of
1 percent of the total engine airflow in each of three major leakage cate-
gories are as follows:

Leakage
Percent Percent Percent
Total Loss Increase
Flow Horsepower BSFC
A. Leakage Overboard 1.0 3.8 2.3
B. Leakage Bypassing Turbine 1.0 4.2 1.8
C. Leakage Typassing Combustor 1.0 1.9 0.4
Total 3.0% 9.97% 4.5% '

The above leakage classificaticns are described as follows: J

A. Leakage overboard-flow that has been compressed in the compressor and
is unavailable to do work in the turbines.

B. Leakage which bypasses the compressor turbine but returns to the main-
stream before the power turbine.

C. Leakage which bypasses the combustor but returns to the mainstream
before the compressor turbine.

These performance losses are typical of unanticipated leakages occurring in
the cycle; they illustrate the importance of minimizing any gas leakage and
the serious consequences if leakage is not accurately predicted and accounted
for in the cycle.

A wide variety of static and dynamic seals is used in a modern gas turbine
engine to prevent or minimize leakage. Static seals include gaskets, O-
rings, and metal-to-metal seals as typical representatives. For dynamic
seals, both clearance and contact types are used. Clearance types are ex-
emplified by labyrinths, floating rings, and bushings. The contact types
include lip seals, piston ring seals, end-face seals, and circumferential i
seals.




The specific concerns of this program are (1) to identify all probable air/
gas leakage sources and paths associated with a small, high-performance gas
turbine engine; (2) to investigate typical sealing devices representative
of current technology which are most likely to be used at the various leak-
age sources; (3) to establish the leakage rates which can be expected from
these sealing devices; and (4) to determine the effects of these leakages
on the performance of a hypothetical, small gas turbine engine with a
variable-geometry power turbine nozzle and variable-geometry compressor
vanes. The overall objective of the program is to provide the designer of
small gas turbine engines with an indication of the serious nature of the
leakage problem and a guide to where the emphasis should be placed in re-
ducing the leakage.

The program goals were accomplished in a series of five tasks. The follow-
ing is a brief description of each task.

Task I - A literature and industry survey was conducted to identify the typ-
ical air/gas seals employed in current gas turbine engines and to define
their characteristics. Also, all probable air/gas leakage sources were de-
fined on a hypothetical design of a small gas turbine engine which is as-
sumed to possess variable compressor and power turbine geometry, and the
magnitude of each leakage source was estimated.

Task II - Testing was conducted under simulated engine conditions to deter-
mine the leakage characteristics of a labyrinth seal and a carbon-face seal,
which are widely used dynamic seals in current gas turbine engines.

Task III - Testing was conducted under simulated engine conditions to eval-
uate static sealing configurations for horizontal and vertical case split-
lines.

Task IV - Testing was conducted under simulated engine conditions to deter-
mine the leakage characteristics of typical variable-geometry vane mecha-
nisms suitable for compressor and turbine applications.

Task V - An analysis was conducted to determine the effect of the various
leakage sources on engine performance.
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DISCUSSION

LITERATURE AND INDUSTRY SURVEY (TASK I)

Engine Seal Survey

A survey was conducted and information was gathered from various publications
and engine and seal manufacturers to identify the typical air/gas seals and
sealing surfaces currently used in gas turbine engines and to define their
characteristics in terms of leakage and wear rates, limitations and sensi-
tivities, reliability, relative cost, and applicability to a hypothetical

gas turbine engine having the characteristics of small size, high tempera-
ture, high rotor speeds, and high air/gas pressures. The sources, facilities,
and seal manufacturers contacted during this survey are listed in Tables

1 and II. A 1ist of typical engines surveyed, including their airflow,
diameter, and shaft speed, appears in Table III, A summary of the engine
seal survey appears in Table IV, which lists the type of seal, engine

model, seal location, and significant seal features and limitations.

The following sections summarize the survey information regarding rotating
seals, flange seals, and variable-geometry mechanism seals which lead to the
selection of the seal configurations tested in Tasks II, III,and IV. These
selections are presented in Table V.

Rotating Seals

Rotating seals reviewed in this program can be categorized by their opera-
tion as either contact or noncontact seals and by their application as
either air (gas) to air (gas), or air (gas) to oil sump.

1. Labyrinth Seals

Labyrinth seals are noncontact-type rotating seals and fall into
two general classes: (1) the straight-through and (2) the double-
fin staggered arrangement. The straight-through seal is the least
efficient in that it allows some of the fluid to follow a straight
line, hance a considerable amount of kinetic energy carry-over
from one fin restriction to another. 1In the staggered fin laby-
rinth,the shaft and sleeve bore contain thin, sharp-edged circum-
ferential fins. The pitch of the fins on the shaft is mismatched
with the pitch of the fins in the sleeve bore such that axial
staggering will never allow "straight-through" flow.

A true staggered seal such as one with fin engagement is difficult
to assemble. Consequently, a modified arrangement using a stepped-
fin and shroud, or the rub-in type, may be used. The kinetic
energy carry-over in efther of these labyrinth seals is reduced
from that of a straight-through. The rub-in type seal is accom-
plished by coating the shroud with a soft or low density material
and setting a low diametral clearance. The amount of rub-in is
determined by the centrifugal growth of the rotor, runout and
thermal growth.

i T
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B.

TABLE I, TASK I - LITERATURE SURVEY - TYPICAL SOURCES

e
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SOURCES

Defense Documentation Center
National Aeronautics and Space Administration
Engineering Index, Inc.
Institute of Aerospace Sciences
Society of Automotive Engineers
American Society of Mechanical Engineers
Scientific & Technical Aerospace Reports
American Soclety of Lubrication Engineers
Engine Overhaul Manuals
Curtiss-Wright Service Department
Various Seal Manufacturers
General Publications

Product Engineering

Mechanical Engineering

SAE Journal

Lubrication Engineering

Machine Design
National Bureau of Standards (Clearinghouse)

FACILITIES

Naval Air Propulsion Test Center, Trenton, New Jersey
Aeronautical Engine Department, Philadelphia, Pennsylvania

Curtiss-Wright Engine Overhaul Department, Wood-Ridge,
New Jersey

ke
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TABLE II. TASK I - SEAL MANUFACTURERS SURVEY

Sealol Inc.
Providence, R. I.

Haskel Engineering and Supply Co.
Burbank, California

Parker Seal Co.
Culver City, California

Gits Brothers Manufacturing Co.
Chicago, Illinois

Clevite Corp.
CGB Division

Simplex Piston Ring Manufacturing Co.
Miami, Florida

Koppers Company Inc.
Baltimore, Maryland

Rex Chainbelt Inc.
Cartriseal Division
Wheeling, Illinois

Crane Packing Co.
Morton Grove, Illinois

Garlock Inc.
Palmyra, New York

Chicago Rawhide Manufacturing Co.
Elgin, Illinois

Borg-Warner Mechanical Seals
Los Angeles, California

Universal Seal Products Corp.
Cleveland, Ohio

Johns-Manville Sales Corp.
New York, New York

United Aircraft Products Inc.
United Metallic O-Ring Divisica
Dayton, Ohio
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TABLE III.

TASK I - INDUSTRY SURVEY - TYPICAL ENGINE CHARACTERISTICS

Airflow Engine Diameter Rotor Speed
Engine Model (1b/sec) (in.) (rpm)
T-63-A-5A 3 - 35,000 L.P.
51,600 H.P.
T-65 3.3 - 57.500
T-53 11l - 25,150
T-58 12.7 18 26,300
T-55-L-7 22 - 18,300
T-64, GE-6 24.5 23.8 16,900
T-56 32 29 13,820
J-85 44 17 16,500
GE-1 77 24 13,000
J-52 120 30 10,500
11,000
TF-30 129 38 9,500
14,500
JT8D 153 b4 8,000
11,450
J-79 169 38 7,680
J-57 180 40 6,500
9,500
JT3D 180 - 9,800
TF-41 260 38 8,900
12,700
J-175 265 43 6,500

8,650
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TABLE IV,

TASK I - GAS TURBINE ENGINE SEALS SUR

Configuration Engine Model Location Fe
I. Rotating
Straight -through and All Models Compressor discharge air Simplicity,
staggered labyrinth turbine section gas wide materi
fins seals
J-65 Nos. 1, 2, & 3 bearings Operated atf
velocities,
T-56 Nos. 2 & 3 bearings pressure.
JT-8-D Nos. 1, 2, 3,& 4 bearings Requires n
TF-41

Carbon contact single
segmented ring

Carbon contact multi-
split rings

Carbon-face seal with
piston ring secondary

T-64, J-79, J-85

J=-57
J-75
JT8-D

TF-30, J-52

J-57, J-52

J-75

JT8-D

TF-30

All bearings

All bearings

Nos. 4-1/2 & 6 bearings
Nos. 1, 4-1/2,& 6 bearings

Nos. 4-1/2 & 6 bearings

Nos. 1, 2, 3, 4,& 5
bearings

Nos. 2, 3, 4 & 5 bearings

No. 1 bearing

Low leakag

Accommodat
motion.

Requires s
envelope.

Same as ab

Seals betw
tric rotat

Low leakag

Relatively
shaft defl

Tolerates
seal than
type since
sure balan




K I - GAS TURBINE ENGINE SEALS SURVEY

Location

Features

Seal Characteristics

Limitations

ssor discharge air
e section gas

» 2,& 3 bearings

& 3 bearings

s 2, 3,& 4 bearings

arings

arings

-1/2 & 6 bearings
» 4-1/2,& 6 bearings

-1/2 & 6 bearings

.y 2, 3’ 4,& 5
188

's 3, 4,& 5 bearings

bearing

Simplicity, reliability, and
wide materials selection.

Operated at high peripheral
velocities, temperature and
pressure.

Requires no lubrication.

Low leakage.

Accommodates large axial
motion.

Requires small installation
envelope.

Same as above.

Seals between two concen-
tric rotating shafts.

Low leakage.

Relatively insensitive to
shaft deflection.

Tolerates nigher AP across
seal than circumferential
type since complete pres-
sure balance 1s possible.

High leakage rate due to
.002 - .020" clearance.

Limited to low A P across
seal due to partial pres-
sure balance.

Segmented seal is complex
and expensive (axial and
circumferential springs
position seal).

Requires o0il cooling at
high rubbing speed to
prevent temperature build-
up and excessive wear at
rubbing faces.

Requires larger installa-
tion envelope.

Requires careful handling
and installation procedures.

Requires oil cooling at high
rubbing speeds.

)
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TABLE IV - Continued

Configuration

Engine Model

Location Feat

ITI. Housing Split Line

Metal-to-metal parallel T-56 All horizontal and verti- Simple assemb
and piloted flange sur- cal split lines
faces J65 " Low cost.
T-53, T-55 s
T-64, T-58, T-75, ut
J-85
J-52, TF-30 Vertical split lines
J-57 Hot section vertical split
lines
J-75 Hot section vertical split
lines
Hollow metallic 7-ring J-52 Rear compressor housing Accommodates
fully confined in a rear vertical flange to from flatne
machined groove in one diffuser case front allelism.
flange face flange
J-52 Diffuser case rear verti-
cal flange to combustor
housing front flange
J-75 Front compressor case rear
flange to compresscr inter-
mediate case front flange
III. Variable-Geometry Trunnion
Seal
Metal spacers with close J-79 Compressor stator stages Low leakag
fit Teflon flanged No. 1 through No. 6
bushings on trunnions
T-64, T-58 1GV - 1st through 4th Requires 1
stages torque due
ient of fr
Flanged bronze bushings Industrial Power turbine stator Compatible
on trunnion with spring- antigalli
loaded face contact
9




IV - Continued

ation

Seal Characteristics

Features

Limitations

al and verti-

les
"

it lines

vertical split

vertical split

sor housing
1 flange to
e front

e rear verti-
o combustor
t flange

§SOr case rear
mpressor inter-
front flange

tator stages
h No. 6

rough 4th

ie stator

Simple assembly.

Low cost.

Accommodates deviation
from flatness and par-
allelism.

Low leakage.

Requires low actuation
torque due to low coeffici-
ient of friction for Teflon.

Compatible materials for
antigalling, etc.

Sensitive to surface irregu-
larities, cut-of-flatness,
distortion, etc.

Over-temperature causes
relaxation of seal.

32 microinch RMS on grooves
and flanges.

Sensitive to dirt and other
foreign material.

Teflon limited to 500°F.

Temperature-limited materi-
als; water-cooled trunnion,

7




TABLE V, TASK I - SEALS SELECTION

1. ROTATING SEALS
1, Face contact carbon seal with secondary piston ring
2. Axial labyrinth staggered-fin type seal
I1. FLANGE 3EALS OR SEALING SURFACES
1. Metal-to-metal (horizontal flange)
2, Metal-to-metal with step pilot (vertical flange)

3. Pressurized metal O-ring with soft plating
(vertical flange)

4, Metal tubing with soft plating (horizontal flange)

5, Pressure-energized metal V-ring with soft plating
(vertical flange)

6. Metal-asbestos braided packing (horizontal flange)
11I. VARIABILE-GEOMETRY TRUNNION SEAL
A, Compressor
Teflon bushing and washer
B. Turbine

Compatible metal bushing and trunnion materials

11




In all labyrinth seal designs, the leakage is controlled primarily
by the running clearance. Other factors affecting leakage include
the number of restrictions (fins', ratio of fin height to pitch,
diameter, pressure ratio, upstr:am pressure,and temperature,

Labyrinth seals incorporated on the engine m.dels investigated
were used as air-to-air and air-to-oil seals. Some models used
the noncontact air-to-air combination as interstage seals and to
meter compressor discharge bleed for turbine disc cooling. In
other applications, 'contact" type labyrinth configurations using
rub-tolerant honeycomb or silver-plated shrouds were incorporated
to minimize leakage from the turbine section and from low-pressure
low-temperature air buffer zones for bearing seals which connect
to a common overboard-vented cavity. 1In all of these applications,
engine geometry necessitated the use of labyrinth type seals be-
cause of the high A P or peripheral velocities involved or the in-
ability to provide lubrication or cooling for contact seals. Some
engine models, such as the T-58 and TF41, use complex close-clear-
ance multilabyrinth stages as air (gas)-to-bearing sump seals.

The survey indicated that a hypothetical small engine would incor-
porate labyrinth seals ot similar locations. However, application
of the multilabyrinth staging for air-to-bearing sump seals would
require prohibitively large space requirements for the temperature
and pressure differentials estimated for the small engine. 1In ad-
dition, the relatively high air-leakage rates of these labyrinth
seals may introduce dirt particles into the bearings and oil sys-
tem under the severe contamination environments experienced by
Army engines (i.e., helicopter applications).

Although many sources of labyrinth seal leakage data are available,
the effects of tooth height and pitch combinations for the seal and
shroud and very low clearances over a range of pressure ratios are
not well defined. Since the major portion of total estimated air
leakage overboard and bypassing the combustor cccurs past labyrinth
seals, it was felt that Task II testing should include a labyrinth
seal configuration designed for the small engine.

The characteristics of labyrinth type seals are summarized in
Table VI.

Carbon Seals
In all cases reviewed, carbon shaft seals were used as air-(gas)-
to-oil sump seals. The circumferential and face-type seals make

direct contact with a rotating shaft runner, while the controlled
gap floating ring seal is considered to be a noncontact type seal.

12




TABLE VI, CURRENT L

Configuration

Leakage

Sensitivi

A. Flat Plate Shroud

LS
H\NIN|W|

.

B. Honeycomb Shroud

_FLlI_'rI;.] !'l.t'!l_r‘ﬂl_l_l.l_

[
.

C. Silver-Plated Shroud

A / ./,// //Z/

(N [y I £l O 1y I

TS
% z

D. Multifinned Shroud

Leakage Coefficient = .003
at .005" steady state
operating clearance.

Leakage Coefficient = .008
at .005" running clearance
in a .005" deep rub-in slot.

Leakage Coefficient = .002
at .005" running clearance
in a .005" deep rub-in slot.

Considered lowest leakage
configuration due to the
minimizing effect of the
finned shroud on effective
flow area.

Shroud is intole
rotating fin con

Leakage varies w
and depth of rub
a given fin to s
clearance.

Leakage varies wi
and depth of rub
a given fin to s
clearance.

Relative axial
rotating and st
fins.
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URRENT LABYRINTH SEALS

ensitivities

Wear

Applicability

6 intolerant of
fin contact.

raries with length
1 of rub-in slot for
‘in to shroud radial

‘aries with length
. of rub-in slot for
in to shroud radial

axial spacing of
and stationary

Any rotating fin contact
with shroud causes fin wear
with increased leakage.

Honeycomb abrades with
little rotating fin wear.

Rubbed-out material builds
up on shroud making dis-
assembly difficult. Metal
chips generated can contam-
inate cooling air system.

Thin fins on shroud peel
back upon contact by
rotating member.

Leakage excessive - cannot
maintain close enough clear-
ance with allowance for
misalignment and transient
operation.

Leakage through honeycomb
cells excessive.

Unacceptable because of
disassembly and contamina-
tion problems.

Considered to be the most
applicable configuration.
No test data available to
substantiate seal efficiency.
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B

The carbon element which i8 the common sealing surface of all con-
figurations i8 made from powdered carbon and graphite bonded with
a hydrocarbon, compacted, and sintered. Graphite as a bearing
material has good lubricity but relativ:ly low strength; carbon
has higher strength and hardness but is only a fair lubricant.

The graphite-carbon combination provides a useful compromise of
gelf-lubrication and relatively high compressive strength. Other
properties are low density, brittleness, low tensile strength,
resistance to thermal shock, and corrcsion, Carbon oxidizes ex-
cessively above 600°F and has a coefficient of expansion approx-
imately one-third that of metals used for bearing shafts. Since
the material is porous, it can be impregnated with oxidation-
resistant coatings or treatments to seal against the entry of air,
wvhich at present can increase extended operation up to 800°F,

These proprietary surface treatments are apparently relatively thin
since most suppliers warn against machining treated surfaces, Im-
pregnation also increases compressive strength and elastic modulus.

A promising development for higher temperature capability is a
nearly impervious graphite-glass composition which combines high
compressive strength with a high degree of oxidation and chemical
resistance,

The best graphite-carbon grade cannot be selected on the basis of
operating temperature alone., Ther are many other dependent vari-
ables to consider, such as shaft cc.dition, friction coefficient,
load level, shaft speed, and dissipation of heat from the mating
surfaces. A major factor in wear rate is the runner surface, This
surface must be a hardened, corrosion-resistant steel protected
with a highly polished chromium plate. For service above 1000°F,
this surface should be Stellite or tungsten carbide.

011 coking and system contamination from severe operating environ-
ments also affect, to varying degrees, the operating capabilities
of all seal configurations studied. Coking can affect the radial
and axial floating movement of controlled-gap carbon ring and face
type seals re3pectively, while radial movement and pressure balance
can be disturbed on the segmented carbon ring design. The effec-
tiveness of highly polished seal surfaces required to maintain a
good seal and keep heat generation to a minimum can be severely
reduced by introduction of abrasive dirt particles. Since suscept-
ibility to oil coking and foreign particle contamination must be
considered, low oil inlet temperature or adequate cooling and effi-
client oil and coolant air filter systems are desirable.

a. Segmented Carbon Ring

The segmented carben ring bearing cavity circumferential seal
can be considered as a ring manufactured to a bore size co-
incident with shaft size, which is then segmented and held

15
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around the shaft with a garter spring restraint. As wear oc-
curs, the gaps between segments decrease until eventually the
ring is arch bound and is again essentially a bushing with
minimum clearance. This seal configuration has favorable
characteristics such as low air leakage (0.5 SCFM at 70 psi

AP and 6-inch diameter), large relative axial displacement
capability, small installation envelope,and fail-safe opera-
tion (by the retention action of the circumferential spring on
a fractured segment).

There are a number of disadvantages to this seal configuration.
This seal is expensive because of the many pieces involved and
the extensive machining required for pressure balance. 1In
addition, the carbon segments are fragile and require careful
handling. Assembly problems also exist in that the force of
the circumferential garter spring compresses the seal segments
to an I.D. size smaller than the mating shaft or runner. Dur-
ing engine operation,initial friction loading and wear are
relatively high due to the action of the circumferential spring
loading and unbalanced radial pressures. This condition can be
aggravated by the formation of oil coking in the I.D. surface
grooves, causing an increase in the radial pressure unbalance.
The coked oil will also fill the segment gaps,causing the seal
to hang open with increased air leakage.

The allowable A P across this seal is approximately 50 psi
for the small engine application.

Controlled Gap Seal

The controlled gap carbon seal is a continuous carbon ring
contained under compression (shrink fit) in a metal ring (Fig-
ure 1 ). This configuration is much less fragile than the
segmented design since carbon has high compressive strength.
Also, the extensive machining required on the segmented ring
for radial pressure balance is not necessary,making the cost
of this seal about one-fifth that of the segmented seal.

The disadvantage of this configuration is the higher air leak-
age associated with the design. Sufficient seal-to-runner
clearance has to be allowed to preclude the possibility of the
carbon element and backup ring from seizing and spinning with
the shaft at some severe transient condition.

Allowable A P accoss this seal is in the 50-psi range for the
small engine.

Face-Contact Carbon Seals

Tace seals offer an attractive package for solution of high-
temperature, pressure,and speed conditions. By the nature of

16
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the design, a complete spectrum of pressure balancing can be
achieved., The seal can be overbalanced, underbalanced, or com-
pletely balanced., This results in light face loading generally
supplied by either a bellows, coil springs, or wave washers.
The result is much lower heat generation at the interface and
a less severe heat rejection problem. The seal concept shown
in Figure 2 represents a typical face contacting seal of the
pressure-balanced type. Secondary sealing is accomplished
using a piston ring, Construction of the seal consists of a
housing, wave or coil springs to provide axial load, a sesgl
ring carrier, a carbon seal ring, a piston ring, a heat shield,
and a shaft mating ring.

Use of a face-type seal at all bearing locations where assem-
bly procedures and clearances will allow appears to have over-
all advantages over the circumferential seals. Because of the
preesure balance possible with a face-type seal design, fric-
tion loading is low, and higher pressure ratios across the
seal face are possible, This capability would reduce the re-
quirement for venting the air cavity upstream of the seal and
thereby also reduce leakage overboard.

Air leakage through the face seal occurs mainly past the piston
ring secondary stationary seals, The leakage of this type of
seal 18 low (approximately 1 SCFM at 80 psi on a 2-inch-diam-
eter seal). O0il coking, which may be a serious problem with
the segmented seal, does not functionally affect the face seal,

Face seals accumulating 2000 to 4000 hours between overhaul
with little increase in seal leakage over this time period
have been reported from engine experience. In many cases, the
used seal 1is refaced and reinstalled at overhaul.

The allowable A P across this seal is in the 150-psi range
for the small engine application,

Characteristics of the carbon-type seals are compared in
Table VII,

Split-Line Flange Seals

The primary function of the engine housing split-lines is to facilitate as-
sembly and mechanical joining of dissimilar materials such as between the
compressor and combustor housing. Since split-lines present a discontinuity
in the engine pressure vessel, they are potential sources of leakage.

All engines surveyed, with the exception of three models at special loca-
tions, use bare metal-to-metal flange attachments at all outer housing
split-line locations., Many engine models utilize piloted vertical flanges
to maintain internal radial clearances, At special locations where high in-
ternal pressure levels occur at a flange design offering a poor metal-to-

18
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Face-Contact Carbon Seal With Piston Ring as Secondary Seal.
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metal sealing srrangement, a hollow metaliic O-ring fully confined in a
groove is used.

Since these sealing configurations are so exclusively used and could be
applicable to a small engine, a comparative test of these configurations
was warranted in Task III. Alternate flange sealing arrangements will also
he evaluated.

The critical engine sections are considered to be the combustion chamber
housing flanges and turbine nozzle support and rotor shroud flanges. These
sections are most susceptible to distortion from high operating temperature
with high resultant leakage because of high A P and large perimeter. The
centrifugal compressor exit housing flange diameter is equivalent to the
size of a straight axial compressor gas turbine engine with approximately
10 times the airflow. Therefore, a given leakage gap at this location will
have a disproportionate effect on the small engine as compared to the
larger engine. Flange leakage even at those locations which are more rep-
resentative of the small engine inlet size of 6 inches diameter for 4,5
pounds per second engine airflow will still be more than three times

larger for given pressure compared to the J-85 engine with an 18-inch-
diameter inlet and 44 pounds per second airflow, and more than five times
larger when compared to the J-52 with a 30-inch-diameter inlet and 150
pourids per second airflow. Therefore, minimization of flange leakage

paths becomes more critical as engine size decreases.

For these areas, seals should be capable of conforming to surface irregu-
larities and accommodating considerable deviation from seal surface flatness
and parallelism, high temperature and A P operation, small size,and rela-
tively low bolt loading requirements. 7Two seal designs meeting the above
specifications are: (1) gas-filled high-temperature alloy tubing with
silver or nickel plating and (2) 1ight cross-section V-shaped pressure-
actuated high-temperature alloy gasket with silver or nickel plating,

These configurations are expensive but may be necessary for a satisfactory
seal in those areas which experience the most severe operating concitions.
Both of these configurations require less than 400 pounds force per circum-
ferential inch to seal properly, are available in small sizes, have a
1500°F temperature and a 1000-psi pressure capability, and use of soft
plating to ccniorm to surface irregularitirs, Typical materials for
metallic O-rings and pressure-actuated metal gaskets ('"V" groove) are pre-
sented in Table VIII,

Table IX summarizes the design and operating characteristics of the flange
seals discussed.

Variable Geometry Vane Trunnion Seals

The variable area requirement of compressor and power turbine stator vanes
is generally accomplished by extending the shank of the stator vane in the
form of a trunnion through a bushing located in a support housing (Figure
3 ). The actuating and synchronizing mechanisms are attached to the shank
outside the housing.
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TABLE VIII. FLANGE SEALS - TYPICAL MATERIALS

A. BASE MATERIALS

Operating Temperature (°F)

Beryllium-Copper 200
Aluminum 400
17-4PH 900
18-8 900
A-286 1500
Inconel X 1600
René 41 1800
Haynes 25 1800
Hastelloy 2000
Tantalum 90%/10% 2500

B. PLATING MATERIALS

Indium 300
Kel-F 350
Teflon 450
Silver 1650
Copper 1800
Gold 1850
Nickel (Soft) 2500

22
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Of the engines surveyed, only three incorporated variable-geometry vanes.
These three engines have variable-geometry compressor vanes in the early
stages where operating temperatures are below 500°F and Teflon bushings
can be used. The close-fitting bushing, coupled with the low actuation
torque required due to the Teflon, results in an excellent seal.

i At the present time there is one industrial power turbine production model

] which has a variable-geometry turbine. However, anticipating the require-

: ment, several experimental engines have tested variable-geometry turbine
configurations.

The trunnion and bushing assemblies are sources of air/gas leakage due to
clearances, wear,and deflection between the two components. One of the
prime factors concerning wear between the trunnion and bushings in a high-
temperature environment is material compatibility. The materials of the
trunnions and bushings must be selected to prevent galling, scoring,and
other surface deterioration during cyclic operation. Compatitle materials
for the turbine vane trunnion and bushing for wear and gall resistance are
presented in Table X.

T T T

A

Engine Leaggge Estimates

Typical small engine operating conditions were established in order to

estimate leakages at typical seal locations and to serve as a guide in

determining test parameters for the seal configurations selected for test-

ing in Tasks II, III, and IV. Estimated state conditions at all sections '
incorporating rotating and static seals in a small gas turbine engine of

16:1 compressor pressure ratio, 2315°F T.I.T.,and 4.5 pounds per second

airflow are shown in Figure 4 . The locations of various rotating and

static seals and typical air/gas leakage paths in a small gas turbine en-

gine are illustrated in Figure 5.

Leakages were estimated for the various sealing configurations associated
with the hypothetical engine (See Appendix). Each seal was identified as
to type, location,and approximate size. Typical fits and clearances were
assumed for each seal, and the engine state conditions of temperature and 1
b
|

pressure at the particular seal location were applied. The results of this
analysis are summarized in Tables XI and XII. From this data it should be
noted that 40 percent of the total overboard leakage is from the turbine
bearing cooling cavity at Station 4a (a labyrinth seal) and 28 percent is
flange leakage at the compressor discharge.

The importance of sealing in a small gas turbine is indicated in Table XIII,
which compares leakage as a percentage of engine airflow for a small and |
large engine. The small engine flanges and labyrinth seals result in a 2-

percent leakage; in a larger engine similar seals have only a 0.3-percent

leakage. In comparing engines, the leakage by a labyrinth or circumferen-

tial flange seal for a given clearance is proportional to the diameter.

Since main airflow is proportional to the diameter squared, the small en- ,
gine leakage as a percentage of airflow becomes substantial and therefore
produces a larger effect on engine performance.
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ROTATING SEALS (TASK II)

Test Rig

An existing rotating test rig was used to test both the labyrinth seal and
the carbon-face seal. Drawings representing the labyrinth seal and carbon-
face seal installed in the rotating rig test head are shown ir Figures ¢
and 7. The basic arrangement of the test rig and associated test equip-
ment and instrumentation is presented schematically in Figure 8 . The
prime mover is a 75-hp dynamometer coupled to a speed increaser. The out-
put shaft of the speed increaser is coupled to the shaft of the test head
and is capable of driving the test head shaft to speeds approaching 20,000
rpm. End play of the test head shaft is eliminated with a matched set of
angular contact bearings. The end cover on tiie test head contains electric
heaters capable of heating the rig cavity to 800°F at low airflows. The
rig cavity contains pressure and temperature probes upstream and downstream
of the seal, Filtered shop air or bottled gas is fed into the test head
cavity through a port in the end cover. From there it flows across the
seal and is vented to atmosphere,

A view of the test rig and Zhe test head cavity with the rotating compo-
nent of the labyrinth sea). installed on the shaft is shown in Figure 9.
Various adapters and spacers for the shaft and housing were modified as
required to accomplish the installation and alignment in the test head cav-
ity of the labyrinth seal and carbon-face seal. The end cover containing
electric heaters, air supply porting, and instrumentation is shown installed
on the test head in Figure 10.

Labyrinth Seal

A labyrinth seal with multifinned shroud, suitable for installation in the
previously described rotating test rig, was designed and fabricated for
Task II testing. Detail drawings of the rotating and stationary components
are shown in Figures 11 and 12, and an enlarged and detailed description of
the finning arrangement is shown in Figure 13.

The detail drawings show a radial clearance of 0.00075 to 0.00025 inch for
the labyrinth seal. However, the initial installed dimensions were mea-
sured at several I.D. and O.D. locations and indicated a radial clearance
ranging from 0.0006 inch loose to 0.0004 inch interference. These mea-
sured dimensions took into account both the actual I.D. and 0.D. of the
mating fins plus some 0.D. growth of the rotating component due to a
planned shrink fit on the rig shaft. The shrink fit was desirable from
the standpoint of assuring concentricity with the rig shaft for the first
series of tests in the aligned condition. The labyrinth seal clearance
approaching a slight interference fit was also a desirable condition since
it was loose enough to allow assembly of the components yet small enough
to sssure a slight rub of the fins, which is typical of actual labyrinth
seal operating conditions.
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TABLE X. VARIABLE GEOMETRY TURBINE SEAL MATERIALS

Trunnion

Bushing

Nitrided A286
Nitrided A286
René 41

Coated A286
Coated René 41
A 286

A 286, René 41

A 286, René 41

757 Ni-25% Moly (Powder)
S-Monel

S-Monel, A 286

A 286, René 41

A 286, René 4l

NM100

Clevite 300 (Powder)

Stellite 25
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Figure 5.

Typical Small Gas Turbine Engine Showing Air/Gas Leakage Paths.
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TABLE XI.

TASK I - ESTIMATE OF SEAL LEAKAGES

Engine Section

Type Seal

i

Assumptions

Station 2 -Compressor Inlet

Axial compressor front hsg flange
to axial compressor rear hsg flange.

Second axial compressor stage

variable vane trunnion.

Interaxial compressor stage
labyrinth seal.

Station 2A - Axial Compressor

Axial compressor rear hsg.
flange to centrifugal com-
pressor hsg front flange.

Axial to centrifugal compressor

interstage labyrinth seal.

Station 3 - Centrifugal Compressor

b-

Centrifugal compressor hsg
rear flange to combustor hsg
front flange.

Centrifugal compressor outlet
circumferential fin labyrinth

seal.

Number 2 bearing coolant

su ply cavity labyrinth seal.

Carbon ring bearing seal.

Carbon face type bearing seal.

Metal-to-metal piloted
flange surfaces.

Flanged sleeve with
Teflon bushing inserts

Four axial fin labyrinth
seals - close spaced thin-
finned shroud,

Same as Station (1) a.

Same as Stetion (1) c.

Same as Station (1) a.

Five circumferential lab
fins - flat plate grooved
to simulate rub-in

Four axial finned labyrinth
seal - close spaced thin-
finned shroud.

Controlled gap single piece
carbon ring.

Face type carbon seal with
piston ring secondary.

a., Flange distortion, g
flatness, etc., wil
an avg. 0.0005" lea
between bolt center
lent to a leakage s
the total flange le

b. Assume 39 vanes wit
#3 fit 0.0005" - 0.
diametral loose (sa

c. 0.005" - 0.007" rad
assembly clearance,
0.003" running clea
assume flat plate s

a. Same as Station (2)

b, Same as Station (2)

a., Same as Station (2)

b, 0.005" - 0.010" as-
sembly and running
clearance held by
bearing.

c. Same as Station (2)

d. Radial clearance =
(same as T-53)

e. Allowable leakage
@80 psi AP




MATE OF SEAL LEAKAGES OF USAAMRDL ENGINE

Estimated State Condition

.Temp AP Estimated Leakage
Assumptions &) (psig) (See Appendix)

Flange distortion, out-of a, 250 17 a, 0.002 1b/sec overboard

flatness, etc., will cause before 2nd compressor

an avg. 0.0005" leakage gap axial stage,.

between bolt centers equiva- !

lent to a leakage source 40%

the total flange length.

Assume 39 vanes with class b, 250 13 b, 0,0004 lb/sec overboard

#3 fit 0.0005" - 0.0015" before 2nd compressor

diametral loose (same as T-64) axial stage.

0.005" - 0.007" radial ch 250 8.0 c., 90,0052 1b/sec circuletion

assembly clearance, 0.001" - downstream to upstreem of

0.003" running clearance, vanes,

assume flat plate shroud,

Same as Station (2) a, ar 350 37 a. 0,0024 1b/sec overboard
before centrifugal com-
pressor,

Same as Station (2) c. b. 350 12 b, 0.0053 1b/sec circulation
downstream to upstream of 2nd
stage axial compres, stators,

jame as Station (2) a. a; 794 211 a. 0.028 lb/sec overboard
before combustor.

.005" - 0.010" as- b, 794 206 b. 0.098 lb/sec overboard can

embly and running axial be dumped in at lst stage

learance held by ball power turbine rotor shroud.

earing. 0.066 lb/sec vent to power
turbine to cool stator
shrouds and trunnions,

ame as Station (2, ~. c. 300 11.5 c. 0.0055 lb/sec overboard before
centrifugal compressor,

idial clearance = Q,0013" d. 800 50 d, 0.0024 1b/sec overboard

jame as T-53)

.lowable leakage = 1 SCFM e. 800 135 e. 0.00l4 lb/sec overboard

80 psi AP

F::} =

e
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TABLE XI - Contin

Engine Section Type Seal Assumy

Station 44 - 1lst Stage Turbine

a. lst-stage turbine coolant axial a., Four axial fin labyrinth a. Same as S
labyrinth seal, seal - close spaced thin
finned shroud. b. Same as S
b. Number 3 bearing coolant
supply cavity labyrinth b, Same as a. c. Radial cl
seal,

c. Controlled gap single- d. Allowabley
c. Carbon ring bearing seal. piece carbon ring. @ 80 psi

d. Carbon face-type bearing seal. d. Face type carbon seal e, Same as §
with piston ring secondary.
e, Turbine stator support rear
flange to lst-stage turbine e. Same as Station (2) a.
rotor shroud front flange.

Station 4B - 2nd Stage Turbine Stator

a, lst-stage turbine rotor a. Same as Station (2) a. a. Same as S

shroud rear flange to 2nd-stage 3
stator vane support front b. Same as Station (4A) a. b, Same as S
flange.

b. 2nd-stage turbine stator
coolant axial fin labyrinth.

Station 4C - 2nd Stage Turbine Rotor

a. 2nd-stage turbine rotor a. Same as Station (4A) a. a. Same as §
coolant axial fin labyrinth,
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I - Continued

Estimated State Condition

Assumptions Temp AP Estimated Leakage
SF (psig) (See Appendix)
Same as Station (2) c. 800 110 a. 0 07 lb/sec bypass
combustor and lst turb.
Same as Station (2) c. stator. In at lst T/R.
800 210
Radial clearance 0.0013", b. 0.04 1b/sec overboard
before conbustor.
Allowable leakage = 1 CFM 400 35
280 psi AP c. 0.0022 1b/sec overboard
before combustor.
Same as Station (2) a. 400 35
d. 0.0005 1lb/sec overboard
800 110
e. 0,011 1b/sec bypass
combustor in at lst T/R
me as Station (2) a. Same as Station 4A e. a. 0.01l1 1b/sec bypass

ime as Station (2) c.

gme as Station (2) c.

500 26

900 57

combustor in at lst T/R

0.01¢ 1lb/sec bypass
combustor in at 2nd T/R

0.021 1b/sec bypass
combustor in at 2nd T/R.
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TABLE XI - Continued

Engine Section

Type Seal

Assumptions

Es!

Station (5) - 2nd Stage Turbine

a. 2nd-Stage T/R shroud a.
rear flange to combustor
outer hsg. rear flange

b. Combustor outer hsg. b.
rear flange to power
turbine transition duct
front flange

c. 2nd-stage T/R rear c.
axial labyrinth fin
gas seal

d. Number 4 bearing d.
coolant supply cavity
labyrinth seal

e. Carbon ring bearving
seal

Station (6) - Power Turbine

a. Variable turbine nozzle a.
trunnion seals

b. Carbon ring bearing b.
seal

a. lst-stage power turbine a.
stator support rear flange
to lst-stage T/R shroud
front flange

Station (6B)

a. Interstage power turbine a.
labyrinth seal

b. 2nd-stage power turbine L
K \ stator nozzle trunnion
A

Same as Station (2) a. a.

Same as Station (2) a. b.

Same as Station (4A)a. c.

Same as Station (4A)a. d.

Same as Station (4A)c. e.

Close fit metal bushing a.

Same as Station (4A)c. b.

Station (6A) — lst Stage Power Turbine

Same as Station (2) a. a.

Seven fin axial laby- a.
rinth fin seal with thin-
finned multi-finned shroud

. Close fit metal bushing b.

Same

Same

Same

Same

Same

Class #2 Fit (0
Loose diametral

Same

Same

Same

Same

[+

as Station (2)

as Station (2) a.

as Station (2) c.

as Station (2) c.

as Station (4A)c.

as Station (4A)c.

as Station (2) a.

as Station (2) c.

as Station (6) a.

(14

.001-0.003) a.
clearance

Y]




\BLE XI

— Continued

Estimated State Condition

Estimated Leakage

L Temp AP
oF (psig) (See Appendix)

on (2) a. a. 790 170 a. 0.012 1b/sec »rypass combustor,
in at power turbine lst stg.

.on (2) a. b. 1600 36 b. 0.0021 1b/sec overboard
before power turbine

.on (2) c. c. 1600 31 c. 0.0144 1b/sec overboard
before power turbine

on (2) ¢ d. 400 30 d. 0.009 1b/sec overboard
before centrifugal compressor

lon (4A)c. e. 350 16 e. 0.0013 1b/sec overboard
before combustor

(0.001-0.003) a. 1570 25 a. 0.0013 1b/sec overboard before

:al clearance lst-stage power turbine

ton (4A)c.