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FOREWORD

The program described in this report was conducted by Mechanical Technology

Incorporated , Latham , New York, for  the Uni ted States Air Force Systems

Command , Wright—Patterson Air Force Base , Dayton , Ohio . The original phase
of this program was under the direction of Mr. J. McCabe, Program Manager.

The work described in this report was under Mr. L. Winn ’s program management.

Mr. M. Eusep I was project engineer . Mr. C. W. Elrod of the Flight Propulsion

Laboratory at Wright—Patt ison Air Force Base was the Air Force Project Manager.

The authors wish to acknowledge the credit due to Mr. H. V. White , the

originator of the seal concep t , and Dr. A. J. Smalley , who conducted the

original analyt ical  investigation .
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SECTION I
SUMMARY

This report discusses the work performed for the Air Force Systems Con,nand ,

Wrig h t -Pa t te rson  Air Force Base , under Contract No. F336 15-75-C-2062.

The work described in this  report followed the init ial  analytical  and hardware

study accomplished under Contract No. F33615-73-C-2043 , the objective of which

was to develop “clearance type , non-contacting , gas path seals” to rep lace

labyr in th  seals in high performance compressors of advanced j e t  engines.

Under the orig inal program analytical  method s for predicting the behavior of

the J-Seal were developed . These met hods have been incorporated into a step-

by-s tep design procedure by which seal performance can be optimized . The

results  of th is  phase of the program are summarized in a f i na l  report ent i t led ,

“Advanced Compressor Seal for Turbine Engine s” by A. J .  Smalley and

P. R. Albrecht , issued In November 1975.

Within the frame work of the second program phase described in this report ,

the seal design and the test rig have been modified to permit the incorporation

of a more accurate measuring system. A new manufacturing technique involving

furnace brazing rather than welding together of the several components making

up the seal membrane has been employed. Seal menibranes fabricated by this

brazing technique although not totally satisfactory, exhibited substantially

reduced distortions as compared to earlier welded versions . The improvement

of the seal fabrication process permitted the experimental evaluation of the

J—Seal . The results of this evaluation produced a qualitative verification of

the seal analysis. The prime sealing concept appears to be feasible . As the

next step this sealing concept should be incorporated within a realistic face

type floating seal design and its dyn amic performance evaluated over a range of

compressor shaft speeds.
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SECTION I I

BACKGROUND

Turb ine eng ine compressor seals are impor tan t componen ts because they con trol
leakage of the compressor gas and , therefore , are a s ign i f ican t  factor in

determining overall  engine e f f i c i e n cy .  Because of current  fuel  costs and

availabili ty alone , the e f f i c i e n c y  of advanced engines must be maximized .

In general , seal technology development has lagged behind compressor aero-

dynamic s technology bec ause the aerod ynamic analy t ica l  models are sophisticated

and augmented wi th  emp ir ic ism f ro m careful l y controlled measurements. Currently,
there is a much more promising probabi l i ty  to achieve a s ign i f i can t  gain in

eng ine e f f i c i ency  by improving seal performanc e than by improving aerod ynamic

performance. This is the reason wh y the subject seal technology program is so

important and timel y.

The labyrinth seal is the design most often utilized for compressor sealing .
As a single stage device , labyr inth seals have been used to ob tain reasonabl e
eng ine eff iciency, up to a pressure d i f f e r e n t i a l  of about 50 ps i, w ith gas
temperatures in the ne ighborhood of 500°F. When buffered by introduc ing an

intermediate pressure gas , and multi-staged in steps of different diameter , the

performance range of a labyrin th seal system has been extended to 400 ps i and
1200°F. However, these configurations are relatively heavy , expensive to

machine and d i f f i c u l t  to instal l  wi thout  damage to their sharp knife edges.

In n~~st instances the laby r i n t h  seal wi l l  rub against the bore requiring

special mater ia l s  to assure proper rubbing compatibi l i ty. As a side product

of the rubbing , the sharp kn i fe  edges may get worn down and/or pick up material ,

thus d is turb ing  the engine balanc e which in some instances may have disasterous

consequences. No doub t the eff iciency of labyrin th seal systems can be improved
with  the development e f fo r t  that is currently going on in most engine manu-

facturing companies. However, the conf igura tion of these sys tems is head ing in

the direction of increased complexity and the original fea tures tha t made the

labyr in th  attractive , namely high reliability , long life , and simplicity are

gradual ly being eroded away .

A concept evaluated under contract F336l 5— 73— C—2 043 suggested a new compressor

seal ing appr oach based on compliance.  The proposed compliant seal was conceived

in view of the following requirements :

—2— 
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• A close clearance seal is required to avoid compressor efficiency

losses due to leakage.

• A face seal configuration is necessary to accommodate radial growth.

• The seal face of a close clearance seal must comply with distortions

arising both from manufacturing tolerances and operational induced

geometric changes.

• The mass of the seal member must he minimized in order to permit

t rack ing  of the varying axial pos i t ion  along the c i r cumfe rence  of the

seal .

The minimum mass comp l i an t  s t r u c t u r e  to car ry  the  seal f a c e  and separa te  the

high  from the low pressure areas is a membrane. The minimum mass memb rane

that  can support a seal dam from the engine s ta tor  is a c i r cu la r  cross sect ion

toroid wi th  the outer  ha l f  removed and replaced by a d i r ec t  connec t ion  to the

housing on one side and a th in  washer type connect ion f rom the seal down to

the housing on the other  side. Because i ts  curved c ross -sec t ion  resembles

the l e t t e r  “J ” , t h i s  seal is re fe r red  to as the “J — S e a l ” .

An analyt ical  parametric  study of the J—Seal was performed and a 13—inch

diameter compressor seal has been designed to operate at 600 psi and 1500°F.

A seal and seal test rig have been constructed for  initial verification tests

at room temperature and at 100 psi air pressures. A detailed description of

the work accomplished is given in Refe rence 1. This repor t  describes the test

rasul ts  obtained in the follow—on phase of the J—Seal development in which

test data was obtained that  qua l i t a t i ve ly  verifies analytically predicted

behavior of some of the more important  parameters .  Fur ther  work however , is

required to broaden the test range and obtain  q u a l i t a t i v e  v e r i f i c a t i o n  between

test and analyses.

1
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SECTION I I I

DESCRIPTI ON OF SEAL CONCEPT

The J-Seal is a face type seal capable of accommoda ting large axial excursions

as well  as radial whir l  of the shaft.

The seal version used in this program is representa t ive  of the primary seal ing

surfaces only ,  while the finished seal version will eventually comprise a
floating seal body. The differences between the test and final seal versions

are described in more de ta i l  below .

3.1 Description of a Jet Engine J-Seal

A final version of a jet engine J-Seal is shown in Figure 1. The seal con-

sists of a runner which is mounted on the shaft and operates at shaft speed .

The runner is equipped with a seal face located at i t s  outer diameter. The

face is slightly tapered to provide convergent flow during operation. It is

this convergence which is responsible for  the bearing type act ion of the seal

during operation and the inherent s t i f fnes s  resul t ing from it is emp loyed to

keep the runner at a safe but minute f i l m  d istance away from the stator .

The stator is bui l t  into the J-Seal memb rane , Its d imensions are der ined  by

r0 and r . as shown in Figure 1. The membrane is welded onto a secondary

carrier which is subjected to a constant preload by a set of spr ings equally

spaced around the fu l l  seal circumference.

The high pressure is located on the outside diameter  of the runner and

is thus also present in the preload spr ing  area. The fac t  tha t  the seal has

to mainta in  axial f loa t ing  capab il ity is responsible for  the in t roduct ion of a

secondary seal , usually a pis ton ring , wh ich is p laced in the  s ta tor  and forms

a c i rcumferen t ia l  ring type seal wi th  the ca r r ie r .

Since one of the prime object ives  of th is  program was to val idate  the anal yt-

ical ca lcula t ions , the  seal used on test  was s imp l i f i e d  in the sense that

the primary seal fac e was fu l ly dup licated , but the axial flotation feature

wag eliminated in order to render the testing more economical.

— 4--
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3.2 Description of Test Seal

A cross-section of the test seal is shown in Figure 2. The runner is

simi lar to the runner wh ich would be normally used in a f inal sealing app li-

cation, as is the J-Seal memb rane and the stationary seal ring. The only

substantial difference between the test seal and an eventual jet engine seal

version lies in the fact that the J-Seal membrane is, in this particular case,

attached to a stationary support.  In an actual je t  engine seal , as exp lained

before , the membrane would have been attached to a movable carrier.

Figure 2 also presents the terminology employed in the analyses and in the

discussion of the test resul ts .  The critical parameters such as the heel

gap, the f i lm  taper , seal inne r radius , toroid radius , inner support leg loca-

tion , outer support o f f s e t , face width , and membrane thickness are all shown
in Figure 2 , as are the regions of high and low pressure .

The heel gap is representative of the minimum f i l m  thickness present . The

unloaded heel gap denotes the heel gap at the start of the test prior to

pressurizat ion and rotation , whereas the running heel gap denotes the actual

heel gap present after the seal has been pressurized .

-6-
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SECTION IV

REVIEW OF ANALYSI S

Th~- d e t i i l s  of the anal ys i s  performed on the J-Seal are g iven in Reference  1.

ThL- anaIysis consisted of two major component par ts , i. e.,  the f l u i d  f i l m  seal

a~~~ly s i s  and the membrane anal ys is .  These two parts were then coupled to

~ i~~ld a f i n a l  seal interaction analysis .

A typ ica l  output  of the f lu id  f i l m  anal ysis  is shown in Table 1. A plot of

the var iables  in given itt Figure 3 for  the original design conditions :

600 psig T = 1500 F

~LO 100 psig N = 12 ,000 RPM

The memb rane anal ysis employed a computer program KSHEL-l w r i t t e n  by A. Ka ln ins

of 1~~hi g1 . n i v~ r s ity . This program is capable of represent ing all  geometries ,

l oundary conditions , and loads required for this particular seal design. The

prog ram is based upon thin shell theory . A typical set of data is given in

Table 2. The data is presented for two sets of loading conditions , in one

s~ t a pure seal face loading is applied and in the other the seal is subjected

to plcssure loading only. The quantities b and Ar have been combined into a

sinRic parameter (b + Ar) so that face width variations may be studied at con-

s L a n L  outer support diameter . The distortion of the membrane under load is

giv ~ ii as tiw axial displacement at the heel , r = r., and the change in slope

of the seal force  is g iven in  radians .

The m e r i d i o n a l  norma l stresses are t ens i l e  (posi t ive)  or compressive (nega t ive) .

Ilft- ;~.~ 5t r~-ss~-~ act ~tc ross a sec tion  norma l to a mer id ian  l ine at the posi t ions

iudicated in fable 2. In g en er i l  maximum stresses are found to occur at the

d i - ~~o i i t i n u i t i & s in the i-Se al p r o f i le :  at the support  boundar ies , and at the

i nner a l e! ou te r  ed ges of the seal face. The coupled seal anal y sis , from here

on referred to a-~ the interaction analysis , was written to car ry  out the over-

all seal calculations which include the appropriate interpolations . The

in t e r a c t i o n  anal ys i s  program is given in Append ix B of Refe rence  1 together

with the inpu t  desi gna tions .

Tie met I iololo ~;v of the seal desi gn process is shown in the f low char t  in

—8—
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TABLE 1

FLUID FILM DATA FOR ~r = 0.75 IN.

h - iTh F POWE R
~1. F LOSS

(IN) (IN) (LB .SEC/IN) (LB) (WATTS)

0.0000 0.0000 0. 16198.0
.0005 0.0000 3 .278E —0 5 10347.0 4998.0
.0010 0.0000 1.896E—04 10335.0 3417.0
.0020 0.0000 7 .6 7 9E— 04 10332.0 2569 .0
.0030 0.0000 l .63 1E—03 10320.0 2 2 4 4 . 0
. 0040 0.0000 2 .800E—0 3 10309.0 2030.0
.0050 0.0000 4.130E—03 10262.0 1868.0

0.0000 .0020 0. 16198.0
.0005 .0020 l .935E—0 4 14215.0 3468.0
.0010 .0020 5.l69E—05 13384.0 2953.0
.0020 .0020 l.388E—03 12461.0 2435.0
.0030 .0020 2 .5 32E—03 11963.0 2154.0
.0040 .0020 4.000E—0 3 11650.0 2020.0
.0050 .0020 5.426E— 03 11456.0 1899.0
0.0000 .0040 0. 16198.0

.0005 .0040 3.255 E—04 14792.0 2982.0

.0010 .0040 7.806 E—04 14220.0 2662.0

.0020 .0040 l .909E—03 13390.0 2320.0

.0030 .0040 3.3l7E—03 12849.0 2130.0

.0040 .0040 4.850E-03 12450.0 2010.0

.0050 .0040 6.591E—03 12191.0 1903.0
0.0000 .0080 0. 16198.0
.0005 .0080 5.995E—04 15105.0 2568.0
.0010 .0080 1.238E— 03 14795.0 2406. 0
.0020 .0080 2.816E—03 14222.0 2198.0
.0030 .0080 4.591E—03 13766.0 2056.0
.0040 .0080 6.533E—03 13397.0 1948.0
.0050 .0080 8.SOO E— 03 13020.0 1850.0

0.0000 .0120 0. 16198. 0
.0005 .0120 9.139E—04 15203.0 2342.0
.0010 .0120 L700E—03 15004.0 2234.0
.0020 .0120 3.617E—03 13596.0 2084.0
.0030 .0120 5.7l4E—03 14227.0 1974.0
.0040 .0120 8.0 12E—03 13908.0 1888.0
.0050 .0120 1.320E—0 2 13660.0 1790.0

L ~~~~~~~~~~~~~~~ _ _ _ _ _  _ _ _ __ _ _  _ __ _ _ _
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TABLE 2

TYPICAL SET OF FLEXIBILITY DATA

INPU T PARAMETERS

Temperature 1500° F

l~oung ’s Modulus 20.0 x 106 lb/in2

(b + Ar)  2.00 inch

c 0.067 inch

t 0.045 inch —

6.5 inch

Ar 0.50 inch

a 0.00 inch

It 1.00 inch

OUTPUT RESULTS

~P , Membrane Pressure Loading, psi 0 500
**F 1, Total Seal Force Loading, lbs. 1000 0

*
~xia1 Displacement • inch , at r . — .0058769 — .0043181

*Change in Face Slope , radians (psi) — .0037515 + .0014411
*Meridional  Normal Stresses (psi) at:

Outer support  (inside) — 11036 + 4624

Outer support (outside) + 1209 2 + 11727

Outer  face edge (inside) + 16029 + 12550

Outer face edge (outside) + 14797 + 6528

Inuer  face ed ge (inside) + 9787 + 16081

Inner face edge (outside) — 8435 + 4847

Inne r support  (inside) + 15178 + 8903

ln i ~~r suppor t  (outside)  — 13928 + 12436

Si gn Convent ions:

Positive axial displacement is away from runner
Positive face slope induces a converging film in direction of flow
Positive stress is t*nsile

~I*PosItive toward the runner 11

_ _ _  
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i~ ure -.. Starting with the rectangular enclosure on the left—hand side

on the uppe r part of the rectang le , the f lu id  f i lm  analysis  is located which

~eet r a t es  the data for the f luid f i lm  performanc e tables. On the lower part

af the rectang le we see the th in  shell anal ysis which generates the data of

strl-ss and seal flexibility . The environment conditions such as pressure,

t~~!perature , and speed are used a,, inputs ittto the interaction analys is program

togethet with the seal geometric parameters. The output of the interaction

analysis produces leakage , running heel gap , and power vs. the unloaded heel

gap and its taper . Once a set of l imi t ing  values related to the maximum flow

and permissible stress, as well as the optimum taper and running heel gap limita-
t io ns , have been established the da ta when plotted can take these limited values

into account and produce finite barriers within which the seal performance

would he acceptable. An example of such a p lot is also shown in Figure 4.

ibi s plot , in turn , can serve as a means for selecting the proper values of

fi im l aper and heel gap wh ich w i l l  y ield acceptable performance.  In order , how-

ever, to finalize the geometry anticipated , uncertainties in the unloade film

taper must be considered together with the effects of thermal distortion at

running conditions. For the purposes of this program the effect of thermal

di~ tortion was assumed to be minimal because of the stationary nature of tests

which were subsequently performed to verify the analytical predictions .
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I I o N  V

~EAI- I C ~- Ih N SU’ltb\I(Y

£\ W d S  ~~i i i i i .  c-n t i ~ e~~tj O n  I l l , t h e  I — ~. e i i  is a comp i t a n t  f . i c e  ~eai whi ch

~tts I ape  r dt e  in  a ~h t c 1n I dl  ore , high pressure environment. Thus , its

~~-~~ i~~~i in v ol v e s a ti - - li e- i o t  I i  l i o l ta n t  c ot i siJ er at i o n s  , sonic of them coiif1i ct iii ~ .

I~n example , t-h~- in li - : l t w -  gc -inft -tr \- is sc-i eCt&-d so that ample flexihi lity is

pr ovid~-d wit i Ic t h e  icr ress s are kept iii acceptable levels. The material of

- - oI~ S t tuc L -e l i d s  - - • . - Our- wi t I eh would survive hi gh operating I c - ap e -ca  In re- s

md st ill i i c , v  i i . dp e-r  ci~ - i o r m a L i  ott nOel strength characteristi cs, t h e  f1u~d

I 0 iS g e it l i l e l cv i1 i i ~ t -e  o n e - that. g iv e s  positiv e , h i gh fluid film stiffness ,

sut I i  ie~ c - t i i ~~~ - ot flu id I i  In force to exercise the full flexibility ol th-

I -~ no - and I tOte same Lime at so yields acceptable I .si kage- flow . Final v ,

Jic sit e 01 t u e  - -

~ ii must be selec ted to be large enough to provide ucaninc ,-

ful -st r~-~ n t s , bu t  -c ciii e n o u g h to fit the test facility .

~~~~~~~~~ I

li e J — S e d I  c i e s i g i l  - - - c e s s  C O I L S  i d er e i t  th e- se l e c t  ion of eight geonie t r i  cal
) u w ~i~ - t o  r - ~ - ~~ -a I r 1 d  t i m , r . ; f a c e  w i d t h , .~r ;  outer support leg length , b ;

OUL cc  a~ iaI oft n I , t ;  to  ia Id radius , R; inner leg length, C; membrane thick—

ne s , I I ed-i I el gap , it ; unl~ ud 0(1 taper , h .

F i t t  I hiusi r ti t i n - physical location of the listed parameters . In t h e

set  c~~ L ‘n UI t h e  t e ~ i. seat parameters the pr imary  seal face leakage was us c-cl

-t~ - t h e  ‘sait cr1 Ic  o n .  ‘ d i n e s  for the memb rane structural parameters ac- r e-

syn hesiz~ d 10 p i o v  e b i g ht f l e x i b i l i t y  and low s t ress  s e n s i t i v i t y  to load i ng .

W i t h  th ese - u u t a n t e h . -r s  Se L , t h e  in t er ac t i on  ana ly sis was u sed to se lec t  t hose

Vd  I t i e S  at tin I oa~h - d el e~ap and t ape r  wit I cii m a x i m i z e d  t he  range of unload ed

h r - c-h i~ap t t v , - r  w i i  H L n - e e l t l a b l e  seal p e r f o r m an c e  woti l d  o c cu r .  The t a rge t  d e s i gn

i h i s  - o ~ raut are g iven i n  Fi gure 3. This l a I g e - t r e j re -i ~e l 1 t s

set of conch L i s i l t - tilt i c  i i t e d  in a i v ~u ic-ed  t u r b i n e  engines of t h e  l- ’~~O ’ s.

~~s e T h i t  I Z i i i~ Li e- i t  -; op u s - I l  tal nature- of thi  i s  prog ram , a seco nd Sc ’I  of cone! it ions  
- -

lv 1i i ca l ~iI  i~~
-
~~ • ‘ t - n t  t - n g  i t i e s  n- is s c lee ted for the seal design. The It-s

d e S  i d L l  L ittle I I b u S  I C st-al in i n  I sal g~-ome t r y  and seal 
~~~~ 

ci er t i t a n e  ~
- paraniete is

r~- I i  ~~~c I iii lab Ic I.

5 . 2  ‘ t I l l

l i e pr es s - u t  Jl)~~l i e~~ t O i l  I ~d i t 1 l  cx i t N i  t o l s  whu t t h i  t - x h ihi t good high I c-nips-ra t ti ~

- -  

‘~~~~~~~--— —- — -~~ -—- - --  - - - --- - - -  -- -~~~~~~~~~~ -- -~~~~~~~~ - - - ~~~~~~ - - - - -—-—- -- -- -— - ---
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TABLE 3

PREDICTED PERFORMA NCE AT TEST CONDITIONS

i-SEAL NOMINAL GEOMETRY

Dimension (inches)

Outer support axial offset , a 0.00
11th e-r leg I engthi ,tnd fa re  w i d t h  (b + Ar) 2.00
K,n t’ w id t h , A r 0 .75
Mt ’mh r.int’ thickness , t 0.0 3
I n n e r  leg length , r 0. 10
Toroid r a d i u s , R 1.00
Unloaded film taper , -‘ih 0.005
Unloaded heel gap, h 0.013
Seal radius , Y j  13.00

- i

S UMMARY OF J—SEA 1~ PERFORMANCE PARAMETERS

Parameter
Operating temperature , F 1,200
Opera ting speed , rpm 12,000
Upstream pressure , psi 300
Discharge pressure, psi 50
Running heel gap, in. 0.0014
Runn ing taper , in. 0.0073
Leakage , lb/sec 0.21
Stress — outer support , psi 19,400
Stress — inner support , ps i 25 ,700
Stress — outer face edge, psi 18,600
Power, hp 2 .3
Stress fluctuation (psi) for
4 mil runout (peak—to—peak) 9,700

Leakage per unit perimeter ,
lb/sec/in. 0.0051

Allowable range of unloaded
gap , mils ±~

—15—
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5t u b i h [ t 5 , good resistance to oxidation corrosion , hi gh y ield st ress , and good

I arming characteristics.

A l i s t  of n~c t er i a l s  wi th  these required p roperties is given in Table 4.

TABLE 4

J-MEMB RANE MATERIAL CANDIDATES

YIELD - H
MACHIN— STRENG TH PSI
ABILITY (.2% OFFSET) MODULUS STOCK FORM

1500°F Temperature

N i—4 6 Waspalloy .12 73 ,000 2 2 . 7  Bars, Sheets

Ni—97 Hastel loy R—235 — .10 59 ,000 18.8 Bars , Sheets

Ni—28 Udimet 500 .09 100 ,000 23.4 Bars , Forgings

1200 ° F Temperatu re

Ni—115 Inconel X75 0 .15 120 ,000 31.0 All
N i—l79  Inconel 617 — .10 135 ,000 NA All
Ni — 47 René 41 .15 116,000 25.9 Sheets , Ba r s

Rates , Flat

The 1500°F mate r ia ls  would per form adequatel y at 1200°F bu t  a re generall y nore

e x p en s i v e , l e s s  ava i lab le  and more d i f f i c u l t  to fab r i ca t e .  Cost and avail-
ability are important considerations , particula rly f o r  the 1500°F condi t ion

where  on l y a v e r\’ l imited range of stock sheet is avai lab le .  The f ina l
m a t e r i a l s e l e c t e d  from Table 4 as being suitable for the test program were

Waspa llov ant ! Inconel  X-750 , respect i ve ly .  Has te l loy , R-235 and Rene 41

offered sli ghtl y hi gher retention of stress properties and physical character-

istics at their respective c-levated temperatures , but were discounted due to

t h e i r  h i g h co s t  and limited availabilit y in sheet form. Udimet 500 and

Inconci h1 7 were adequate with respect to strength and temperature requirements ,

hut e~ -nerally less available in the smaller sheet form.

—16—
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1 c ) t l t j ) O s i t e  m a t e r i a l s  were - cons ide red  and tite- v may eventually be good candidat es

for future evaltuat ion , h -howe ve r , t i le ’  do not p r e s en t l \ -  hold near  t e rm promise

for i-Seal applications.

The’ fina l sele-ction of Inconel X-750 as t h e seal memb rane material was based

on t h e  s e l e c t i o n  of  t h e  1200°F sea l des i gn tempe r a tu r e . The added expense of

f a b r i c a t i n g  the  seal f rom Waspa l lo y  when a 1500°F test condition was not p lan-

ned for t h e advanced t e s t  phase was not war ran ted .

Subsequent to th ue award o{ th is contract , the gove rnmen t - supp l i ed  a ir  supp ly

sy s t e m  t h a t  was sc in - du leeh  to be used on this prog ram was no longer a v a i l a b l e;

a reehefinition of the test temperature was made , reducing i t  f rom 1200°F to

100°F. Although t h e test temperature was reduced , no mo d i f i c a t i o n  to selected

seal  mate r ia l  was made , the reb y m a int a i n i n g  the f ab r i ca ted  membrane ’ s suit-

abi l i t y  fo r  1200°F ope ra t ion .

5.3 Seal Fabrication

The origina l J-Seal membrane was fabricated from 20 to 22 gauge (0.040 in.

t h i c k )  Inconel X-750 sheet  stock b y the following technique :

a)  A r e c t a n g u l a r  sheet  of ma te r i a l  was rolled to form a cy linder

having a d ia mete r equa l t o the minimum diameter of the completed

membrane and w i t h  s u f f i c i e n t  length  to provide spinning ma te r i a l .

b)  The seam of the cy l i nde r  was jo ined by Tungsten Arc-inert gas

(TIC) w e l d i n g .

c)  w ith a p p r o p r i a t e  too l ing  each end of the  cy l inder  was spun r ad i a l l y

outward in an arc ; spinning both cy linder ends in a 900 arc , a

toroidal sec t ion  hav ing  a 1800 arc length and proper diameter was

formed . Tiuc movement  caused b y the  s p i n n i n g  process reduced the

memb rane t h i c k n e s s  to 0.035 in .  at tile f r ee  end s of the p a r t i a l

toroid .

d)  A washe r  shaped e h j s c  of Encone l  X-75 0 , cu t  to f i t  both  the  d i a m e t e r

o f on e leg of th e  pa r t i al t o r o id s ope n s i d e  an d of th e housing

mount , w as then TIC b u t t  we l d e d  to t l t t ’  t oro ie l  to fo rm the  comple te

J -memh rane .

C —17—
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This manufac tu r ing  method was recommended by the  sp in - fo rming  vendor as having

the  best  chance ’ of success  based on his expe r i ence  w i t h  s p i n n i n g  h i g h temper-

at u r e  m a t e r i a l s .  Any d i s t ort ion s caused b y we ld ing  were expected to be removed

by the s p i n n i n g  process.  -

The weld wh ich was made to form the toroidal sec t ion  was p lan ished  and cold

worked d u r i n g  the  spinning opera t ion  and caused no distortions. The weld of

t he leg , however , was in a l oca t ion  where  cold working could not be pe r fo rmed

and ex tens ive  d i s t o r t i o n s  on th i s  part  resulted from the weld and remained

present even a f t e r  several attempts at planisl-uirig . In t h i s  area ( the  same

location as the attachment point of the seal dam) these distortions caused

severe lack of parallelism between the  seal dam and the seal runner. En an

a t t emp t to reduce the  waviness  of the membrane the long support  leg was s lo t ted

w i t h  32 equall y spaced radial  slots 3/16” wide and 1—11/16” long starting at

the ou t s ide  d i a m e t e r .  This slotting considerab ly reduced the membrane waviness

in the seal area expecial l y when retained in the test fixture . The resulting

seal dam distortions , however , were not eliminated . It can be clearly seen

in Figure 5 that the maximum distortion is still many times larger than the

expected setup and running heel gap. These distortions subsequently proved

too large to permit the extraction of any meaningful data from early test

results. It became apparent after the initial tests that an alternate unanu-

facturing method was required in order to obtain a membrane suitable for

testing .

The fabrication technique which was selected as the nest promising presents

a variation of the earlier procedure . The toroidal section and the long leg

of the J-membrane are fabricated as initially. The disc and toroid are then

furnace brazed to an especial ly machined seal dam to form the complete membrane .

The brazing technique , however , did require some redesign of the seal memb rane .

In the new design the J-Seal membrane is an assemb ly of eight individual

components. Schematically these components are identified on Figure 6 and

are described as follows.

— 18— 
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Fig. 6 “~I ” Seal Components
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The f ron t  and rear outer  clamping ring 1 and 2 are situated on either side of

the su~ .~ort diap hragm 3. The s t a t i c  seal runner  4 and the  seal runner  coupling

5 connect  the  support diaphragm 3 to the  toro idal membrane sec t ion  4. Addi-

tional ~r ront and rear inner  clamping r ing s are attached to both sides of the

toroidal membranes free end . A photograph of the seal taken before the

f in i sh ing  operat ion is presented in Figure 7 to ind ica te  the final posi t ions

of the various seal components.  Ins ta l la t ion  of the seal is accomplished by

securing the  seals clamping ring s between mounting plates  which are su i tab ly

grooved . -

Three sets  of hardware were i n i t i a l ly  prepared - each set to be mad e up of

membrane mater ia ls  of different thicknesses. Past experience indicated that

when the semi- toro ida l  sect ion is spun the f ina l  th ickness  of t h i s  sect ion

w i l l  vary . Following the spinning procedure , the measured section thicknesses

w ere :

Thickness at SectionSea l No. -inches
3 4-5 6

1 0.043 0.199 0.035

2 0.031 0.187 0.025

3 0.025 0.181 0.020

For i d e n t i f i c a t i o n  of the section number the reader is re fe r red  to Figure h .

The brazing operat ion proved very difficult to perform. The initial attempts

at brazing were unsuccessful  because incomplete  clamping of all the membrane

elements  permi t ted  excessive warpage to take place.  In addition to excess ive

warpage which d is tor ted  the seal face , voids where no braze material was

evident developed between adjacent seal elements. W h er e t h ese voids  o c c u r r e d

at the s ta t ic  seal runner  the p o s s i b i l i t y  of m a ch in ing  a t r ue  seal face on the
b ra z ed ass~ nbl y becam e remote. Ma te r i a l  d e f l e c t i o n  under  the  t o ol  load at t h e

void l o c a t i o n s  would produce a n o n — u n i f o r m  s e a l i n g  s u r f a c e .  The e - x h s t e n c e  of

the voids could fu r the rmore  in t roduc e-  s t ress  r a i se r s  which  could r e s u l t  i ll

seal destruction during operation.

The method of f i l l i n g  the voids tha t  was i n i t i a l ly s -iectcd utilized a low

—2 0—
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melting point braze material which could be flowed into the voids at a temper-

ature low enough to preve nt separa tion of the gold brazed j o in t .  The

unfortunate selection of a silver brazed alloy, however , resul ted in severe
stress corrosion cracking of the support diaphragm seal element rendering seal

No. 3 useless. Figure 8 shows a pho tograph of the area along the suppor t

diaphragm where severe cracking occurred .

After the unsuccessful attempt at brazing the first seal assembly, a mod if ied
assemb ly technique was employed to finish the second seal. This technique

involved tack welding the seal elements with a series of very small welds suf-

ficient only to hold the seal together. The brazing fixture was also modified

to provide a more uniform clamping load and an Inconel wire was tack welded to

the jo int be tween the support diaphragm, the toroidal sec tion , and the static

seal runner . The wire served as a dam which contained the braze a]J.oy thereby

eliminating the formation of voids, The tack welding and revised brazing

f ix ture  provided the necessary means to prevent excessive seal warpage. A

sketch of the tack welding arrangement is shown in Figure 9.

The seal assembly as received proved to con tain a cons istently satisfactory
brazed joint. A photograph of the close—up view of the tack weld ing is shown

in Figure 10.

The f inal membrane assembly fabrication procedure arrived at consisted of

the following steps. The seal components are first fully annealed and then

elec troless nickel plated to thickness of 0.0002 inches. After the plating

process the membrane parts are f ixtured and brazed at 1800 F using an
827. Au- 187. Ni brazing alloy . Proper adjustment of the brazed assembly

cooling rate provides the correct Incor.el X-750 heat treatment. Following the

brazing cycle the seal face is f in i sh  ground using a plastic f il l e r  (Rigid—ex )

to provid e support for the seal face. After the grinding operation , the

f i l ler is removed by hea ting the f in ished part to 265°F, at which time the
filler melts and easily flows out. A special cleansing agent is then used

to remove any f i l l e r  residues.

—22--
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F i g .  8 “Seal No.  3 - Et fects of Silver Braze A l l o y  on
Inc onel ’ (Note severe -~ t r e- ss  co r ros ion  c rack ing )
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Tac k Weld

Fig. 9 Sketch of Tack—Welding Arrangement
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SECTION Vi

u~SCRIPTl0N OF TEST RIG

6.1 Modification of Tester Hardware

A detailed examination of the previous J—Seal test confi guration led to time

conclusion that several critical modifications to both the te-st vehicle and to

its installation were necessary . Included in these modifications were:

• The design of a differential bolting system to accuratel y adjust

the test seal’s heel—gap settings. Prior to this modification it was

necessary to reposition the entire rotating assembly including the

Se d i  runner and the drive spindle to change a heel—gap. The new

bolting system permitted the he-i-i—gap adjustment to be made by moving

the  n o n — r o t a t i n g  seal r a t h e r  than t h e  e n t i r e  r o t a t i n g  assembly .  A

revised sealing method emp loy ing large cross section 0—Ri ngs was

used to m a i n t a i n  an a i r t i g h t  hous ing  at any ad jus t ed  p o s i t i o n  of

the seal housing.

• Relocating the test vehicle onto a substantial structural iron te-st

stand combined with a 100 hp v a r i a b l e  speed d r i v e .  To accomp l i s h

t h is move , an existing machine base was mod i f i ed to a m - c e p t  t h e  l a rge

tes t  se-al hous ing .  The new base- f o r  the  t e s t e r  p r o v i d e d  t h e  r i g id

f o u n d a t i o n  requi red  fo r  p e r f o r m i n g  the  dynamic  t e s t  program . The new

drive’ p e r m i t t e d  prec ise  speed c o n t r o l  up to t h e  maximum t e s t  s p i ed  of

12 ,000 rpm.

• The a d d i t i o n  of a la rge  air rc- (-e-iver and a seal—air filter in order

to p r o v i d e  e c - a l  a i r  of s m m i f  i c i e n t  qua l  itv f o r  t est  p u r p o se -s.  T lmt -

use of  an o il  l u b r i c a t e d , p i s t o n — t y p e  he m st compresso r  to  supp i v mor e

high pressure  seal a i r  had t h e  pr opemi s i t v  o f a d d i n g  two unwanted

v a r i a b le s  to the- t e s t  program ; pu l s a t i o n s  in the  supp ly  pressure’ re - —

so l t i n g  f rom p is ton s t r o k i n g  and i l  vapor  caused 1w o i l  b l o w — h ~ m t

the e-Ompr essor ’s p i s t o n  r i n g s .  An a i r  r ece ive r  w i t l m  a 100 f t  di spi aced - 

-

v o lu m e  and a h igh  p r e ssu re  o i l  sep a r a t o r  w e - r e - added to  time se-al a i r  s u p p ly

c i r - u i  t to e l i m i n a t e  both  t h e  supp l v a i r  p u l sa t i o n s  and the o il

vapo r •

• Tim e redesign of the load hal mnm - lug piston lal~ -r inth to p rov ide  two —

pie c e repiat - c - nie- nt for th e  m ime pi ece se-al pr -v i i mmsl ~’ mu~m- d - I h e
or i.g I nal seal ceci l  d n m t  he- removed wit hoot comp 1 et - l\- di s.msseml,l j ig

I he te ster.

~
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• The addition of a static seal runner to allow the use of p o s i t i o n

measuring instrumentation for direct se -al clearance measurements

during non-rotating tests. rime new static seal runner duplicated

all the important dynamic seal runner dimensions , hut included

two pos i t ion  sensors  in each of two orth ogonal locations at the

seal interface. The two-position sensors at each location were

displaced radially to permit th-termination of possible seal face

rotation ,

• The redesign of the  seal memb rane h o l d i n g  a r r angemen t  w h i c h  was

necess i ta ted b y the redes ign  of t he  seal m e m b r a n e .  Time or ig inal

method of securing the seal memb rane to t h e  t e s t e r  hous ing  required

welding the thin seal membrane to substantial mounting rings which

were in turn to be bolted to the  main seal suppor t .  Weld ing  experi-

ence incurred during the earlier seal fabrication showed that it was

not poss ible  to per form the type of w e l d i n g  requ i red  by the original

seal mounting technique without severely distorting the membrane .

The redesign of the seal membrane , directed to improve manufactur-

ability, included the addition of clamping ring s to both the

innermost and outermost mounting locations (see Section 3.2 of this

report). In order to accommodate the new clamping rings built into

t he sea l membrane , mounting grooves were added to all the inner and

outer mounting ring s of time J-Seal holder.

6.1,2 Seal Tester Assemb ly

The internal configuration of the Seal Tester Assembly including its necessary

modifications is illustrated by Figures 11 iti d 12.

Figure  11 shows the i—Seal  membrane assembled into its holder. Identified on

t he  f igure  is t h e  J-Seal memb rane assemb ly ,  the J -Seal  ho lde r  and bo th  time

d iaphra gm n and toroid support rings. Included in the assembly is a shim w h i c h

is used to pos i t ion  the sea l ’ s ac t ive  face  at i c s  p roper  location relative to

the se-al ho lde r  m o u n t i n g  su r face .  The circumferential thickness of the simim

was a l so  a d j u s t e d  by means of local sh im a d d i t i o n s  in order  to m i n i m i z e  t ue

ci  r c um f cr e -n t  f a l  runo ut  of the  t e s t  se-a l ‘5 ac - f  l v i -  f a c e - .

Time comp le te  Seal Te~; t  t - r  A - a - ic I l y  is shown in I- i g m I r m - 12. i n  t h i s  assembly

— 27—
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Fig. 11 “J” Seal Assembly
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drawing the tester is shown in the configuration necessary for dynamic ,

rotational testing . This drawing shows the seal tester , main housing

and both the front and rear covers. It is on the front cover that the seal

housing (Figure 11) is bolted. Also i l lustrated on Figure 12 is the loca-

tion of the position sensor which monitors the relative position of the seal

runner relative to rear housing cover . Sinc e this cover is bolted directly on

the same test stand to which the high speed spindle is attached , this probe

indicates the amount of axial loading seen by the spindle bearings. One of

four addi tional position sensors is shown in Figure 12 mounted in the rear

housing cover. These sensors are used to monitor  the movement of the  seal

stator relative to the rear cover. The relative motion measured by the stator

and rotor viewing probes will show the chang es in heel gap during testing .
The requirement for seal stator probes mounted in the testers rear cover was

eliminated from the static non-rotating seal tests by incorporating sensors

directly in the non-rotating seal runner ’s active face.

Additional tester parts shown on Figure 12 include the new heel—gap adjusting

bolts , the pressure tap for monitoring the seal membrane ’s internal pressure,

and the split balance piston seal.

The installed tester is shown in Figure 13. Identified on this photograph

are the four differential bolting systems used for heel-gap adjustments , the

modified machine base , and the new drive system. Also shown on Figure 13 is

the seal gas inlet and exhaust  piping .

When the fu l ly assembled tester was pressurized during seal testing, magnetic

base dial indicators were attached to the tester  base for measuring the

def lect ion of the tester housing ends both toward and away from the drive at

the seal attachment bolt location.

6.1.3 Test Seal Ai r  Supply

The relocation of the tester as well as the requirement for art air accumulator

and oil separator permitted the s i m p l i f i c a t i o n  of the seal a i r  supply .  The

air supp ly schematic is shown on Figure 14 and is described as follows.

Shop air at 100 psi is introduced to the seal flow loop through the
remotely operated control valve PCv-1. The- discharge pressure of

-30- 
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ti c is valve- is re- ;n!  our in time- contro l r ooI.~ on t i m e -  p r e  s- s i c re  -: an 
-

—

A t this point t u e  flow of air i-aim he- d irec ted to time im ipi m pressure -

piston compressor X I I ~~i , t h r o u g h  tim~ accum imul ator X E — 2 , an-1  to t i me- coc:chi —

nation oil separator trap X I - T - 3 .  Cv d o i n g  th e - lw-pass valve I IV- l a m :

open ing  t im e - two tlc r cm u ~i c valves , H’:—2 au - I iiv —3 . If low p res s u re- air is

required , valve-s I 1 V — 2  and h i V — 3  can he c IOS ~~- I and iIV — l op t-ne-i t m  all

ai r to flow timroug lm time i m v — p : m s s  loop around t i m e  p i s t o n — c o m p r e s s o r .

Air exi ting the  separator flow s t h r o u gh  a remote- I\ opt -rat c - I  seal p r e s s u r e

control valve , PCV— 2 in to  t i m e  se-al inlet port , a p r e ss u re- cage- P 1 — 2  is

used to measure the seal inlet pressure’. A second ary air supply

obtained from time separator di se-Ica rge l i m i t- is dir e - c - ted throug h ti me-

balance pis ton pressue- e- control valve I~C\ ~~3 i n t o  Li t- h a l a n c e -  p i s t O n .

Time balanc e pis ton pressure is measured by ti me - pressure gage-

A fter the pressurize-P air passes hi roul il time’ test seal and enters t h e

seal d i s c h a r g e- p ip ing , i t  p a s se s  t h r o u g i m  arc o r il  cc plate- flow i:e - te-r

ri-I -i and t h r o u g h  a back pressure control v a l v e -  YCV- - • T i ce  p r & - - c s u r e

drop across the orifice- flow meter is measure- P by t i m e  P 1 1 1 1 - r e - n t  i i i  pres-

sure gage- d P I — I ;  t he  seal d i s c h a r g e - p r e s s u r e -  ( r I ~- ori ficC - i low rn-h er

inlet pressure) is me asure- el cv the-  pre-ssure- gage- P 1 — 3 .

During se-al testing PCv—l is set to maintain a const :rcc t inlet pr e s s- cc cc-

to the- flow loop cc a r d l e u s  of t i m e  deman d s f rom o t h e r  p l a n t  Icic - I h u e s

Co nn i e- t e d  to t i m e  sos-me supp l y .  P C V — 2  is then adjust ~- I in - Oh un c t i o n

with PCV—4 to establish time desired seal inlet gr e - s s c c c  e and se -a l  p r - s - -

sure- d r o p .  As I’C V— 2 and PC V— ! ~ a r -  inc r d -me - n t a l ly  ad m s t ~ - 1

used to m a i n t a i n  p rope r  balanc e p i s t o n  pe Io I n c  - .

C o n t r o l  a i r  f o r  a l l  t h e  r e m o t e l y o p er a t e d  val  v - s  i s  s e m p p i l ed  -v ci s e p t -

ra te  shop a i r  c o n n e c t  ion .  The c o n t r o l  a i r  is f i i  t e - r c - d  m r  o r  to el se -  and

is used to opera te  the  c o n t r o l  va lve-  by ad jeln t: -:e -n t e f time- pre ssure

regula tors PV— l through l V - e .

6.2 lnstrum e-ntation

icmstr umrm enta tion was incorporated i n  t i l e -  J — S e -al Test - - c A s sc -mcibl ’c to I - s u m  it oh
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and s-measure the following quantities:

• Gap be tween  s t a t i c  seal runne r and seal stator

• P o s i t i o n  of seal runner  relative- to tester housing

• Position of seal stator re lative to imousing

• Temperature of seal stator

• Tempera tu re  of seal static- runne r (at position sensor locations )

• Temperature of seal housing

• Pressure at seal inlet

• Pressure at seal discima rge

• Pressure at b a h a n c e  p i s ton

• St ra in  of seal --c s -th r one-

Time l oca t ion  of time pos i t i on  and t empe ra tu r e  sensors r e l a t ive  to the test  seal

is indic a ted on Fi gu re 15. Pos i t ion  sensors B 1 and B 2 are-  f i r m l y  moun ted  i n t o

time static seal runner at one rad ial location , but are d isp laced  rad ially to

permit measurement of possible seal stator rotation as well as any translation.

A similar pair of sensors , B3 
and B

4 
are d isp laced  circum ferentiall y 900 fronm

time i1, B~ sensors to assist in determining the existance of non-symmetrical

seal motion .

Two thermocoup les , TC 1& TC2, each provide a s-measurement of time non-rotating

Se-a l runne r temperature at the two probe pair locations .

The pos i t ion  of time seal-gap sensors on the  non- ro ta t ing  seal runner  is

i l l u s c ratee l  by the photograph on Fi gure  16. At  each p robe loca t ion , a

c o u n t e r  bore  and lead wire  slot were machined in to  the seal face .  Into cacti

coun te r  bore  a special  edd y cur ren t  p r o x i m i t y  probe was g lued w i t h  a hi g h -

t empera tu re  epoxy . The epoxy was then  s-machined to conform w i t h  time con tou r

of t h e  seal ’ s act ive-  su r f ace .  Coaxia l  lead wi res  fron m al l  four  probes we-re-

bu nd led  t o g e t h e r  anti led out of time t e s te r  t lmrou g tm a p r e s s u r e — t i g imt c o n n e c t o r .

A f i f t h  pos i t ion  sensor , 11-5 , n i o u n t e c l  oti the t e s t e r  h ousing s-measure s t i m e -  nmovc

ment  of time- seal runner  re la t ive-  to tIme t e s t e r h o u s i n g .

A si :- : t im po s i t i on  sensor , to Ic e-  emp loyed d u r i n g r o t a t i o n a l  t e s t s  wh e -n t im e ’ S ta t i c

se-al runne~r cannot  lu used , is to be tcc o unt ee l  in the t e s t e r ’ s f r o n t  cove- c . l im is
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probe will measure time movement of the test  seal re la t ive  to the  t e s te r  housing

at a radius jus t  beyond the radial ex ten t  of time seal runner .

The reading of these sensors is used to judge the level of pressure required

in the balance piston at P
4 

to counter the seal pressure load ing on the test

spindle bearings.

Two additional pressure re adouts are provided at P2 & P3 to es tabl ish  the

operating pressures at the seal inlet  and at its exhaust. Thermocouples TC3,

TC4, and TC5 are provided to measure the seal inlet gas temperature .

The measurement of seal strain and static seal runner temperature are taken

with five strain gages S
1 

through S
5 

and the thermocouples TC
6 and TC

7
. The

location of the instrumentation is identified on the photograph of the instru-

mented test seal, Figure 17.

6.3 Assembly Procedure

In view of the f ine  dimensional f in i shes  required for  a meaning fu l  seal

evaluation , particular attention had to be paid to the assemb ly of the seal
component and its installation in ti .e Cest rig . Following is a description

of the assembly proced’nres developed in the course of this program.

6.3.1 Assembly of Seal Componen t

A f t e r  the successful brazing operation described in Section 5.3 was accomplished ,

the face of the brazed seal component had to be f in ish  machined to es tabl i sh  the

required flatness. Since no experience on practical f la tness  tolerances was

available for f lexible face type seals , tim e permissible  l imi t s  were a r b i t r a r i ly

f ixed by limiting the distortion to a value smaller than the minimum operating

heel gap which in this case was equal to 0.001 inches.

The analysis discussed in Section 4.0 indicated that the tolerance of the seal

to changes in taper is fairly high because the leakage undecgoes onl y very
small changes as a function of change in film taper. On th is basis time require-P

tolerances on the finished taper were limited to a variation of +0.002 incimes

from an established base line .

— 17—
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To machine the seal faces the toroidal portion of the seal was filled with

Rigid—ex and its face ground flat. After the machining operation the faces

were checked for  f la tness  and were found to be consistently flat within

0.001 inches . The removal of the Rig id—ex , however , resulted in an apparent

distort ion of the seal face which brought it out of tolerance. Subsequent

clamping of the  seal in i t s  support  housing also appeared to change the  dis-

tortion pat tern.

In order to bring back the seal face within the specified tolerance range,

shims were introduced under each cross—bolt at the seal outer end . Careful

selection of the shim thickness resulted in the f la tness  shown in Figure 18.

Note that the f latness at the heel gap (where the f i lm thickness is at i ts

minimum ) varies only by ±0.00075 inches. Photographs of the activ e and passive

sides of a fully assembled seal showing the place where the shims were intro—

duced are presented in Figures 19 and 20.

~ .3.2 Instal lat ion of Seal in Test Rig

When the seal face was found to be in a satisfactory condition , the seal was
mounted in the test vehicle and the unloaded heel gap was set with the use

of the d i f f e r en t i a l  bolting arrangement shown in Figure 13. The heel gap
dimensions were read on Probes B

2 
and B

4
. To maintain the unloaded heel

gap sett ing uniform over the fu l l  seal face circumference the rotor was rotated

by hand over 180 degrees and readings taken. The adjustments required to bring

about a uniform heel gap reading about the circumference were performed through

the use of the individual differential screws.

Once sa t i s fac tory  heel set t ings were ob tained , the differential screws were

a f f i x e d  in place through the locking nut  arrangement provided for  this purpose

and the seal housing pressurized to check for casing leaks. It was during the

pressur izat ion process that  def lec t ions  of the f ron t  and rear end of the  casing

were noted . These def lections result in an effective movement between the

seal reference base and the runner , thus upsetting the initiall y set unloaded

heel gap. To correct for the casing deflections two dial gages were mounted ,

one in the f ron t  and the other  one In the  rear of t h e  cas ing ,  and read ings  of

casing deflec tions were taken at each test point . These readings , toge ther

—39 —
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with the read i ngs m ’f Probe 85 
were then used to establish the corrected un-

loaded heel gap setting. Details of the correc tion procedure are described in

Appendix A. Once’ the proper unloaded heel gap setting was obtained and the

housing deflection indicators were zeroed out , the unit was ready for test.

6.4 Test Procedure

The procedure worked out for the following sequence of tests consisted of:

1. Mounting of the assembled test seal in the test fixture.

2. Setting of the unloaded heel gap .

3. Taking of initial set of zero pressure readings.

4. Recording of the seal data under pressure.

5. A recheck of the initial readings at zero pressure.

6. Correct ion of proximi ty  probe readings f o r :

• temperature effects

• proximeter  probe spac ing

• differential seal motion due to pressure.

7. Calculation of seal leakage flow.

The data to be recorded consisted of a set of pressure , temperature , proximeter ,

and strain gage readings . The calibration probes employed to correc t the readings

for tim e effects mentioned above are given in Appendix A. A typical data sheet

and an exp lana t ion  of the pressure , temperatures , proximeter , and strain gage

readings taken fo r  each test point is given in Appendix B.
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SECT I ON \‘ll

Di SCUSSiON OF’ TEST RE SULTS

Bec iu s e  of  t he  b m a z  ing p r ob i  is dcscr ibti d in Sect ion 5.3 , the  t e s t i n g  was 1 u n i t e d

to t i me  - ; a  I w i t h  a iubr~m uc - o l U.02 i li m - - I m e s  t i m i c kn e s s . * Time 0 .020  inch t h i c k

i~~ p Ic m~~m s b a d l y  Jaimaged dur i t i g  t i m e  b r a z i n g  o p e r a t i o n  and t h e -  0.035 inch samp le

t- x l m i b i t - -J d i s t o r t i o n s  and would  r e q u i re  a d d i ti o na l lapp ing in t ime assembled

c a i m j  i t  ion b e t  ar c  t i t i a l assemb i.y f o r  t e s t

I tm ~- s -m l runner drawings contained a t~ per falling within time 0.0055 to

0.0079 i imc ~~ t C 1e~t~ flCC range y ielding a nominal value of 6.7 mils per i nch .  The

:h w i J - i - n ornma l c - n dj t  ions  shou ld  t hus  have been abou t  5 mils. Time measured
0

.h in t Ime a s s c- r n L i c~J - o r m d  i t  ion fell between 6 and 7.2 nmils. This difference is
0

ma iii N- Jut- to time fac t t h u . t h e  st ;mt ionary seal f a c e e x h i b i t e d  a t ape r  on i t s

own (see Se-ct ion b .4. 1)

A l t  ioi :~ hi -~ 300 p s i  s o u r c e  i - a s  a v a i l a b l e  w i t h i n  t i m e  s \ - s t c n m , t ime a c t u a l t m -st

g r e - s s u r e s  d i d  m e t  -x ~ ecU 100 ps i  because , as w i l l  be simowm l a t e r , of  the intr iim—

sic b e h a v i o r  of  t ime  c o m p l e te  s - a l .  A t ab l e  s u m m a r i z i n g  a l l  t i m e  test data obt i lot -U

is g iv en  in A~i p e i m d i x  B.

l im e- test - c-iw~t- u - - d  with an unloaded lice 1 gap se t t i n g  of 1.1 mils. At f i r s t  t i me-

r -~iu ings  — - ix  -i 11 inst t out-ut a were rei -orded  in time m s—assembled cond i t ion wi  t i m  to

- i esaitre appi e d .  Time t e s t  d a t a  is shown in  Table 5. Note that the data

re- corded tor it - st  N o .  I consists onl y a t  tim e in itial h e e l  gap and t a p e r  s e ’t t i ngs .

In  t - -~~ i N - - . 2 t h e  p r e s s u r e  d i f f e r e n t i a l  of  37 psi  was app i led to  time seal . Timi s

- a~~~U t e  5 1 5  e L i ) - i i l U C m l t l y r a i s ed  to  80.5 p s i  in Test No . 3. Tes t  No . 4 was r u n

5 i t - - u t  ii - - -, ax  t - in order to observe wh et imer ailv permiliment c im ~m iiges in t he’ or i

m a E  ,ct lx  ive t ak e n  p I~~ce .  Time same p r o c e d u r e  was r e p t - m t e d  f o r  the clIt , I sl im s-m m

in ma bi e ‘ - w i t h  m i t  i n it i a l  heel  gap s e t t i n g  m C I  0.003 inclmes rather than time

0. 1)0 1 I t x ~~ i o, -J in tile a m - r i e s  of teats re-corded in Table - 5. l a h i e  7 l a t - O m - i m i s

t b -  a i t i  t m  ~w u x m I - - i U ~ d 1 m m -t i gap s m I l i n g  01 4.~ n m i l s , and [able’ S time ~i i l , m  b r

~*ti utile i d e  U b~- - 1  g - p act t ~~~~ 01 7 .  ~ m l ls

ihe u t i  .i g iv en fix a l l  t im e t a b l e s  i . mvm- Lu-en co rr m- c ted for tim e c- I  f e d s  -if t em p et—

- a - - • di I I t - r m - t x t  iii s e l l  n i - I  i i t t , and probe ap m c l u g .  A U t - t i i led d lSm misS ion t ’I

t h e  m m m r r m - m - t  ion t e  t o rs  i s  g i - - m - m t  i n  ~\ p p e n d i x  A .

- ‘ 1 i  m -xim m l mum t hiic k xu- -ss o’~ ti n -  l o r e  Id  1 Sm- m t  L O U

_ _ _ _ _ _ _ _ _ _ _ _ _   ~~~~~~~~~~~~~~~~~~~~~
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TABLE 5

TEST RESULTS WITH AN UNLOADED HEEL GAP SETTING OF 0.001 INCH

ho
* h~, Ah0 Ah~,0 Q 

AP P2
Test No. Mi-is Mils Mils Mils SCFM PSI PSIC

1 1.1 — 6.1 — — — —

2 1.8 0.8 — 5.6 32.1 36.6 37.0

3 2.3 0.4 — 6.0 77.1 79.0 80.5

4 0.9 — 6.5 — — — —

*Variation in unloaded heel gap is due to e f f e c t s  of case pressure

on original unloaded heel setting.

TABLE h

TEST RESULTS WITH AN lN 1 OAl )I-l ) i l l -_ i - I (AP “F i l l  Ni OF — 0.00 3 I Nm H

h L i  ~h
Test No. Mils M i l s  M i l s  M~ Ia ~CV~ Psi

5 2.8 — 7 . 2  — - - -

6 3.5 1.0 — 7 . 0 4 1. 1 i m . S 15 .0

7 4.0 0.7 — 7.0 —. . 7M .o $0.0

8 2 . 7  — 7 . 2  — - - —
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TABLE 7

TEST RESULTS WITH AN UNLOADED HEEL GAP SETTING OF ~ 4.5 MILS

h0 h~, Ah0 Ah~ Q tiP P2
Test No. Mils Mils Mi-is Mils SCFM PSI PSIC.

9 -  4.4 — 6.6 — — — —
10 Seal blows open when 35 psi is applied .

11 7 .6  7 .6  — 3.5 10.5 12.0 15.0

12 11.7 13.3 — 6.1 25.9 5.5 20.0

Seal suddenly beg ins to open at P2 = 15 psi and
remains open when pressure is increased.

TABLE 8

TEST RESULTS WITH AN UNLOADED HEEL GAP SETTING OF ~ 7.5 MILS

h ,, tih0 Ah Q tiP P2
Test No. Mils Mi-is Mi-is Mils SCFM PSI PSIG

13 7 . 5 6 — 6.0 — — — —

14 — 6.9 — 5 .2  12.21 8.5 12.5

Seal begins to open when P2 = 12.5 psI is exceeded.
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Re~~ tu s e  t h e  ori g iuma l ati al sis was p e r t t 1 i t 1 - u  m m s a I t e - d i ff m- r emi t iai. s o f  250

aumd 500 psi , and the a - tm i a l i m~~~t s i~ run ‘n air pre ssimne he! m w  100 Psi , ti m e

c e u u m p a r i s o n  between the test m i - m i . m  m m x d  a n a l ,  leal re - a - ! t : m  - -mi m i iii b e s t  -c quali ta-

tiv e ratimer than qua n t it at iv e . i~mb lm -s 9 t i m - I  10 present a c omparison of the

genera l t rends rc -g ist m -r e -d en the pert in c - m t  -a- fl i l tm - r b o r m m m u c e  pmmram etm -r s on t e s t

and mu~m 1 yses . Time aumm lvt i m m .i r c-:~u its we -re ob t a  Ined t rcmtmm Fl gurc-s 21 and 22

t . - \ hb 1-. 9

COMPAI(I~ i1 N OF ItS ! AND AN A Li S IS

(Ci2N S IAN F PRESSURE)

Test__Data — P = 80 PSI Anal ytical Data — 1’ 25° PSi

Im h lb i i  i t b h , . Ah  \ i m  Q
0 0 - 0 -

Test N-- . m i i i  mi ls mills mils 
- 

SCFM mils m ils m imil s 
-_
mil s S~~F~-t

3 2 . 3  0 .4  6.1 t-i .0 77.1 10 1.2 6.4 ~.3 127

1 4.0 0.7 7 .2  7.0 86.3 15 2.~ 6. -i 10.0 325

TABLE 10

COMPARISON OF TEST AND ANALYSIS

(C CN S F ANT HEEL GAP SETTING)

T a t  Data — - ii 1 m l! s Am m mi lvt i - - i  I Data — h~ 10 m l Is

h - - -\ hm~ h 
— p Q h, - -

~ 
1
0 

- . Im P Q

l e st Nm. mils mi l s 
- 

uim U~ psi .S I-M 
— 

mil s m il s ummils psi S i !

6 1.0 7 . 2  7 . 1)  35.5 41. 1 1 . 2  6 .4  q
~~~ 250 122  —

7 0.7 7.2 7.0 /8.0 86. 1 11.8 ;.9 5.5 500 203
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Fig. 21 P e r f o r m a t m c  m- Curves tor Ii - st  M o -h  - I i m a  n i -  - I r y  At Two
Values Of Un] - m a i m - U  T a p e r .  I I’ = 5( 10 psi
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Table 9 lists the behavior of the seal performance parameters as a t un e t i - - m . m l

unloaded heel gap setting at constant pressure . The test data was tak im t t

Tables 5 and 6 and each point is properly identif led. The general trend - ob-

served on test coincide with the trends indicated by the analysis. Thus, an

increase in the unloaded heel gap setting results at constant pressure in an i~~

crease in the running heel gap , an increase in the running taper and an i m t - r - - - s m

in flow. Furthermore , a substantial reduction in the heel gap occurs wheut  t • e

seal is pressurized .

The data listed in Table 10 indicates the changes occurring in the same Sm. 1! p- - m

formance parameters when the unloaded heel gap is held constant and the pres mt ~~~

differential across the seal is subject to variation. Also , here the t rends

observed on test are generally similar to those produced by the anal ysis .  Thti ’-~,

an increase in pressure results in an increase in flow and a decrease in l i e

running heel gap .

The test data on the unloaded and running tapers indicates little change on test.

The analytical data , however , does predict some increase in the taper when t ime

seal is pressurized or when the unloaded heel gap is increased at constant pres—

sure . This discrepancy between the test and analytical data can possibly have

resulted from the flatness variations encountered close to the OD of the test sea l .

As the tests progressed to larger unloaded heel gap settings, an interesting

phenomenon was observed ; apparently , at a specific pressuru level , the seal begins

to open and any fur ther  increase in pressure causes the seal faces to blow open .

This was first observed with the test sequence employing unloaded heel gap setting

of 4 .5  mi-is .  The data is given in Table 7. Here the appl icat ion of 35 psi

yielded an unstable open seal condition . Then the pressure was reduced , I t  -a -

found that the threshold of this instabil i ty occured at about 12 ps i .  U p t -  t i ,t

pressure level , an increase in seal pressure resulted i-n a decrease in the r u n muim m c ,

heel gap . Nm-i data , however , was recorded at pressures below tha t  t h r e t - i h o l m l  l i m m i .

Above tha t  pressure an increase in running heel gap took p lace as the  seal i t  en -

sure increased.

Because the substantial increase in flow which resulted from t he  m m p e • u u i m i g  01

the heel gap produced high case pressures at the seal exi t , the  m m n i m - i d e d  heel

-50-
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gap s e t t i n g  also underwent  s u b s t a n t i a l  changes .  The i ncreased  case p ressu res

resulted in increased casing deflect ions which had the e f f e - ~t of increas ing  t h e

unloaded heel gap setting .

The t e s t s  were repeated with an unloaded heel gap setting of 7.5 mils. It was

noted that  in this case also , the seal began to open up at a pressure of about

12 .5 psjg. Test results are listed iii T - H m .  8.

Although this  seal i n s t a b i l i t y  was i t  I irst glance surprising, a closer exam-

ination of the data provided by the analysis a i sm i indicates the presence of a

potential trend in this direction. This - -arm be noted ii Figures 21 and 22

which have been reproduced from Reference 1. In Figure 21 , and particularly

in F igu re  22 , the running heel gap increases at an extremely fast  rate wi th  an

increase in the unloaded heel gap sett ing when the latter exceeds 10 mils. As

a m a t t e r  of fac t , Figure 22 indicates that with an unloaded taper of 5.9 mi-is,

the increase in running heel gap almost approaches  a v e r t i c a l  a s y m p t o t e  in t i n

vicinity of a heel gap setting of about 17 mi-is. Thus, at least qualitativel y

speaking , the seal blow—up phenomenon is also predicted by the an -ml v sis , but tim e

p ressure levels at which the blow—up occurs are cons iderab ly  d i f f e r e n t .

Although it  i-s apparent that this type of instability is highl y undesirabl e in

any practical face type seal application , it is equall y apparent t ! m m t  with prol)er

design precautions such instabilities can be avoided . In an actual app li - -atlon

the concept of an unloaded heel gap setting w i l l  not ex i s t .  T h i s  c o m i c - p t  w a s

literally invented to render the initial testing more economic-a l . Time “unloaded

heel gap ” will , in fact , disappear since the axial spr ig load w i l l  •i l wavs pr -—

vide sufficient preload to maintain close contact between the stat i~ m n m r y  sm ml

face and its runner at unloaded conditions , imence time u iil -- mdm -d heel g m ~ - w i l l

always be zero. This should be clear from an examina tion ot time reali st ft sea l

concept shown in Figure 1. It must be recognized , however , that although the

unloaded heel gap does not exist in an actual fac e seal app iica tion , t ime sm - a l

can s t i l l  blow open if improper l y des igned .  T h i s  is t r u e  b r  a l l  lace typ e-

sea l s .  The poss ib i l it y  of the sea l b l o w i n g  opem i can he i- i in iti ated by lm r -pe- r

seal  b a l a n c e  where  t h e  b a l a n c e  of f o r c e s  a c t i n g  on t i m e  s e m i  I m i c e -  is such that

t h e  f o r t e generated at t h e  seal  i n te r f a c e  canno t o ver c o m e  t he  s t - m i  c fim sin g lor e - cs .

- -~~~~~~~~~—— -_ —— - 
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In summary , the results of the test disc losed good quali tative agreement between

the analysis and test. Time seal instab ility encountered at higher pressure , how-

ever , prevented seal runs at elevated pressure levels. The limitations imposed

by these instabilities can be eliminated by time use of a realistic seal con-

f i guration in tuture tests. The results obtained on these tests also indicated

that any future work on this sealing concept should also address itself to the

quantitative aspects of analytical verification and attempt to explain the ap-

parent discrepancies between the analysis and test pressure levels at which the

seal instability occurred .
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SECTION V I II

CONCLUSiONS

The test data cited in this report is in good qualitative agreement with the

analytical predictions . The increase in running heel gap with an increase in

the unloaded heel gap, the decrease in running he el gap with increase in pres-

sure , and the increase in leakage flow with increase in unloaded heel gap setting

and increase in pressure predicted by time analysis was also recorded on test.

The tested seal geometry disclosed the presence of a “run—away” condition at

which the seal blows open at a certain pressure level and any subsequent increase

in pressure will widen the running heel gap and result in increased flow. This

condition arises only at or above a certain heel gap setting , and can be avoided

by maintaining originally low heel gaps. Although the above described behavior

was not originally noticed in the analytical calculations performed in Phase I,

a re—examination of the data does indicate a threshold for the unloaded heel gap

setting beyond which the “run—away” cm~rndition may develop.

The seal configuration which was subjected to test is representa t ive  of a

simplified seal arrangement. In this arrangement the unloaded heel gap setting

controlled the running heel gap . In a realistic jet engine seal time unloaded

heel gap setting will be always zero (contact between runner and stator will

always be present  at s t a t i c  cond i t ions )  hence , the  “run—away” condition described

above is less likely to occur .

Finally, within the scope of this program , an acceptable functional brazed

jo in t capabl e o f ope ra t ion at  high temperature was developed and one sound and

accurate  seal was produced for  test  purposes.  Out of the to ta l  of three seal

samples originall y planned , one was destroyed in the brazing process and one

was deemed not s u f f i c i en t ly  acm -u r a t e  d imens iona l ly  to warrant further testing.

r
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SECT iON IX

RECOMMFNDATIONS

The feasibility of the “J” seal concept and the qualitetive va lue  of the seal

analysis (Reference MTI Report MTI—75TR59) has been te ’mt arivel v established as

a result of the test program presented in this report. It is recommended , how—

ever that no further testing of the presently constituted 1—seal model be per-

formed.

The reasons for not pursuing the tes t ing of the present “J” seal model are

described as follows :

• The present test seal configuration is not representative of a realis-

tic engine seal since it contains no secondary seal carrier. The lack

of the secondary carrier forced the .1—seal to be tested at fixed , pre—

set heel gap settings whi ch resulted in seal blow—out at very low

pressure differentials.

• Sealing face distortions which were recorded for  the test seal , a l t h o u g h

significantly improved over previous “.1” seal models , did not present

the type of distortion free surface normally associated with face seals.

A major result of the demonstrated basic “.1” seal concept feasibility was the

uncovering of a number of problems tha t need to be overcome. It is recommended

theref ore , that further development work be directed toward the following tasks,

and preferably also in that order.

9.1 Incorppra t ion of Seconda~~~ Sea l

It is apparent tha t for the “.1” seals , to perform properl y ,  it must be mounted

on a secondary seal carrier , therefore ft is proposed that a revised seal design

be prepared which incorporates an appropr ia te  secondary seal ca r r i e r .  In

addition , improvements to f ac to r s  such as the diaphragm mounting should be in-

corporated in any new design . A sketch of a “ 1” seal with an axially spring

loaded secondary sea l c a r r i e r  Is shown In Figure 1.

9.2 Mod if Icat ion of Seal Ana lye is

The seal analysis  should he extended to Incorpora te  the operat ion of the sec-

ondary seal carrier . Performance calcul ations using the analysis should be

—54—
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made at pressures ranging from as low as 50 psi to 600 psi so that comparison

of experiment with theory can be made over the full pressure range.

9.3 Manufacturing~ Technique

An in—depth study of manufacturing techniques for the preparation of “.1” seals

should be performed. Special emphasis should be placed on the attainment and

retention of dimensional accuracy. The advancements in the brazing technique

reported herein can be used as a cornerstone for this study.

9.4 Room Temperature Seal Test

It is recommended that a full scale model based on the results of 9.1 be manu-

factured and tested at room tempera ture cond itions with pressures up to 300
psi and speeds up to 12 ,000 rpm. The seal test ri g should be fur ther  modif ied

to permit measurement of primary seal profile and f i lm thickness during opera-

tion at speed. The value of having film thickness data on the active face has

been demonstrated, and with the current instrumentation this information cannot

be obtained during rotational testing. It is recommended that film thickness

instrumentation be mounted on the runner similar to the type which has been

developed and demonstrated on a high speed foil bearing test program for NA SA.

9.5 High Temperature Seal Test

Following the resolution of any dynamic or operational problems arising from

the tests in 9.4 above, a seal capable of operating at full pressure up to the

maximum desired operating temperature should be fabricated and tested under

simulated jet engine conditions.

In sununary the test data obtained to date indicate trends in performance which

require further study . The ability of a “.1” type seal to function in an actual

engine environment requiring both high temperature and high pressure performance

capability as indicated by the test matrix specified in the present contract

will eventually have to be demonstrated on test. However, the difficulties

encountered in testing the present seal without a carrier , as enumerated previ-

ously, indicate a more cautious step—by—step approach in evaluation is required .

—5 5—
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In future work, the basic emphasis of the current test matrix should be retained

but the evaluation of .1—seal efficiency can be obtained from a somewhat restruc-

tured matrix. The restated matrix should be of such form that each major step

in test conditions such as elevated test temperature , higher pressures and speed

increments are evaluated independently before being tested in combination.
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Appendix A

Conversion Factors and Calibration

A. 1.0 Proximeter Probes

The proximeter probes employed in this  test setup require vol tage to d is tance

conversion curves , temperature corrections , and extrapolat ion of proximity  probe

reading from the installed proximeter to the position of minimum film thickness.

The probes were in i t ia l ly  cal ibrated in the  “as ins ta l led”  pos i t ion  using a

target mad e of the same material  as the seal face.  The dis tance of the  target

to probe was varied though the use of extra accurate gage blocks and the vol tage

corresponding to each distance was recorded . The voltage vs. dis tance curves

which were obtained in that fashion are shown in Figure A—l . Note that separate

curves were generated for  each probe employed in the test setup .

Proximeters B1 and B 2 as well as B3 and B4 were used in pairs placed 900 apart.

The proximeters with even subscripts were located close to , but not at , the in—

ner edge. Hence , in order to obtain the measur~ nent of the heel gap, the readings

obtained wi th  B 2 4  proximeters had to be corrected to obtain the  minimum f i l m

thickness (actual heel gap) .

Runn  or

Stator _____  

____

-. - -

~~~~~~~~~~~
-

Fig. A— 2 Ident  i f i c at  Ion of Prohc I ~-~-~i t  i -~ns

Referring to Figure A—2 above :

h h 3 
- 

Ah 2 3  (a + b) (f l
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Subs t i tu t ing  constants

h = h 3 
— l .22 L~h2 3  (2)

The actual Ah ’ is in a similar way found to be

= •—

~~~~~

- ~~~ = 2. 365Ah (3)

In addition to the above corrections it was found that the seal cover and

housing moved slightly under pressure.  Due to the pressure differential

across the runner, the runner position also exhibited a tendency to shift.

To establish the extent of movement , dial indicators were applied to the f ron t

and rear of casing at the seal bolting circle , and a probe was inserted to

measure the relative axial motion between rotor and casing. This motion had

the e f fec t  of changing the unload ed heel gap setting. To determine the change

and correc t for it the following relationship was used :

= 

~cf 
— 

~
6 r 

— 

~cr~ 
(4)

where is the correction to the unloaded heel gap set t ing , 
~~ 

the deflection

of the f ron t  casing, S the relative deflection of the rear casing and runner

(B 5) ,  and 5•
r 

the deflection of the rear casing.

Prior to the above correction , the voltage readouts had to be corrected for

temperature effects. Because the slopes of the proximeters voltage vs. distance

curves were for  all practical  purposes i d en t i ca l  and calibrat ion tests at ele-

vated temperatures have shown tha t  the  responses to t empera ture  changes were also

very similar , one temperature corrt-ction was used for all proximeters ; t h i s  cor-

rection was equal to .014 volts/°F. Thus , t~~r examp le , when the tempcrature of

the proximeter  on test was 10 F l owt -r t h an  t i ~ - cal i h r . u  i on  t empe ra tu r e  0.14 v o l t s

was added to the voltage readout and t h e  a t - i I d Ist in~ - d~ termined f r om

Figure A—I. A sample temperature corrt-~- t  ion - rv I ~-~ - r- th ~- icu r t- A— ~~
.

A. 2.0 Flow C a l c u l a t i o n s

Flow was measured w i t h  t h e  use ot  a equal . .- l ~- 
-
~~ re  p l O r . .1 - k . I H t
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which is shown in Figure A— 4.

Fig . A—4 Model of Orifice Plate

- 
*

The equation used was (Ref . 2)

Q = YCA V
’ 29APP

when Y = expansion factor , depends on and p, and 3
i

C = flow coefficient , depend s on and R
e (Reynolds Number)

A = area of opening , f t 2

g = 32.17 ft/sec2

= pressure difference across orifice (where AR is in inches of H
2
0)

5.2A11

= ft3/ lb

r = specific heat ratio

Q = f t 3fse c

R is usually very high for air flow (of the order of 106), thus , C remained

constant at 0.64 . The fac tor  Y was found to vary from 0.998 to 0 .948 , depending

on ~~~~~
. Thus , for  all practical purposes the following equation can he used :

—61— 

- -—-- ~~~-~~~~~~---- ~~~~—~~~------~~~ — -



Q = 2 .875 (AH) ’r

1

at reference conditions of P = 14.7 , T = 60 F.0 0
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“J” Seal Test — Data Nomencla ture

I
AP — Pressure d i f f e r ence  across o r i f i c e  out of tester (leakage)

— Pressure to o r i f i c e  ( inlet  to system)

B1 
— Red — ou ter 9 o ’clock

B
2 

— White — inner 9 o ’clock

B 3 — Green — outer 12 o ’clock

B4 
— Black — inner 12 o ’clock

B 5 
— Runner mo tion w/r to casing

P2 — Seal Cavi ty  — Inle t Pressure

P 3 — Seal Cavi ty — Discharge Pressure

P 4 
— Balance Piston Pressure

TC 1 
— Correction Temp for  Probes B

3 
and B

4

TC 2 
— Correc tion Temp f or Probes B

1 
and B

2

TC
3 

— Hig h Pressure Seal Cav ity

TC
4 

— High Pressure Seal Cavity Hi—Press Inlet

TC 5 — High Pressure Seal Cavity

TC 6 
— LP Seal Cavity

Seal S t a to r
TC 7 

— LP Seal Cavi ty

TC
8 

— O r i f i c - e Temp

—65—
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