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• The selected compartmental lubrication system was designed, fabricated and tested at the
• component and full scale System leve ls . The following significant results from the test s were

obtained:

• Demonstrated the durability and performance of a high-speed, 10,000 rpm
(2.5 time. greater than conventional engine pump speeds) oil pump and drive
gear train.

• Deaerated three time. the conventional engine air leakage in a small volume
• oil tank.

• Successfully scavenged (without adverse oil churning) a bearing compart-
ment with increased density due to an oil tank and pump installed within the
compartment.

• Successfully demonstrated the Compartmental Lubrication System Concept
as an approach to improved system vulnerability for future engine applica-
tions.
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SUMMARY

The objective of this program was to develop a lubrication system that will reduce turbine
engine vulnerability, weight, frontal area and increase reliability. This was accomplished by
selecting, through conceptual design studies, a compartmental lubrication system for detailed
eva luation, design, and subsequent component and full-scale rig testing.

The FIOO-PW-100 engine was used as a baseline for sizing components , evaluating
performance cha racteristics , and establishing bearing compartment geometry limitations. An
optimum compartmental lubrication system design concept was selected for testing after the
trade studies and preliminary design phases were completed. The final system evaluation of the
optimum concept was compared with the baseline Fl00-PW.l00 engine with the following
results:

• Vulnerability was reduced 28.8 percent —

• Maintainability requirements were reduced 5,756 maintenance man-hours
per million engine flight hours

• Reliability was increased with 962 fewer part discrepancies per million engine
flight hours

• Lubrication system weight was increased 1.7 lb

• Cost was decreased $906 per engine or $4.1 million on a life-cycle basis

• Frontal area was decreased by 80 in.’

• Starting and windmill operation was unchanged

• Time between oil filter changes were decreased approximately 10 percent due
to increased air leakage into the No. 1, 4, and 5 compartments resulting from
the use of labyrinth mainshaft seals.

The program was conducted in three phases. During Phase I, design trade studies were
initiated by formulating a comprehensive list of lubrication system component concepts and
possible engine locations. A qualitative evaluation of components and locations was conducted
based on previous experience and studies. Five system schemes were configured. using the most
promising component concepts and locations. These schemes were configured around the
FlOO- PW-l00 engine flowpath and bearing compartment arrangement ass representative engine.
A sixt h scheme was added to the trade studies to evaluate the armor plating of lubrication system
components.

— Quantitative analyses were performed on a comp onent basis for each of the schemes and
compared to the baseline engine. The armor plate scheme obtained the greatest number of points
during the quantitative analysis. However, this scheme was eliminated due to excessive weight
(greater than 300 tb). Following the quantitative analyses, an opt imum compartmental
lubrication system concept was formulated using selected components of the five schemes.

Phase II consisted of (1) a preliminary layout design of the optimum system ,
(2) re-evaluat ion of the system as compared to the baseline F100 engine on the basis of’
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vulnerability, maintainability . reliability , weight , acquisition cost , life-cycle cost , frontal area,
starting. windmilling operation, and oil contamination to leratwe , and (3) final engine layout
design of the optimum system selected.

During Phase LII. t he optimum compartmental lubrication syste m design was finalized,
fabricated, and tested . A tota l of 60 hours of run time was accumulated on the critical
components t hrough bench tests. This was followed by 67 hours of ’ system t c s t s  of whi(’h 50 hours
was simulated mission endurance time. ‘l’he system tes ts provided substantiation of the small .
high-speed components integrally mounted with a small volume oil tank in a conventional
hearing compartment. The following is a summary of t he tes t results:

I t)emonstrated the durability and performance of the 1t).0(1() rpm high-speed
(2.5 times conventional engine pump speeds) oil pump and drive gear train

• I)eaerated three times the conventional engine air leakage in a sma ll volume
oil tank

• Scavenged the hearing compartment preventing adverse heat generation due
to oi l churning

• Demonstrated the compartmental lubrication System concept as a viable
approach to improve system vulnerability for future engine applications.
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SECTION I
INTRODUCTION

1. BACKGROUND

The lubrkation system is one of the most vulnerable areas in current gas turbine engines.
Vu lnerability of the lubrication system components to small arms fire and missile shrapnel
results primarily from their location on the outsid e of the engine. A hit in any of the lubricat ion
system com ponents would most likely result in loss of oil to the entire system in a short period of
time. Wit h continued operation, t his oil loss will lead to bearing and/or gear distress and
eventua lly to loss of the engine.

In the last two decades, significant advances have been made in increasing the
t hrust/weight ratio of gas turbine engines. This has been achieved primarily t hrough technology
improvements of t he large engine components . i.e., the compressor , turbine, combustor. and
augmentor. Engine lubrication system design refinements and miniaturization have not kept
pace wit h the larger components , primar ily because engine program development schedules and
funding limitations have precluded investigation of promising lubrication system configurations
t hat incorporate unproven concepts.

Since most of the lubrication system components can be mounted externally to the engine,
it has been the tendenc y to desi gn the lubrication system around the engine rather than making
it an integral part of the design requirements. Maintainability considerations have resulted in
locating most of the components on the bottom of the engine external to the outer case , increasing
their vulnerability.

Lubrication system component state-of-the-art and maintainability have dictated system
configuration for current engines. These considerations have resulted in highly vulnerable
systems , Recent improvements in engine airframe integration have reduced turnaround time for
engine remova l and reinstallation in the aircraft to less than 30 minutes . This lessens the
importance of lubrication system component exposure on the bottom of the engine as a
maintainability criteria. Consideration of lubrication system vulnerable locations, identification
of pertinent component state -of-t he-art limit at ions, and appropriate component technology
advances can significantly reduce vulnerability with minimum impact on maintainability.

Reduced vulnerability can be achieved by: (1) integrating components wit hin the engine to
reduce exposed area. (2) reducing component volume by providing high-speed components, anti
(3) locating components so that critical items are shielded by engine structure , Locating
lubrication components near critica l engine components, t hereby reducing the overall exposed
critical engine/lubrication area, is another means of reducing vulnerability.

Development risk and cost of these integration techniques must reflect a growing concern for
reducing overall system coats by mainta ining a goal of low-risk development and reasonable
production pricing. The ideal system must not adversely impact overall engine performance and
weight. Since gas turbine engines must be field maintainable, t he lubrication system design
imp lementation must reflect proper considerations for routine engine service and component
repair or replacement. Therefore, t he problem is not just one of component integration. but
component integration in a manner which does not severely sacrif ice other important operational
criteria.

1
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2. SCOPE 

- -

‘l’he (‘ompartnu’ntal I .ubrk’at Ion S~ stem pr igrmtnm was a com~)rt’ht’nsIVe design study ~nd
experimenta l program to reduce lubrit-at ion system vuInerahilit~ , weight, and frontal area , and
increase reliabi lity . ‘l’he finished product o. an engine syste’in design wi th  a low vulnerability
c(IimIpartmcrltal ltibrit ’stuiti system w hich was successfully tested at bot h comflJX)ne’flt and system
levels. The compartmental lubrication system program was conducted in three phases , as

outlined in the Statement of Work.

Phase I consisted of the quantitative evaluation of five svste ’m configurations pitis 11w I”iIK)
PW. 100 as a baseline engine on t he basis of vulnerability , maintainability , reliability, twquisit ion
costs, life-cycle costs , weight , frontal area , manufacturing. assembly, and development
considerations, and s stem compromise’s . ‘l’hesc candidate sys leiims we’re configured as he’ re ’stiit
of a detai led qualit ative evaluation of various lubrication component roni’ejits mid ~ ‘s~’ibh’
engine locations. An optimum concept was selected on this basis for further anahsms in the
preliminary design effort of Phase II -

The preliminary design of’ t he selected svstenm was divided into t hret’ tasks , com prising
Phase II of the program. In the first task of this ph~sc the lubrication svsts ’m components of the
selected system were designed into the bearing compartments of the Fl00-PW ‘1(M) engine as a

representative engine. In Task LI , t he selected system was again eva luated using the contr act
statement of work criteria and compared with the Fl(X)-PW- 100 lubrication system as a baseline.
Task Ill provided for the refinement and improvement of the advanced syste m in those areas
deemed necessary by t he Task H analysis .

Phase III was perfo rmed in five tasks e’einsisting of detai l design, fabri cati o n , and testing. In
Task I, critica l components identified in Phase’ II were’ detail designed. ‘t’ask II involved the
fabricat ion of components designed in ‘(‘ask I and testing of t hose’ critic-al ceiniponemits . ‘J’he’
remaining components of t he advanced system were detail designed in ‘i’ask Ill to the extent
necessa ry for experimental evaluation . Rig modifications required for system tes ts  were designed
in this task.

Task l\’ provided for the fabrication of the hardware’ designed in 1’ask Ill, and the assembly
of the system rig.

Task V successfully demnnst rate(l the’ advanced system concept through a ~O -hour
endur ance test of the total system conducted on an integrated basis under sim ulated engine’
operating conditions.

3. SYSTEM SAFETY ANALYSIS REPORT

The System Safety Analysis conducted during the design phase’ for e’eIm;sInent and syst em
testing is documented in Appendix 0.
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SECTION II
PHASE I — DESIGN TRADE STUDIES

1. APPROACH TO SYSTEM SELECTION

a. O.nsral Ground AuI•a

The FI E.PW -100 engine was selected as the baseline engine fur e’ompmerisnn wit h the’
canti idate compart ment al luhri -at ion sy stem schemes. During formulat ion of the se he’mnes, it
became apparent that some generalized ground rules would be required to make the’ results elf the’
ana lyses applicable to a gas turbine engine in the’ thrust range of the Pl00-PW~I(X) wit hout
excess ively restrict ing t he study to minor modirteations of this engine model. The following
ground rules and assumptions were’ used:

• The eng ine aerodynamics were not (‘hanged from the baseline engine; i e., the
blades and vanes and associated rotating hardware’ were not modified.

• Stati c inter nal structur es, such as the bearing compartment walls, were
modified as required to accommodate lubrication system components;
however, the maximum outer case dimensions were’ unchanged. Modification
to outer case structure’ to prov ide access to internal components was
accepta ble.

• Present FL00-I’W- LOU speciticstions for fuel temperature at the engine-
a irf rame inter face were maintained. This resulted in 200°l” maximum fuel
tem perature at fuel (lows of f~(UL t’o/Iuk’regir* and leSs ,

• Existing maximum fuel and oil temperature guideline’s (ci prevent thermal
breakdown were maintained. These limits arc 28 °P at the fuel control, 325 ”I”
fuel nozzle temperature’, and 3t~

)°F bulk oil temperature’ out of the engine.

• No deviation 1 m m  standard gas turbine’ engine (tiehe and oils was permitted .
MIL-L-7$O$ or MIt. L23*~49 till was used for the analyses in conjunction with
MlL-T-5$24 t JP -4 or JP-5) fuel.

• Luhrie’at ion system vulnerability was calculated as it the engine was in ii test
stand, i.e., wit hout reference to a specific aircraft .

• All lubrication system components were sized and seLected based on
technology advanceim that could be accomplished with minimum risk during
the contract period.

• The engine flight envelope was assumed to he the same as the I”IOO-t’W-IOU.

• Engine lubrication system heat generati on was assumed to be f he sanu’ as
t hat of the FlttO.PW . l(~

)

• Engine must operate at nil temperatures corresponding to a kinematic
viscosity of 13.(XM) cii ( 40°t” for MlI.- L-23699 and 6-t~°F for MIL-L-7$O$).

3



• ‘t’he metateinent at work required t hat the ’ lubricat lu ll s%s te ln design r r u 1~ ide’ an
opt ion tar internal loi’~t ion of the engine alternator. He’vit~e It the t’ngiile’
stmucuire re’sulted in t hree candidate lelcationec tom the’ alternator: e It in trout
ci t the Nei I ceimpart mnent , (2t en t he ~\o 2- ~ compart ment, and t ~I) in t he’ rear
of t he No. 5 ceimpart ment. The No. 5 e’timpsrtment locat ion wa s ruled out due
to ex e ’ess ive envir onmental tem peratures. The’ No . 2- t eompart m(’nt was
ruled out because location cii the alternator in this compartment would
significantly reduce the space’ available for either lubrication components.
(‘onsequentlv. the location of the alternator in th e front of the ’ No. I
compartment was selected for all schemes .

Using the above ground rules, a list of all conventional lubrication system components and
locations were rated (in a quali tative basis. The mos t promising components and locations we’re
combined to formulate the candidate compartmental lubrication system schemes to be riet eel
against each ot her and the baseline system on a quantitative basis.

b Compon•nI ld.ntmc .tlon

During the initial stage of the program, candidate lubrication component concepts and
eng ine locations for these components were identified. This list is shown in Table I. A qualitative
evaluation of these components and locations was made’ based on experien ce gained from
previous lubrication and accessories stud ies . The following c mponenf concepts were eliminated
from consideration on a qualita tive basis:

Conipo nen t/( ’oncept Reason for Elimination

Centrifugal supply or Not a positive disp lacement pump ; inab i lity t ii
scavenge pump operate with cold oil and any downstream

restr iction , such as contamination , would
result in a reduction in oil flow .

,let scavenge pump Same as for centrifugal pump.

Gas turbine drive for Larg, volume and weight penalty; hot air in
pump. bearing compartments; performance penalty

on engine.

Rotating tube centri . Requiree inner shaft seals at No. 4 rampart-
(gal supply through ment; blocks cooling airflow to turbin e; results
the shaft (Tom in unvented compressor bore, wh ich would
the No. 2-3 to No. 4 require heavier disk and supports; possihiLit~ of
compartment. coking oil in hot shaft envi ronment; increased

balancing problems with shaft .

Vent No. 4 rampart - Same as for preceding concept .
ment through shaft to
No. 2-3 comp artment

THERMAL SKIN• air- Insuffi cient surface are a due to low air side heat
oil coolers in interme - transfer cew uffi cient s . Difficult to renuwe for
diate case struta inspect ion or repair.

4
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i’be rem aining ceimpeenent cotmeeptme Were’ combined into five’ low vulnerability lubrication
sc heme’s , wh ich were rated against each cu t her on a quant itative’ basis. A sixt h scheme was ~dde’d
ii’ eva luate armneir plating cu t lubrication sysIt ’nm cuImnIsileents , however , t his scheme was
eliminated due to exeessi~-e weight (greater than 3(’) tb).

TABLE I
LUBRICATION SYSTEM COMPONENT CONCE FFS AND ENGINE LOCATION

Ikeut b~, Locu.eco.u 4 Es.gsiw Lobnu~aiuon S amp ’s t ’o’spunenu
&VSadI Ee~w isis. , Sueiea aisd $vpuas ~x fvr ~sl1 of Few~ ~sd 4ff

L.u~b,icuiion .‘u~at, ’s ( ‘ouspws,n*a (‘wsp evuswucta WsU Vase. Diccta ~~~sse ~.sd ( ‘ts ’ip urf ’s eiUa
tht Suppi’~ and kav.ng. Pump
G.a, X X X
Van . X
(‘.eeiñtem at X

x x
Tub. X

Hkiwdow~ Sciving, S’urst.m X

Pump Thi~. Syst.ma
G..v,d Ihaough (~wp,,, Shaft X X
G.a,,dofl Rcitor X X

Felt. ,
Lhp.s. X X X
Nonbypais X X X
(‘snin fugal X

H..t Kschsn~,~ iCoot. ,.)
Pint. Pin X
S)s tl and Tub. X
Fenn.d Wall X
Th~ KMAL SKIN• X
IkaiPIp.. X X

D,n.rston - D.ott.r.
C.neflfupal X
Can X X x
Rein. X

th t Tan~s
Int.,nul Rs..rvosr X X
~itwt.f Rus.r vocr X
hnt.grai.it X X

Breath.,
Scavangs X X
V.nt Tub, X X

Chip t).t.ctn.,
Maineik X X X

Bypiss S ala,.
PItt. , x x x
(‘019., X X X

5

--



r - .. 

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

C. Qu.nthat iv. An&ysts Cr ftirI a — Phasa I

‘Fhe m os t promising component concepts we’re’ eomhmit e’d (a ~reatc f iv e’ t’itndidat.’
c-ompart mental lubrication system s~heiu~’-. Each ci t  th1~ was rated quantitatively ite -eci r ding Cc c

the weighted creteria listed in Table 2 The’ we’ig hte’d value’s of this aful e’ we’re c oordmmste’d e e l  h
the AFAI~l. I~reijeei Engineer, Eac h of these scheme’s nas e’e aluiuc’d cm me dm f ’te’ rt’n mmd volta ’ l esms
t ie . ,  ~weight . .~t’cmst . etc. ) as compared te l the baseline’ e ngine. The’ quantitativ e- evaluations were-
made using mechanical layout studies , with compeiiwnt si /c ’s substantiated by numerical
analyses .

‘rARLE ~WEIG HTKI) (‘RrTERlA (“OORI)l N ATF.I) WiTH AFAPI .

Ma.rm n iu m (‘(I mpart_son fcu
Point Best Scheme

(‘rifm’rma .4 lInt rns ’rmt Factor Ratir~,g
Vu lnerabl e Area Reductiemn to
Maintainability 25
Reliability tO
Acquisition (‘oats 5
Life (‘vc lc (‘oats 5
Weight 10
Frontal Area $
Manufacturing, Assembly, and
Development (‘onsiderations 3

System (‘ompromises 4

~ ~l(X)

Rating - - The best system in a given criteria received maximum point
allotment iweighting factor) assigned to that criteria. Other schemes received
points on me comparative basis with the best scheme. —

Rating - 4 M ax imu rn  Point Allotment) \ (Comparison to Best Scheme
Factor ).

t ’ i~mp.r csc ’ ui t o best ‘ui~hctne (mu-tot i c ~ b r  best s~hemc mind m c’ pni~wirfi(ined ii’ ‘*c - h bin-c,
rmitrd whenc,’ d*r,’,qt~ drpend~ns~ upon Its retit~onsh~p ic c the best sc heme Fccr eesnmpk . ml ih~’
i~ ’c’i ‘.‘hei nu’ wcighi ~ k~t flu. wh*k ittmc ’ t t’i~r cc’hcncc’ h.u’. mi wec~ht c’( b~ Xl Ne , ci~ Ci~nlpmirI~cItm (I’

bur’,t ...‘hc’rnu. Inc-i.’? ma (451 4q51 41 ,41

d. M•thods of Ouant ltatlv • Analysis for Each Rating Critarla — Phass I

(1) VuSn.ra bNIty

Vulnerability was quantified by vomparing vulnerable areas. The procedures followed and
t he assumpt ions used for this analysis were:

(a) Six view’s were used that were considered vulnerable as a projecti le target .
They were the front , rear . top. bottom, and left and right sides.

6



- - - ~~~~~~~~~~ .--~~~~~~~~~~~ ——~~~~~~~~~~~~~ --,—— ~~~
--—

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

(b) Each scheme was separated into various co mponents , and vu lnerable area
(VA ) was calculated for each component in each vie w . Only those
component s in t he oil system that (‘hanged in size and/or location were
inc luded in the anal ysi s .

• No. 1. 2-3 , 4, and 5 Bearing (‘ompariments
• Oil Tank
• Oil Pumps (Boesci and Scavenge )
• Oil Filter
• Fuel/Oil (‘oolers

• Air/Oil Coolers
• Main Gearbox
• Plumbing (Oil System Ont~ t

(c) The vulnerable area was determined by multiply ing the cemmnponent
projected area by its kill probability. The kill probability is the probability
that t he engine will fail tem deliver flight sustaining power if the component
is hit . The kill probabilities are’ experience factors based on t e’s t data from
prec ious engines.

(dl The vulnerable area s were calculated for A kills (loss of flight sustaining
Ixce’er in 5 m m )  and 13 kills (loss within 30 m m )  for 30- and 50-caliber armor
piercing projectiles traveling at 151X) and 25(n) ft /s ee ’ -

(et An “A” kill is defined as a hit to the fuel s stem or to the main fuel pump
drive train resulting in a loses of gas generator fuel flow . Also, a critical hit to
a ma in rotor bearing results in a loss of rotor support and then Loss of power
wit hin 5 minutes.

A “ B” kill is defined its a hit to the oil system resulting in a loss of oil
pressure to t he main bearings and subsequent rotor seizure. Table 3 shows
t he various components with failure modes and minimum size and speed of
projectiles necessary to cause t he respective kills.

(F) The projec ted area for oi l system plumbing was established from a previous
engine fluids study performed for the Fl(X)-PW-tOO engine. The various
sc hemes were ca lculated as some percentage of the base line projected area
for eac h of the six views. The vulnerab le area was then computed using t hese
estimated projected areas for each scheme.

(g) The vulnerable area of the scheme for any view is the sum of the component
vulnerable areas in t hat view for each tYpe kill, speed, and size projectile.
The vulnerable areas for each scheme were tabulated in ter ms of a difference —

from the baseline in square inches . The lowest numbers showed the scheme
t hat was least vulnerable in each view for each category .

.7
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TABLE 3
COMPONENT MALFUNCTION MODES

Minimum Required t ic
Cause Kill

Speed .
P art Malfunction Mode Kill ( ‘al f t / sec

Main Rotor Bearing Hearings shatter when hit , result- A 30
ing in lutes of rotor support 50 l(XX)

Teiwershaft and Other Drive Hit on referenced parts results in A 50 2(XX)
Shafts for MFP lutes of main fuel pump power

supply, causing loss of engine fuel
supply

Huligear in 2-3 Hearing Hit on referenced part results in A 50 2(XX)
Compartment loss of main fue l pump power

supply, causing loss of engine fuel
supply

Bevel Gear in 2-3 Bearin’~ Hit on referenced parts results in A 50 1(XX)
Compartment and Gears in loss of main fuel pump power
Main Gearbox supply, causing loss of engine fuel

supply

Hearings for MFP Drive Hit on referenced parts results in A 30 1500
Shafts loss of main fuel pump power 50 1000

supply , causing loss of engine fuel
supply

Fuel/Oil Coolers Hit results in loss of Gas Generator A 30 500
fuel flow

Oil Tanks , Filter , Air/Oil Hit causes loss of oil , resulting in B 30 5(X)
Coolers, Oil Plumbing seizure of rotors

Oil Pumps. Main Gearbox, Hit causes loss of oil, resulting in B 30 1000
Bearing Compartments se izure of rotors .

(hI The six different views were weighted to establish a criteria tar comparing
the vulnerable area in each view as follows:

Vieu ’s Weights, rr

Front 5
Rear 15
Top 10
Bottom 30
Left Side 20
Right Side 20

The bottom was considered most vulnerable due to the likelihood of heavy
ground fire. Likewise, t he front view was least vulnerable due to the
relatively small chance of head-on fire from enemy aircraft-,
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i i i  I ‘‘ -\ tend 14 ki lL s l ’ s  h~mll: ’ .t i i .
~lmt’ m . , j aSCII l d t t m l t 1 It’ ~~ .‘ t ’ We’re’ I

inc hs t c t c t c t l t ~ .t~ ~~~~~~ asmel ec t — s g l c i m - i i  f i r  m~ I- . t’~~ t Lmt - a-~es cee r e- t L is a
~I~~cI I’I5 tI ’gI ’ I~~~’l tot ~.i 11( 5 5cm - cc t ( t ic  ci lme ’ .t “e fis~~~t- eec i~ ch ’ te ’ r misinm - ,~ecic h 1% ~m~’ k I~ \‘.‘.cc su ng t l~ ’ hit icrol it It  cml  eac h kill C m  1 i -  ec ic i t i l . liii’ I cc

‘‘ -~~s t icen tevc reegi ’d t c gs ’ t  her t o  ci. - T m - r t i c l s l i ’  the sc - h -nse’ t h is  cc i— c e- i

% eilns’riible , -‘  t’ral~ I t~i ,., sc he’iiie i’I i t ci~iie’tI ii t i m n i ) m . ir iss m im t i c  Lc m . ,.t ~c ’t Ie ’Jl1m- t i c  t c m r

0 send t he’ ta l l  3d point ulnerahelsic c i l lecinsi - ic i  l.c’.’. e t h i  t i ce
receic ed a percent a gi’ of this rating ha5cd cml i  heir retes t m c -  ulns’rahle. sire’m (s

(2) Maintainability

Ihe’ b as s .  t ,mr the nee a sclreimut ie t at nuasnta inmehilit%- a. nmeei ntt ~isant -e’ imseeti h c m cc r — per engine
t i c  ~ ht hour NI NI H FI” H Nlaintenane -t’ nuess hu ts N si re t’~~l I mat t’d task  I i mmce ~ rs ’ipi red t i m  ‘eta ‘~ t’

rind replace’ sill c u b  ponents ccii hmn t he’ engine - K~t mac i t  e’~ were’ made diss ng t he’ ‘St andards tu m r

NI .s~ ntensent -e lime’ E.t imates I c i r  Part Re’ptact ’ment ‘‘ or hc act enil mue’asurt’nse’nt cc l  spec -sl i t  t asks
ice -r tcc r rss t ’ cI during engine ces ~ .mImlv m m r dmsassemhtc The’ maintenance task time bit e’ach
c c m npofle’nt cc ci. maci t t  sp lse’d t ic st ~. pit ri Ia shire and discre pant-v rOtc t im de’t e’rneine’ t . NI NI H Kf’t i
l’he’ part tas t e s  re and ci i.e rt pci Iii rate’s we ’re’ ohi as ned I ru ~~ ~~~ r ret isibil i t  preel UI Sc c 55 Sl i m mdcl

l” r t his s t u d c  - task times art’ t’~ r~s.e’d as a difte’rt ’ mwt’ in NIM H fro m the hase’line’ tc ’ r each
t ’cmn q s m nt ’ f l t  i c t module that rtM~tisrt’s s t i f l e  c hange’ in ma intasns ihs l i tc  ‘l’hss means that to
remi ‘ cc ’  rep lac e 5 pump k~’ated with the’ No . 2-3 t - mcmnpart me’nt . for example’ . ( here’ is a mese -h
greater NI NI I-I number han baseline’ ht’ ccacise the inlet tan n~e mdiilt’ must be re’moc- e’d to e’nte’ r t he’

2 - 3 bearing compartment and gain a ct -c’ s. to the pumps I .ske’cc i.e. there’ is a different parts
t l lse tc pc% 51c c rate ’ Irons hase’l inc I c i t some compone’ms( s bee’citsse ’ c m l  t he’sr location and e ’tCvit cmflhllt ’nt

Sines ’ t he .~M NI 11 FF11 t c c t ’  all sc heme’s we’re small in e - m m mtseerssa n to  t he’ absolute t sited
eriguit ’ aloe’s . it se a s decided to doe sate Srvrn he’ pr t ’c a cash- .1 :ml id  method ml ialt ’nlsit ing t he’
Olif luparistin tm best sc heme’ ftie-tor as a rat am mc i cet is m ilei t e ’ ci hit’s ‘l’lis. Int’l hued would l i m i t give a large’
spread in maintainmehi t it c rating points send ade’t iuate’fc distinguish the’ advant ags’s iii one’ st-he’mt’
ccc or snot her The met heed used t ier this analys is was t i m determine ’ t he’ ritt so of t he’ range of
.INI NI H EI”H values minus the ,~NIN1H EFH seIne’ lu c r the gic en sche’me. dic ided ~c c the’ range of
,~\I NI H FF’11 1’hes factor t me’. the maximum Ismm nt cii I -

~ mc lii prc mc ided t he’ scheme’ rating -

(3) RaliabIsity

The’ basi. for the nse’asurement cm l re ’ lmtehilm tv used in this sI ciui\ was part tai lures mmci
s ts . ’c ’rc pa Isu - st ~s . e ’c tcr e sse ’cI a~. dsscre ’ pant ’v rates , ‘l’he (Iiscrepant’v rates were’ obtained from t he’
reliabilets pre’du’t cm mat he’mat iccel model and rc’t1e’~-t t he’ number of dise repsene - se ’. e’ pec’te’d Sc
oct-ar ieft e’r the engine has reached maturitY , An engine’ design is considered mature setter it has
a te  um em lated approximate I~ one million e’ngine’ tlight hemu rs -

To determine the overall reliability rate for each scheme , a discrepancy rate for each major
t- mmnuponent was predicted and the rates summed to obtain the total discrepane’v rate’ for t hat
sc heme

-
~~. cc ith the maintainability analysis , it was necessary to modify lht’ procedure tar

t’a le’ulatsng the comparison to best scheme t’ae ’tur to adequately distinguish the advantages cc i one’
sc heme over another . The’ method used was to determine the ratio cml the’ diftert’nct’ betwee n the
w mm rs t scheme ~reliabilst v va lues and the given scheme ~reliahiIitv values divided t ic the’ sibsulute
difference in the worst and best sc heme .~rel iahi li tv values. This f act emr times t he’ maximum point
allotment provided the scheme rating

9
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(4~ Acquisition Costs

(o s t  t . t c snc t t e s  liii thi s senceIc sss we re made using methodic in general cisc’ by l>&WA l it  many
vea r~. based on a -.5 ci!l ddtr (I coict at’ccmuflting sc s C e n e .  Extensive’ e r i c ”- .- retc r t nc-e files c u t  c-e’n du,r send
in - hi iis.~ manuimu’r ursng infm c~~f l t t t  ion art’ maintained tar cle’tailed ccsm p mnent asese l~- s ss.
eccnip re hen.svt’ t -s t ins ist ing data base’ facilitates accurate cus t t ccr t ’ csesm sag The -.i’ hc-i ice wi th the
t m c c ~ t’’.t i iq Is I ’ es tsm ) f l  -- .~ was se s ssg rse ’ u t  a cos nparssi irl tmm best scheme tssu - t i m r  c c i  one. A t ) ~ i her .cki m i~ m .
cc crc r . m t c i i  agai:s.t the h0st ‘-.che,ne t iralsirt songl ta their tota l lubrication -v .! c f l  ii ist

(5) Life Cycle Costs

A fife cyc le’ t ’ m cs t  c c  inspariscin wa. made ci the t ’cc e- schemes ti c ’ ssui ~ eva luated, c cist -d sin 1551 air
- .cs f wr i mm r i t v  t ig hter apt 1a- ue ml c i r s  hac’si ig lS-vc , ir  life ’ c ’vck- ‘th is — tu d~’ lss su i c ’ rc - t i  the i i s t te r c - n i - m - - . i ts

ac qcis—i t imm n , lc (- r . i 5 s s l ~ and sc ip p mc rt c ’e-~ t~ t i r  u S$1 engines during i c e c i t -et in ie c c pr r c i t t i m l l . . “ ,sc
i l l Im t o w e t  c-tm rn lcc m t a t t r i t i m mn  r~mt e ’ ~. resu lting tri m l~~rc ii.~’d engine vu lnt ’ rsi t is istv , wi n’ a m !

int’Iu~Ie’ tt in t hi. i c  r sc i ia rssi  a -.ifl ce the . v islne ral isl 5 c r i ter i m m n rec - e cc  cc l .i -- .epar c t - . hc ’cec sly -

cc _ ht c d point s l i t flu ent in the’ cc -eeghted cr cte r c , u s iting ~~~~ (‘511

C rciund rule’ mint ! cl’si Iifll)t i(lfls cisc - c l  in the it t -  c v i ii c — i  c - clmp ee rss ucn c c i  the ’ si x  candidate

‘.chemes cc ’ere :

• 1t~ $l tota l engines , including 15 percent uninstalled spares

• 75 percent at the installed engines operational . flying 25 hr per mont h for
15 years

• Base labor rate = $16.25 per maintenance man-hour (MMH1: depot labor
rate -

~ $23.24 per MMH.

Acquisition costs included only those associated with changes in engine configuration, since
detailed airframe installation differences were not defined during this study. Since’ t he
compartmental lubrication system would be incorporated as part of a completely new engine ,

development cost differences between the schemes were assumed to be negligible and were’

excluded from the comparison. Operating and support cm st differences fall into the t ’cdlowing
categories :

• Maintenance Labor — Based on changes from the baseline engine in
maintenance tasks times and frequencies

• Recurring Spare Parts — Based on differences in production cost , usage, and
repairability

• Fuel and Oil Costs — Considered the same for this study, since all schemes
have the same inherent fuel and oil consumption as the baseline engine

(6) Weight

The weight analysis for this study was conducted by comparing each configuration to the
F100-PW- 100 Bill-of-Material components. Each configuration was weighed fran’s fsevout
drawing s . where th ickness and material assumptsmifls we’re made’ icir nlc mst components Items that
were similar to existing hardware were est imated tic weighing the discrete dit’feren -es and
app lying the resultant delta to the overall diffr rence of the configurations. Hardware fir eat -h
conf’iguratiicn was t hen grouped lw furu’t son to isolate areas of significant cc-eight difference and
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t m m ~~ Irm m% - mi le ’ me t ied heed of rating each iceheme’ t i m each at her and to t he’ Hitl-of- M ateria l design. ‘rho
~t ’Pii’ a im ’ with the ’ I c m tte ’st weight wit s then assigned a compmi risemn to be’5t sc heme tact or c m l  sm i le- mend
all c c i  hm’r ~c ’l se’t i ic ’ ic we’re ’ rested against t he’ best se ’la ’ smsc ’ -

(7~ FrontalAea

-\ f re m me t a l ar ose t’onupariicemn cc- is. nimide’ by cakulat itsg flue ’ pre mjt ’ctt ’el frontal area cml
’ t he’ t’nt ire

e n g u m  e ’ - tnt ’ m d i  tug the cc ire’ mind miii me c ’ e e ’ s s m mrs c’s f ir each cm i  1 he’ s m x s m ’ t mvi mmi ’ s em med I he’ base’) isle ’ t’ngi at’ -
- t he’ augmenteer am m ,iile’ was l imit inc luded sic part of the ’ premj e’e’t en) f ront mel mirt ’se , s ince’ si hit on this
c c  cts ~; ccc mwm ~t weeti lti not result in a t m c cs m u elegiac’ fluids or is mnlt ’utuc -t imi is cml i he’ ro taf i ssg ns mie ’hine’rv,
‘l’he’ ice he’ misc ’ ce-it Is t he’ CU in imsesi as Ire ac t cii are’mi cc s is t he’n ii ‘-.s s g tie m i is cc c li i  psi risc cii 1 mm 1 ies I iueht’ uu’ tact mit

‘ t i S l e ’

(8) ManufacturIng, Au.mbly, and Development Considera tions

‘l’hjs ccclii psirison was mmide’ ls\ ts r ’ .t listing C lue’ tss s s ts i s ts ie ’ t t i r i t ig  is s m ’ t i i i i l ~ , sii~l (Ie’~
- t ’ lUf ) Ill ( ’i ’s t

m l ill m c mi lt ie ’ s t hsst in ust lie’ considered t c cr c’ac’h cc ’ lie’ tin’ - Exsc s ue t iles c c i  C hose’ di f_ fl ccit t  it’s mire ’ ii’ us
c c c  51 1 

~~ 
c ii m ts l  5~ di f ilets It to issict’ iii lilt’. ten ~s m S  re’s ci ri agent Ii sto res lIce’s . icr w ill req Ui rs’ ox to nsm c - c

c lm’~-e ’lm ipme’ at - Ken-h sche’ tile , cc-mis c m  mm t i me red wit Is I lie heist’) in e’ sc heme’ I
’
m mr det eras its i ng the’

iii ag t5 ~ t i le  It’ m if t he pr mhlt’m - II emw e’ve’r where ’ t he’ hasel list’ sc ise ’ um i t ’ cc’mis use ire’ ci  its mpl b u t  eel t l ieu ’s 5ifl V

cmi  t he’ ci t  he’r sc-he’nse’s , it cc -mis reited sst e’mm rd isc g lv - Emit - is me t ’ the ’ rtsmmnuf ’eme t cmri ng. eissenu blv , mind
de’c-i ’leipme’nt m l iii t i l t  Si ’’-’ ~C’ sis riitt’d irone I t i m  II). lmsisenl emn the se ’ c c ’r i t  V (it the’ problem , w it l’s the’
nicest sec-er.’ problem getting a rating of 10 . ‘l’Iie’ ))(miflt ic f ir e’mie’h se ’he’nst’ were’ t home fe e t  alt’d, mimid
the sche’me with the’ minimum absolute’ e’a lese ’ cmi poiset s was assigised is ccmmpeu risots to best seheisse
factor of m iti t’ Any c i t  her se-heme rm’c ’s’ ive ’eI is tract boned value fer this fnctem r , obtained Iw dividing
t he absolute valese of points for the best sche’me’ by t he’ absolute’ value cmi points for that scheme’

(9) System Compromises

‘l’his ccn’sepmsrison wits made’ by firs t listing t he’ nsodificat ions mmd compromises made to
int’eirporats’ each sc heme, ic ’ , , releecuife besurisig sts p~ism rf . wh ich wil l reduce’ c’ril icem ) speed margin,
ine-rease number of serv ie’e po rts , decre ase the’ accessibility ed components , etc - The seve ’ rmt y cm f

eac h compromise was then rated from — I to — 10, w it l’s the most severe’ compromise receiving a
resting of — tO. ‘(‘he points for each scheme were’ then totaled , and t he’ scheme wit h t  he’ minimum
absolute value of points was assigned a comparison to best se’ht’ine’ factor eel omit’ . All other
schemes received ci fractional value lee r this factor based on a numerical rat  ice oft he’ absolute value’
of total points compared to the best scheme.

2. Compartmental Lubrication System Scheme Definition

A definition of the various lubrication schemes evaluated dur ing Phase I st udies is presented
in this sect ion in three parts. The first , component arrangement , describes the location of ( he’
lubrication system components Part two, system fln wpat h. traces the’ Iubric’at ion oil around its
ent ire flow circuit from oil tank to compart n-sent and back, A discussion a1 t he various analyt ical
and mechanical design considerations pertinent to each lubrication scheme is presented in the’
t hird part - This includes assumptions used to faci l itate’ analysis and technical approach to

h problem solving

A summary of iuhrk-atiem system components size’ for each of the advanced scheme’s is
presented in Appendix A.
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a. Candidate Scheme I

( ‘) Component Arrangement

t h is  Iii hrst ~u t s m m m m  .c ‘-i c ’ u~ ‘ ‘ t i c  m l i i  is ’c ’ ul  Ibm ’  \~, 2 1 l i m ’ im i ’ii’sg c ’ c cmu i l sss r t lsue ’ ts i  C c c  hu cis.c - c t s , m l i ’ r m t c
c m l  t Isc ’ cs hr ie ’m it n mn ,c.ie’ns cmc i t l ç m i i s e ’ t s t s , i~ sts mm wms in l ” ige ur e ’ I - ‘l’he’ ns m ei m s mil l ‘.tmp~dc’ pu m p, Nc 2 - t I
mind . ac-cage’ oil pemtsqm ’~. c c ii tank , cu t s de ’su e’ rates r , m m i f  t”ul t e ’ r , s ite d hrt’~ut le e r sy .ic ’ lss are mu ll le ce - aic ’ d
cc s hi mu t he’ Nci . 2 3  t - (ilfl liartisse’nf Ccc rc’i luct’ c - u lne ’ rm clm i lj ty , The’ alte ’ rnssto r is liicmite’-d it’s the ’ Nic . I
bearing ciitnpart me’nt and is driven directly ce ll t he’ hew rector , The Nc m . I sc -z uve ’ tsgt ’- pump, m s semiua t ee l
tidj itt’t’t’st tee the altern atc mr . k driven by a gear-driven tru s in integral with t h e ’  al te ’ r ns ctm mr shaft drive’ ,
The Ncc , il scavenge pump is leicated in t he’ No, 5 cc m ms upet rtmnent mind gear clrivt’n cell s h e  le iw re e t e mr.

The gearbox is mounted men tce p (If the’ engine’ mind coupled with a temwershal’ t . w hich is run
hresugh am’s adjacent support strut in t he’ Nem , 2 -: i -on’spart miu e’ l ’st - ‘I’he’ de’oile’r mind bre’ust her

pressurizing va lve are gearbox mounted,

The air/oil coolers are located in t he’ tan den-t c ’mins iste’nt with the’ baseline (I” l(X)-PW- 1(X))
system. The femel/o il coolers (FlO0-[’W- 100 baseline) and all the external fine ’s are lmet ’ated tin to))
of the engii e’ , All eel the scavenge return lines incorporated chit) detect ee rs.

A dipstick is used for determining oil level in the ccii tank during servicing.

(2) System Flowpath

Oil is supplied (m ae the oil tank to the main oil pump, t hen psisse’s t hreeugh an e mil tilt or
before entering the cooling system outside the compartment - The main oil pump. em il filter , and
oil coolers are protected from cold starts (and a plugged filter) by bypass e’ire’uits ae ’t ivateci by
pressure rel ief valves . The oil flow is then split into separate pet hs for the Nec , 1, 2- 3 . 4 and S
hearing compartments at-sd gearbox. A boost oil pump is not required because’ t he No, -I
compartment uti lizes a breather line for removing the air leakage’s. t hus preventing stgnitie’mint
compartment pressure levels.

The Ncm , 1 and S compartments are’ capped mind use sc avenge pumps, located inside their
respective c(empartments , to transfer the compartmental air leakages at-sc ) oil flow back to the’ can
deaerator , located in the oil tank. The No. 4 compart ment air leakages are bre’athed directly hitck
to the gearbox , while the oil is scavenged hack to the can deaerator by a st’aVeflge pump, located
adjacent to t he oil tank. The oil in the gearbox is gravity.drained down the temwersh at ’t strut .
w here it is picked up along with No. 2-3 compart mental ciii liv a scavenge pump feeding fro m the
oil scamp an the beet torn side at’ the oil tank , The seir , separated franc t he oil in the’ oil tank , is

tereat hed hack to  the gearbox through t he breather line, w here it combines with the Nmm . -C
-ompartment air leakage’ prior to venting overboa rd throug h the deniler and breather
pressurization va lve.

(3~ Dulgn Considerations

The intent of this lubrication s,vstern configutation is to provide reduced vulnerabilit y by
using the individual bearing compnrtn’sents to house critical lubrication system components.

To achieve this obje ctive , if was necessary to reduce the size of the lubrication pump. This
permitted the placement of the No. I and 5 scavenge pumps into their respective compartments .
Mounting and driving the remaining pump elements within the No, 2-3 compartment required
t he redesign mel the No, 2-3 bearing support to facilitate the pumps and provide maximum oil tank
capacity. The lubrication pump size’ was reduced by t he following procedure :
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• Pump elements were scaled from an ST9 high-speed gear pump, which has a
designed speed of 10,000 rpm. (Baseline F100-PW-100 lubrication design
speed is 4000 rpm.)

• The boost pump element was eliminated , and the No. 4 scavenge element size
was reduced by using a breather line for the No. 4 bearing compartment for
venting air leakages to the gearbox.

This permitted the oil supply and No. 2-3 and 4 scavenge pumps in the No. 2-3 bearing
compartment , along with an oil tank of 1.82-gal maximum capacity. The oil tank capacity was
considered insufficient to provide adequate make-up oil for mission requirements, and to prevent
low and fluctuating oil pressures. A supplemental oil tank, externally mounted, would have been
evaluated if this scheme had been selected for further studies.

Vulnerability was further reduced by locating the alternator in the No. I compartment ,
similar to the arrangement previously demonstrated successfully under Contract N00140-73-
C-0126, w hich used the forward compartment of the J52 engine. Locating the alternator in the
No. 1 compartment and driving it directly off the low rotor provi des the following benefits :

• Vulnerability is reduced , since the bearing compartment walls shielded the
alternator.

• Driving directly off the low rotor eliminated a gear set in the gearbox.

• A mainshaft seal was added, canceling the seal eliminated in the gearbox;
however, t he mainshaft application provided better accessibility for cooling
provisions.

• The alternator used to drive the No. 1 scavenge pump provided a convenient
arrangement.

This alternator location/drive configuration provided the following areas of concern:

• Low-rotor drive during engine start may not provide sufficient electric output
to meet contro l system requirements.

• Mounting the alternator on the low rotor impacts the rotor dynamics , which
adversely influence critical speed margin.

Locating the No. 5 scavenge pump in the No. 5 bearing compartment requi red
rearrange ment of the baseline design . The No. 5 bearing was moved aft of the baseline pos ition
to provide for a drive gear off the low -rotor shaft to drive the scavenge pump. The increased roto r
length resulted in an estimated 5 percent reduction in shaft critical speed marg in.

b. Candidate Scheme II

(1) Component Arrangement

This lubrication syste m scheme , in similar fashion to Scheme I attempts to reduce
vulnerability by using the No. 2-3 bearing compartment to locate major lubrication components,
as illustrated in Figure 2. The main oil supply pump, No. 2-3 scavenge oil pump, oil tank, can
deaerator , oil fi lter , and breather system were located within the No. 2-3 compartment. The
alternator is located in the No. 1 bearing compartment and driven directly off the low rotor.

15/16

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~



‘1

Gearbox —~ Fuel Pump

Fuel Oil Coolers 

LA I De~ i l C  Deuit D 

-

Scheme I I
Option A

/ 

/

~~~~~~~~~~~~
(~ AlI~~~~ 

~~~~~~~~~~~~~~~~~~ De.erator~~~~~~~~~~~~~~~~~~~~~~~
T

I 
__

~~

__

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~

1 Section E-E

No. 2-3 Scavenge

Figure 2. Compartmenta l Lubrication Sya1

/

~1i~ 
-

~~ ~!~! 
U--

~
’-- —

~ 

—

~~ 
— -— , -

~~~



- , ~~
-
~~~~~~~~~~~

- 
~~~~~~

Breather Pressurizing Valve 
Deoiler 

Gearbox 
Air Oil Cooler

~ H Fuel Oil Coole

-- -

~~~~~~~~~~~

. - - - - — -  — - :. T 
No 2-3 Bearingn---- -- ~~~~~~~~ ~ompvtment

= I 

‘

~~~~~~ 1 N o t  

m

: 
~~~~~~~~~~~~~~~~~~~ 

~~~
P[

N~ 

_ _

Sail 
Bearing Compartment / . 

c”
__ 

i Liowciown Plumbing

Blowdown Plum bing—I Oil Tank~ —’~
’ — 

— 
-

~ 
\..._No. 2-3 Compartment

No. 23 Compartment ~ j f l~~_/ ~~ Scavenge’Pump

-~~ Flow Schematic- 
“ for

Scheme II- , Main Fuel
- IGe~boxi 

~~mp 
- Legend:

] 
______ —Presa~re Une- 

---- ~~~~~~~~~~~~~~ Fuel0 Co9 ’L~~~~~ J~,- - - - 
. 

-- 

. Check Valve- -— -
, 

, Chip Detector
4’

- I r - - 
- . - 4-- “\—Air Oil Cooler

II

I ~~~~~~~~~~~~~~~~
- , -,F’

~~ 
Detail C Detail D

ction E-E

Detail B

~tat Lubrication System — Scheme if

17 / 18

_ _ _ _ _ _ _ _ _ _ _ _



_________ 
~~~~ — -- - ----~~~ - - - —- ~~~~~~~~~--.~~~- — ~~~~~~~~~~ -—~~

--

The gearbox is mounted on top of the engine and driven by a tower shaft running through a
vertical supp ort strut in the No. 2-3 compartment. The deoiler and breather pressurizing valve
are gearbox mounted.

Blowdown plumbing lines for scavenging the No. 1, 4, and 5 compartments are located on
top of the engine and incorporate chip detectors.

A finned wall air/oi l cooler is located in the inner duct fairing, and plate-fin fuel/oil coolers
are located in the fan duct wall.

A dipstick is used for determining oil level in the oil tank during servicing.

(2) System Flowpath

Oil is supplied from the oil tank to the main oil pump, then passed through an oil filter
before entering the cooling system outside the compartment. The main oil pump, oil filte r, and
oil coolers are protected from cold oil starts (and a plugged filter) by bypass circuits , activated by
pressure relief valves. Upon exiting the fuel/oil coolers , the oil flow is split into separate paths to
the gearbox and No. 1, 2-3, 4, and 5 bearing compartments. Gearbox oil is gravity-drained down
the towershaft sup port strut to the No. 2-3 compartment sump. A scavenge pump transfers
gear box and No. 2-3 compartment oil from the sump to the can deaerator. External blowdown
lines provide scavenging for the No. 1, 4, and 5 bearing compartments. The blowdown plumbing
lines are sized to maintain low compartment pressure levels, eliminating the requirement for a
boost oil pump.

The air separated from the oil by the deaerator in the oil tank is breathed back to the
gearbox through the breather line. Prior to venting overboard through the breather pressurizing
valve , the breather flow passes t hrough the deoiler , which removes the remaining oil vapor from
the air.

(3) Design Considerations

This scheme attempted to further the vulnerability goals discussed in Scheme I by
eliminating the No. 1, 4, and 5 scavenge pumps. Bearing compartment scavenging is achieved
through the use of blowdown lines. The maximum oil tank capacity of this scheme is increased
40 percent over Scheme I (to 2.5 gal), primarily by using the bearing support structure and
intermediate case to configure the oil tank. Unlike the oil tank configuration of Scheme I, which
used a separate sheet meta l enclosure, this tank desi gn did not completely seal the oil cavity from
the No. 2-3 bearing compartment. At specific engine attitudes , the tank oil could enter and flood
t he bearing compartment. This tank design approach was considered an improvement over
Scheme I which was too small to meet performance requirements. Even by eliminating the
No. 4 scavenge pump and using the compartment boundaries for tank walls , the 2.5-gal capacity
was st ill marg inal in meeting performance.

The blowdown line sizes (1.0 in. OD) are sufficiently large to ensure low compartment
pressures and prevent possible compartment oil loss during engine deceleration. Mainshaft
carbon face seals (baseline) are eliminat ed in the No. 1, 4, and 5 compartments and replaced with
labyrinth seals. This is to provide the air leakage required to adequately scavenge the
compartments of oil.
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Access to the oil filter was through an access plate in the OD of the intermediate case as
shown in Figure 3. Upon removal of the coverplate and filter housing fasteners, a threaded tool
is attached to the threaded boss on top of the filter housing. This provides for removing the filter
assem bly. Once outside the engine , t he filter element can be easily removed from the filter
housing for cleaning or replacement. The filter assembly can be reinstalled within the engine in
a reverse manner to t hat previously described.

t~~~ ne 00 C..

~ lowSwnouble
Cow,

hit . Ilei,*nt

ivoes’ F low

a~~.. v~~

I~Tt

Figure 3. Access to Internal Filter Through
Cot ’erpla tea

c. Candidate Scheme iii

(1) Component Arrangement

This scheme utilized individual, self.contained lubrication systems for each bearing
compartment as si - - ~vn in Figure 4. Each hearing compartment contains an oil sump, supply
pump , evaporator , heat pipe, deoiler , oi l filter , and breather line. Oil bypass flowpaths are
provided around the pumps , filters , and evap orators to account for cold oil starts and plugged
filters. No external oil plumbing lines are required since the oil never leaves any of the bearing
compartments.

Each supply pump was provided an individual bypass valve for cold oil start s and an
integral fi lter and chip detector which we re access ible through coverplates or probe holes in the
outer cases.
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The heat pipes were extended outside the rc~pectivi ’ bearing conipart ment~ and wi-r i-
structurnll~ integral wi th th e fuel and air cot te rs on top I t hi- engine, \1 u It iple Pa- itt pipt.~ (-(101(1
have been used for each compartment to reduce vuln(-rabilitv and improvi- sti r~ iva bilit . hut t his
wt ti ld have greatly complicated the system.

The gearbox is mounted on top of the engine and driven h a towe rshaft running off the high
rotor t hrough a support ~trut in the No . ? - ~~ hearing compa r tmen t .  The individual breather lines
are joined together for overboard venting t hrough the gearbox-mounted breather pressurizing
va lve.

Individual dipsticks are used in each bearing compartment to determine oil level during 3,
servicing.

(2) System Flowpa th

Oil is supplied to each oil pump from the compartment oil sump and passed through an oi
filter and then through the heat pipe boiler prior to supplying the compart ment requirements .
The gearbox oil is gravity drained down the tower s haft strut to the No. 2-3 compartment - This
flowpath is identical in each compartment. Each compartment uses a deoiler , located at its
breat her pipe inlet, for separating oil from the air and venting compartmental air leakages . All of
the comp artment breather lines are combined externally to  a single line which routes the air
leakage overboard through the breather pressurizing v2 !ve mowited on the gearbox. The heat in
the oil is transferred to pn intermediate media (water ) in the heat pipe. Air and fuel condensers
mounted on top of the engine are integral wit h the heat pipes and transfer the heat of water
con densation to the fuel and air in these external coolers .

- 
- (3) Design Considerations

Reduced vulnerability is achieved in this scheme by using individual, self-contained
lubrication systems within each bearing comp artment. This eliminates all external oil suppl y and
scavenge lines and locates all critical lubrication syst em comp o nent s . suc h as pumps . oil sump~.
filters, deoilers, and oil cooling devices within the confines of each hearing compartment. The
alternator is located within the No. I comp artment similar to the preceding schemes No
scavenge pumps were required; oil is gravity drained to a sump on the bottom I eac h
compartment w hich supplies the compartment supply pump. Each compartment ha’~ It s ow n
deoiler and breather line. The key to a self-contained oil system is the cooling techni que. The oil
is pumped through a filter to a heat pipe boiler or evaporator which resembles a tube-shell heat
exchanger. The oil circulates across tube bundles transferring heat into the intermediate media
in the tube or heat pipe. This heating process causes the intermediate media to boil resulting in
the vapor tr aveling from the evaporator to ram air and fuel coolers located otiside the hearing
compar tments on top of the engine. These external coolers condense the vapor from the heat
pipes, with the resulting liquid returned to the evaporator by cap illary wicks , which lined t he heat
pipe. This continuous process releases a steady flow of heat which is transferred from the oil to
t he external condensers through the intermediate media in the heat pipe . A typical heat pipe
boiler is shown schematically in Figure 5.

A schematic illustrating a complete evaporator and condenser system is shown in Figure 6.j The actual system uses three condensing elements: a ram air cooler, an augmentor fuel coo ler ,
and a gas generator fuel cooler. Figure 7 depicts a schematic that illustrates the entire vapo r/wick
flowpath through all the condensing elements of this scheme.

23



I—.-- -— -- — --—

~

-.—-—.- ---— —--.---- ---.---— 

~

‘“ ‘,“ ‘~~~~~~~~~~~ “~~~~r - - - - — -- - --— — —- -.----—-- ——,—— .— —.-. -
~~~

Water

I~I 
Steam

Hot 011 In _-

~~~~~~ 
________ AU

- — —- ‘ Section A-A

Cooled )~~.~~
_- Typ i cal Tube

Oil Out 
_ _ _ _ _ _ _ _ _

Vt ,

Figure 5. Heat Pipe Boiler

C~~ dsn.”

Centffiuou$ W,ck

‘~1A 

— 

A

Ssetian A A
Ev.pafat~ esid Cond.nss~

ro scs -e

Figure 6. Er a po ra tor and Condenser Syste m

24

- - —- •~~~~~~~~-~ ,~~~~-



--- ----- -— -- -- -- —~------ - -- .—--- -~~~~~~ ---- ~~~~~~~~ - --~~ -—- -- - -~~-~~~ -~~~~~ - - --

I .~.‘I III, I

9 -— tIS,
11 *-

- 
- Ii ~,..lik,.’

v.’~
~uII H~() Con,~n.,

I -

11 A..,p~..nI*I ,t.~4

A.. 1171.) (:u,.dso. ’.

II jJ
C 

.,:i 
, , . , ,  

~ ~~~Mfl hIW

— I ,, I lo~Hi—

~~~ I I 
l I S t

Figur e 7 .4 ir- F uel- I l ,( )  h eat 1”ipe S~-~f rm n

‘l’he’ select ion nt the intcrmedi~te tne’dln is intlue’ne’e’d by t he sel ect 1cm of medici op.’rat lug
tetn~wriit ti re’ . ‘l’ht’ intermediate’ media te’mpe’rat nrc’ itteist be s. ’h’ -t .‘d between t he oil t empt’rctt ti tt ’
and the’ cooling fuel and air sink tt’mperat tire’s of t hi’ e’xte’rmil c. ’ iolettsers ‘l’his teinperat Ott’
se lect inn trade’s of f sintill evaporator siic (low-mediti temperature’ ) wit It resultant large
condensers against large evaporators hi gh -media tc’mpe’rat ti re ’) t~’it It n’seslt lug sma ll condensers .
The’ medic, o~wr nt ing te’mpe’rs t ore se’ le’cte’d is ~t’O’i” which provides the’ best coin proitlise nit
sy s te m des ign using ll OO-PW- 11$) baseline’ lubrication s~-st um betel general inn rate ’s.

Water was select i’d as he inte’rmediat i’ media bcc’atise its heat transfer chnrat ’ti’risl Its tire’
e’otnpitt ible with the selected eqwrat ing te’mpcrat cire , ‘l’he tota l twee t pipe’ html t rieiest~’r rat e ’ is
preipnrt m mii t o t he’ liquid transport factor ~k) of the intermediate media - ‘l’his pnramt’te’r Is
define’d as:

N — t ,~ ~ah ,1 /~

Whe’m’

— Liquid l)ens ity
I ,nte’nt Ile’iit o1 ~‘8IkI ri7cIt intl

• Kvte porat ion (‘ewfli eie tnt
I) — l.iquid V iscosity
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The ~ele’ct m u  c riter ia t ’ t  t he’ interme’dutte’ mediet die -I me t e ’ s C heel 1 lit~ Inc rmImo ~- t c -r hi’ :is high as
pa~~~~it t k  bit sys te m ec pt imiza t io me . t-’i~urc 8 illustrate ’s the liquid transport t a i t t i r  l It  va rt lit s heat
roos ter media as a function of liquid tempt’rat ure’ . The water media se lec t o t t  i s hosed tin i t s  high

liquid transport factor wh ich peaks at the se’ lt ’cte ’d ope’rte t ing t emperat nrc ’ .

l’he’ heat pipe’s were size’d for a maximum Mach number ci t o :t for the water vapor traveling
front the’ evaporator to the ’ condenser. ‘l’Iw wick design was sh e’d to provide’ a ret urn velocity of
I It se’c for the water returning to the evaporate ir from the condenser.

l’he’ engine burner. tlowpath, and engine cas ing ec re’ moved outward t e provide space’ to
incorporate a gear-driven pump, fi lter , deoiler . and evapor ator wit hut t he’ N~ . -I hearing
compeert ment -

Rout ing the heat pipes out of the’ Net . I ated 4 e’ompart m(’nts rc ’eluir e’s an increase in the’ s u e
-j Of t he’ hase~ ew engine struts , This would impact the engine ’ flowpc.t h slightl .

l’he’ a lternator is Located in the Net . I bearing compartment and is driven oft t he’ low rotor.
(‘e’mme’nts made under design considerations, Scheme’ I, apply equa lly t o t h~s application -
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The required capacit y of e’ach individual oil t ank was determined by maintaining the same’
ciii recir cu lation rate as the baseline engine oil tank . This was achieved for the e mi l tank capa c ities
of t he No. 1, 4 , and 5 bearing compart ments. The Net . 2- 3 compartment oil capacity is
approx imatel y t ine-half of this requirement, dictating the’ use of a self-contained shell structure ’
to baff le the oil fro m the rotating part s or an external oil tank mounted o ut s ide ’ the ’ engine’ . A
summar of t he available cenn part ment oil storage volumes, the’ir recircu lation rates , and a
comparison to t he baseline engine is presented below:

Availa ble ~) il l’irni ’ to Recircula t e’
Storag e Volume , Stored Oil .

Scheme Compartment gal see
III 1 0.266 8.9

2-3 0.816 4.0
4 0.77 8.7
5 0.23 8.7

Haseline 3.1 8.9

External oil tank eupptiee all the compartmenta l rt’quirements.

- - d. Candidate Sch•me IV

(1) Component A rrangement

This lubrication system scheme, shown in Figure 9, relocates the towershaft into the No. 4
bearing compartment to provide maximum storage volume for the oil tank in the No. 2-3 bearing
compartment. The No. 4 compartment air leakage is breathed hack to the’ gearheix t hrough the
towershaft strut. This eliminates the requirement for a boost oil pump. The alternate ir is located
in the No. 1 bearing compartment and is driven by the’ lew rotot . With the except ion of the oil
tan k and alternator , all lubrication system components are located on top of the engine. The ciii
fi lter , can deaerator , deoi ler , fue l/oil , and air/oil (‘ool ers art’ all FI00-P\V -100 baseline
components.

A dipstick is used to determine oil level in the oil tank during servicing.

(2) System Flowpe th

Oil is drawn from the oil tank through a suc tion line to the ntain oil pt it ltf) mounted on top
of the engine. The oil is then pumped through the oil filter to the cooling system and split to the
gearbox and No. 1, 2-3 , 4, and 5 bearing compartments. Oil flowpaths are provided around the
pump, filter, and coolers to account for cold oil starts and a possible plugged oil filter. Scavenge
pumps transfe r the compartmental oil and air leakages back to the oil tank in common return
lines for the No. 1, 2-3, and 5 capped compartments. These compartments eliminated the
requ irement for breather pipes by venting t he leakage air through the scavenge pumps. The
No. 4 compartment air leakage is breathed back to the gearbox through the tower s haft strut while
a scavenge pump is used for oil transfer hack to th e tank. The scavenge return is routed to the can
deaerator , w ithin the oil tank, w here the air is separated from the oil. A breather line is used to
transfer t his air to the gearbox where it combines with the No. 4 air leakage and is vented
overboar d after passing through the ’ deoiler and breather pressurizing valve.
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(3) Design Considerations

Scheme IV is consistent with I and II in that it attempts to use the No. 2-3 bearing
compartment to house t he oil tank to reduce vulnerability. Unlike those schemes , however,
maximum space uti lization is achieved in the Net . 2-3 compartment by relocating the towershaft
and mounting the lubrication pumps on the gearbox. The oil tank is configured using the bearing
support structure to form the tank boundaries. This results in an available oil tank capacity of
3.00 gal which is sufficient to maintain required oil pressure and prevent fluctuations.

The towershaft and towershaft drive system were relocated in the No. 4 bearing
compartment. This required moving the burner, gas pat h, and outer engine casing outward
resulting in increased engine weight.

Relocating the towershaft drive into the No. 4 hearing compartment required the No. 3
mainshaft bearing to be moved along with it. The No. 3 mainshaft bearing was a ball thrust
bearing which was used to maintain proper clearances between the spiral bevel gears that drive
the towershaft system. Incorporating this ball bearing adjacent to the bull gear was achieved by
simply switching the locations of the No. 3 and 4 mainshaft bearings. The radial gear load on the

- i high rotor is no longer located at the front of the shaft but is now positioned mid-span. These
modifications would have some minor impact on shaft critical speed characteristics.

Vulnerability is reduced by eliminating the boost pump. This is achieved by breathing the
No. 4 bearing compartment back to the gearbox through the towe rshaft strut. The No. 4 scavenge
pump size is reduced because it no longer must handle all compartment air leakage.

- - The alternator is located in the No. I bearing compartment. Comments made in Scheme I
app ly equall y here.

a. Candidate Scheme V

(1) Component Arrangement

This lubrication system scheme locates the oil tank, main and boost oil supply pumps, and
all compartment scavenge pumps in the No. 2-3 bearing com partment to reduce vulnerability as
shown in Figure 10. The alternator is located in the No. 1 bearing compartment and is driven
directly by the low rotor .

The gearbox is mounted on top of the engine and is driven by a towershaft off the high rotor.
The towershaft is run through a support strut in the No. 2-3 bearing compartment and drives the
vane lubrication pump through a gear train. A centri fugal oil filter/deoiler is mounted on the
gearbox and used to filter and deaerate the oil. A breather pressurizing valve is mounted on the
gear box adjacent to the fi lter/deoi ler to vent the compa rtmental air leakages overboard .

Finned wall air/oil coolers are located in the inner duct fairing. The fuel/oil coolers are plate-
fin located in the fan duct wall. Chip detectors are located in the scaven ge return lines . A dipstick
is used for determining oil level in the oil tank during servicing.
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(2) System Flowpath

Oil is supplied from the oil tank to the main oi l pump wher e it is delivered to the air/oil and
fuel/oil coolers outside the No. 2-3 bearing compartment. Oil bypass flowpaths are provided
around t he pump, fi lter , and coolers to account for cold oil starts and a possible plugged filter.
The oil flow is then split , with one leg supplying the gearbox and the other returned back to the
No. 2-3 bearing compartment. This return flow is spl it again , wit h one leg satisfying the No. 2-3
compartmenta l requirements and the remainder supply ing the boost oil pump. From the boost
pump, the oil is transferred outside the No. 2-3 bearing compartment where it is split and
delivered to the No. 1, 4, and 5 compartments.

Scavenge pumps, located in the No. 2-3 bearing compartment , return the oil and air leakage
from the capped No. 1, 4, and 5 compartments to the centrifugal oil filter/deoiler located on the
top-mounted gearbox. One of these scavenge pumps is used to transfer oil within the No. 2-3
compartment sump to t he centrifugal fi lter /deoiler. This oil is composed of the gearbox supply,
w hich gravity drains down the towershaft strut , as well as the No. 2-3 compartment oil supply.
The centrifugal oil fi lter/deoi ler filters and separates oil from the air. The air is vented overboard
t hrough the breather pressurizing valve , and the deaerated oil is returned back to the oil tank
located in the No. 2-3 bearing compartment.

(3) DesIgn Considerations

In this scheme vulnerability is reduced by locating the main and boost oil pumps, all
scavenge pump s, and oil tank in the No. 2-3 bearing compartment. The major mechanical
difficulty with this scheme is the plumbing requirements and the available space through the
corn partme nt support struts. Vane oil pumps are used to minimize their space requirements
wit hin the No. 2-3 bearing compartment. This permits the largest oil tank capacity possible from
t he remaining compartment volume. Mechani cal design studies indicate 1.82 gal of oil storage in
t his tank configu ration. This is considered too small a tank capacity to meet makeup oil
requ irements and prevent oil pressure fluctuations with current deaeration techniques. An
approac h to improving the lubrication system performance with a reduced oil tank capacity is the
utilizat ion of a centri fuga l fi lter /deaerator. Figure 11 is a schematic representation of this devi ce.
Oil is routed into the center of a hollow rotating sleeve which is dead-ended. Oil is caught into a
centr ifugal field , having passed through radial holes in the sleeve. Contaminants , having a higher
density than oil, are centrifuged radially outward and collected in a sludge trap on the outer flow
surface of the cannister. Oil collects and forms a liquid annulus which flows axially and passes
over a dam restriction into an oil collection manifold from which it is routed to the oil tank. In
the centrifugal field, generated by the rotating sleeve, the entrained air is forced radially inward
because of its low density. Radial holes in the rotating sleeve aft of the plug section provide an
escap e route for the separated air which is vented overboard through a breather pressurizing
valve.

The design considerations that influenced the centrifugal f ilter/deaerator sizing analysis are
presented below :

• Total oil flow 152 lb/mm
• Scavenge oil temperature = 300°F
• MIL-L-7808 oil
• Filter rotational speed = (1.073) (high-rotor speed )
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• Contaminant composition per TDM — 2148

Density Carbon = 87.3 tb./ft’
Dens ity of Sludge 127.3 Ibm/ft’

• Oil properties

Density = 53.5 tbm/ft

Viscosity = 9.5 by 10 ’ lb/ft-sec

• Separator bowl (rotating sleeve)
is of steel material
(Poisson’s ratio ‘y = 0.3)
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Figure 11. Centrifugal Filt er/f lenerator Schematic

to  contain ~5i percent organic particles with a density similar to carbon. In percent I1)CIIil 1iarttc k’s with a

den~iit ~ 
..imt lii r to

36

— _ — _____ -._



-~~~ -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ——-------- -- - —-- -~~~~~~~~~~~~~~~ -~~~ --- - — --- -- -—~~~—.— - - -  ‘-
_~~~~~~~

The basic geometry, w hich influences the micron rating, is illustrated in Figure 12 and
appears in t he following sizing equation:

I 
~~~ 

1 1  2 1
I r w U ~(p~ 

— p) 1 1 12 — (X/r ,)e ~ 
Constant

where

= axial lengt h of separation region in in.
(L,rom.,t ric (1.1) L~~ )

= oil viscosity. lb1 — sec/ft 0

Q = oil flowrate, gal/mm
U = angular ve locity of sleeve, rad/sec

p~, = contaminant particle density, Ibm/ft3

p = oil density. Ibm/ft’

r3 = radius of oil ring OD, in.

X = oil ring radial thickness , in.
a = contaminant particle diameter , microns

Constant = 1151.65 x 10’°

_ _ _ _  - 
rj~ ri r2~~~~j,__ ~~~~ 

~J 2 

N

~~~~~~~~~

_______ 
~~Oil Ring

.awsa-. r.-
~~~~ -—~r. ~~~~~~~~~~~~~~~~~~~ ..~I,

geometric

L r1 - r3 = Sludge Thickness

Fn ~ ‘$4.1

Figure 12. Centrifugal  Filter Deae ra tOr
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Thi’ time between titter (‘leanings can he determined by the following equation:

‘1’ 
~~~~~~~ 

i t V , , , ) I w~~, I (C ,,,, - )

where

1 time between ckanings, hr

sludge density. 127. 1 lb~/ft 3

v . , ,  = filter contamination trap volume . It’
w here “.-ofl lL~., ) (r~ rj) ~

(‘ ,,,,, I = concentration of contaminant relative to oil

lb of contaminant per Tb of oil)
- oil flowrate, Tb/hr

A summary of the centrifugal fi lter/deaerator predicted performance is presented below:

Fi lter Rating = 7.3 micron at engine idle speed (N.11.,.~ 
= 9871 rpm)

Time Between (‘leaning 1(X) hr

A summary of the se lected geometry is presented below:

Cannister OD 5.6 in.
Cannister II) 4.87 in.

Rotating sleeve 01) 2.9’2 in.

Overa ll cannister length = 4.5 in.

Combined shell, radial hydraulic, and tangential hydraulic stresses equal 16,075 psi, well

w ithin recommended limits. This stress occurs at intermediate engine speed at sea level

— conditions.

I. Bas&lne Scheme

(1) Component A rrangement

The baseline system , illustrated in Figure 13 mounts all lubrication system components
externa lly on the engine. Oil supply and scavenge gear pumps are gearbox mounted. The oil tank ,
containin g the deaerator , is externally mounted above the oil pump interface. Oil filter and
fuel/oil coolers are mounted externally while the air/oil coolers are mounted in the fan duct. The
deniler . engine alternator , and breather pressuri zing valve are gearbox mount ed.
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(2~l Syatem Flowpalh

Oil is supplied from the oil lank ~y a positive displacement main gear pump and pssoit’~
t hrough an oil filt er befor e entering the oil cooling system. I”rono the filter, oil J l(i~~~(’S t hrough
air/nil heat exchangers , t hen t hrough fuel/oil heat exchang ers before entering the engine. A
pressure.actusted bypass valve , located in the oil filter housing, bypasses oil around all heat
exc hangers during cold oil start conditions to prevent excessive heat exchanger pressure drop. A
portion of this oil then goes to the No. 2-3 compartment and gearbox. A second positive
displacement gear pump, located downstream of the heat exchanger s . pumps the remaining
portion of the oil to the No. 1. 4, and 5 bearing compartments. This pressure boost is required
because of the potentially higher compartment pressures associated with the scavetige oil
breather system. The scavenge system for these compartments does not use separate breat her
lines for venting air leakages. Instead, it scavenges both the air and nil together in a single line
to t he scavenge pump. Oil flow is accurately distributed to each desired location within the
bearing compartments and gearbox by metering jets.

Oil is returned from the engine compartments by gear scavenge pumps externally located on
the gearbox with the boost and main pumps. A breather valve, located in the gearbox . regulates
gearbox, No. 2-3 bearing compartment , and o l  t ank pressure by venting breat her airflow to
amb ient.

3. Quant itatIve Evaluat ion of Candidate Lubrication System Schemes Lead ing to
Phase I System Selection

a. General

Table 4 presents the results of the quantitative evaluation of the fiv e compartmental
lubrication system schemes on the basis of vulnerability, ma intainability , rvli~bilitv , acquisition
t ’osts , life cycle c(~ ta, weight , fronta l area, nosnufact tiring. assenobly , atid dt’veltqonocitt
considerations , and system compromi ses. The point weighting of the criteria (Table 2) and the
method of analys is were presented previously. All analyses were performed on a differential basis ,
compared with the baseline Fl(X)-PW-HX ) engine Also, where putt’ ii’aI, t he siu;lvses were
performed on a component basis so t hat all of th e schemes could be revi* -~-ed to ascertain which
com ponents from ot her schemes could be used to further improve the winning st’ht’mt’. A
discoisition of the results of each analysis follows.

TA RLF 4. SUMMARY RATING

Manu/ nct,,nn~,
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b Wulnerabfldty

A t’otnparirnon ol the ~ ~‘ulnersble areas to the bsscli,w engine’ and stippiort iio g numbers h it-

the vulnerability rat inge of i’ahie 4 are presented in Appendix 11.

l’he presentat inn oft he vulnerable area calculiot ions tto r ~at’h lubrication syste m conopeinent
for t he five schemes is too kngt h,~ t~or t his report - However , a brief sumnioutry oh t he rt’aio*ios
governing th. point allotment of each is as follows

I. Seh,’mv I ‘‘A ’’ kills arc reduc ed k- placing ttt *’ l e’il coolers oil top u t  the
engine. A kill vulnerability wit bin the bearing t’ompartnocnts is much the
same as the other schemes (except R’~

‘‘H’’ kills are reduced t’riom t he’ bascij ue b~ pls .ing t he’ oil tank , ptimps . and
filter in the No. 2 1 bearing etimpiort ment and pe~ itinnhmog the gearbo x t in top
uit the engine -

2 St’hripu’ ii — A kills am’ increased sigooitie’antlv due t o the much larger
project ed tires of the plate.t ’ito tut ’ l-o il cooler which was proposed

‘ ‘U’ ’ kills are’ greatly int’rt’tosed due to the’ tinned wall air oil t’esulers ha~iiog a
larger projected te rra ‘ l’he ta me ducts do moo t preivitte a s igmei t ietomo t se i notilot

protection t~or t hese e’oo krs .

As to result of th e blowehown scavenge s~stenis , t he pnqet ’Icd te reas nt the N~’1 , 4, and •‘ bearing t’ompart ments flip, hot toni , and sub ’ ~ n ’o~ iiiol~
- ) are

sma ller, w hich provide for lower vulnerability. Tiot’ elimimstn*n e el the Nec I
4 , and 5 scavenge pumps also contributes to this,

3. Scheme III — “ A ’’ kill vulnerability is reduced h~’ placing the foci I heat
exc hangers o~ top of the engine-

The heat pipe scheme resulted in all of the nil and sel l a steno IM*110pelnVI%tM
bring cuoto t ained no individual bearing eompart mocents - ‘I’his. in it st’ lt , reduces
the ‘‘ It” kill prtoh ahiIi t~’ - A lso , it is cat inoated that ouR- Ml percent of the
baseline external plumbing is requ ired, which ;orovide’s (or eeinsiderablv lusas
vulnerable area - (A hit t’~ a heat pipe’ was not termed eril it’al enough to
constitute a ‘‘W ’ kill.)

4 ~~~~~ l V — The “A’’ kill vulnerability is inst slight iv less t bee n bast’lim’
only because cit the gearbox being on 1 d b  of t he eng inu’

“ H” kilts to re higher thamo oth er sehenocs because’ ol the u’xternal ce il pumps
and f Ilter, although, t he toe! oil cooler on top of t he’ i’nglnc’ reduces thou
somewhat -

to. St’hrni,’ ~.
‘ — ‘ ‘A ’ ’  kill vulnerability is very similier In Sehenoc ii ~ot ith plate

f in fue l—oil etsoler) -

The ‘‘I-b’’ kill vulnerability is increased o%cr tot her scheme’s due to the ext t ’ m’iutl
tim1 filter which requires int’rrasing the gearbox site ’ Again, placing t he ccii
tank and pumps in the’ No. 2 :1 bearing t’ompart ment great lv redu ces the
vulnerability from baseline -
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c. Maintainability

The results of the maintainability analysis , detai led to the’ component bas~~. are prvse ’ioted
in Appendix C. A summary of the differential systems maintenance man-hours per million engine’
flight hours (,

~ MMH/ 10’ EFI-I) . compared to the baseline Fl00-I’W-l(X ) engine , is shown below:

M M H / I~~ EFH
Scheme Ove’r Baseline

I 25,485
II 2 ,475
III 60,773
IV 94,253
V 54,202

A brief summary of the maintainability features and penalties of each scheme is as follows:

I. Scheme!— The location of the main oil and scavenge pumps results in an
increase in MMH/EFH from baseline. This is due to additional task times
and a higher parts discrepancy rate with the main oil pump inside t he No. 2-3
bear ing compartment , and scavenge pumps in the individual No. 1 , 4, and 5
compartments.

2. Scheme II — The blowdown scavenge system used for the No. 1, 4. and 5
bearing compartments significantly reduces the MMH/EFH in this scheme.
Without the need of carbon seal assemblies and their supports , t he total task
times for those compartments are greatly reduced. The elimination of the
No. 1, 4, and 5 scavenge pumps is also a major contributing factor.

The items that increase the MMH/EFH most , due to additional task times
required, are the main oil pump, No. 2-3 scavenge pump, and the finned wall
air/oil cooler. There is also a higher parts discrepancy rate for the pumps
being inside the No. 2-3 bearing compartment.

3. Scheme III — With pumps , filters , and deoi lers to remove/replace in each
bearing compartment , the task times required to maintain t hese components
are increased greatly over the baseline.

The frequency of part discrepancies for individual pumps, filters, etc., is
higher than the frequency for the single part in the baseline, which performs
the same job.

4. Scheme IV — The total ~ MMH/EFH is higher in this scheme , most ly due
to the increase in task times required for the high compressor rotor and stator
assembly, No. 4 bearing compartment , and diffuser case. There is a
significant decrease in task times for the No. 2-3 bearing compartment due to
the shifting of the gearbox drive mechanism to the No. 4 compartment.
Many of the parts discrepancy rates in this scheme are the same as for
baseline since the oil pumps , filter , and coo lers are on the out -side of the
engine.

5. Scheme V—The finned wall air/oil coolers inc rease task times significantly,
since the fan ducts have to be removed to obtain access to them. The pumps
in the No. 2-3 bearing compartment also increase the task times, as well as
the parts discrepancy rates.
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d. R.liablllty

Reliability ca lculations, detai led to the component basis , arc presented in Appendix C along
wit h the maintainability figures. A summary (of the differential system part discrepancies per
million engine’ flight hours U discrepancies/b ’ EFH) compared t e e  the baseline FHX)-PW-l(X~
engine , is as follows:

~ L.) iscr epancies/ W EI ”H
Scheme Compared to Baselin e ’

1 +44
II — 1476
III +670
IV -86
V +252

Note that Scheme II has the highest reliability rating, and Scheme III has the worst rating. A
summary of the reliability features and penalties of each scheme is as follows:

I. Scheme I — Incorporation of the oil pumps into t he hearing compartments
resulted in a small decrease in reliability due t o the increased number of
parts involved, but this was partially offset by using the No. 2-3 compart-
ment as an oil reservoir. The net effect was a small decrease in reliability.

2. Scheme II — The greatest improvement in reliability was calculated for the
blowdown scavenge system. The major contributing factors are the elimina-
t ion of the bearing compart ment carbon face seals and the No. 1, 4 , and 5
compartment scavenge pumps.

Incorporating the pumps into the No. 2-3 compartment reduced reliability by
a slight amount due to the increased number of parts in the drive system.

3. Scheme III — The increased complexity of this scheme, caused by the
incorporation of heat pipe evaporators and condensers, resulted in Scheme
Ill having the lowest reliability of the five schemes.

4. Scheme 1V — There were no sig nificant differences in reliability from the
baseline engine. Minor improvements can be attributed to the incor poration
of the oil tanks into the compartment and the reduced complexity of the No.
2-3 compartment, The reliability of the accessory drive system was reduced
by a small amount due to the added complexity and additional parts
required to drive the accessory section from the No. 4 compartment. The net
effect was a slight improvement in reliability.

5. Scheme V — As noted in Scheme 1, incorp oration of the pumps into the
bearing comp artment causes a decrease in reliability. A relatively large
reduction was caused by the addition of an oil boost pump, which was not
emp loyed in the other schemes.
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.. Acquisition Costs

The baseline Fb00-PW.100 engine was found to have the lowest lubrication system total
acquisition cost and was awarded the maximum point allotment of five. A breakdown of the
component costs for each scheme is presented in App endix 1). The total increase in cost for each
scheme over the baseline engine is as follows:

Scheme ~ Cost Over Baseline
I +$ 943
II +$ 3,469
III +$36,907
IV +$ 1,679
V +$ 9 ,183

1. Li?, CycI. Costs

The following summary shows that the life cycle costs for all five schemes exceeded that of
the baseline F100-PW- 100 engine.

~ Cost From Baseline
Scheme $ (Millions)

I + 3.7
II + 4.7
m +66.0
IV + 7.0
V + 16.4

Visibility into the generation of life cycle cost values and calculation of the rating points can
be obtained from the detailed values presented in Appendix E.

g. W•Ight

All five candidate schemes were found to weigh more than the baseline (F100) lubrication
system. A summary of the increase in weight over the baseline engine is given below:

~ Weight From Baseline (F 100)
Scheme (I’S)
I + 15
II +6 1
III +150
IV +75
V +63

A detailed breakdown of component weigh ts for each scheme is given in App endix F.

it. Frontal A r a

The overall variation in frontal area was very small for the five sch emes. However , as shown
below, the projected frontal area for all five compartmental lubrication schemes is slightly less
than that of the baseline F100-PW-iOO engine.
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Frontal Area From Baseline
Scheme in.~

I —99.6
11 —99.6
III —45.0
IV —42.2
V -99.6

I. Manulacturing, Assembly, and D.velopm.nt Considerations

This criterion was evaluated by first listing the manufacturing, assembly, and development
difficulties associated with each scheme. Each difficulty was then assigned a numerical value of
— 1 to —10, based on the severity of the problem, wit h the worst problems receiving a — 10.
Appendix G provides a tabulation of these difficulties and the points for each. A summary of the
tota l po ints assessed against each scheme is shown below.

Total Points Assessed
Scheme Against Scheme

1 — 9
II —12
III —27
IV —12
V —21

Baseline — 3

The scheme with the minimum negative points was assigned a comparison to best scheme
factor of (1) and was given the maximum rating points (3) assigned to this criterion. All other
schemes received fewer rating points prop ortionally to the number of negative points assessed
against t hem.

~. System Compromis..

A list of lubrication system compromise s associated with each candidate scheme and the
baseline engine is given in Appendix G. The severity of each compromise was rated from —1 to

10, with the most severe problem receiving a rating of — 10. A summary of the total points
assessed against each scheme is as follows:

Scheme Points
1 -38
II —41
III —63
IV —24
V -38

Baseline — 4

The maximum of four points for this criterion was assigned to the baseline scheme since it
had the least number of negative points against it. All other schemes received a prop ortionate
va lue of these points, based on a numerical ratio of the absolute value of total points compared
to the best (baseline ) scheme.
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k. Results of Phase i Trade Studies

Scheme II was determined to be the best of the adva nced lubrication systems , as we ll as
superior to t he F100-PW.100 baseline system as evaluated in Phase I of this program. Table 5 lists
the various study schemes, along with their final point totals. A detail breakdown of the
individual scores in each rating criterion for each scheme was presented in the preceding section.

TABLE 5. OVERALL POINT
RA T I N G  SUM-
MARY

Scheme Point Totals
1 74.8
II~ 84.2
III 53.0
IV 50.7
V 59.3

Baseline 81.6

Scheme 11 as defined in Section ll.2.b.

A review of Scheme II on a component basis indicated that improvement in its competitive
position could be achieved by substituting baseline Fi00-PW-i00 oil coolers for the finned wall
air/oil and plate-fin fuel /oil coolers . This modification (Scheme fl-i) has the following impact,
relative to the original Scheme II system, on the criteria summarized below:

1. Maintainability — Scheme fl-i reduces maintainability by 9,798 main-
tenance man-hours per million engine flight hours over Scheme H.

2. Vulnerability — Scheme 11-i is 16.6 percent less vulnerable than Scheme II.

3. Cost — Scheme Il-i reduces life cycle costs $6.3 million and acquisition costs
$6,761 per engine when compared to Scheme II.

4. Weight — Scheme fl-i is 58.6 Ite lighter than Scheme II.
- 

- The basic Scheme II system was found superior to the baseline F100-PW-100 system in
vulnerability, reliability, and frontal area, as shown in Table 4 in the previous section. Scheme
fl-i further improved its competitive position against the FiOO-PW-100 system by being
determined superior to the baseline system in the maintainability, acquisition cost, and life cycle
cost criteria categories.

The selection of Scheme II provided several areas of technology that will be useful in future
engine applications. These are:

e High-speed oil supply and scavenge pumps running two and one-half times
conventional engine pump speeds.

• High-speed, compact drive gear train.

I Oil deaeration improvements in conjunction with a small volume oil tank.
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I Investigation of assembly and servicing techniques required in an advanced
engine which utilizes a compartmental lubrication system.

• Provided for the evaluation of blowdown scavenge system analysis for
milita ry aircraft .

• Provided for evaluation of oil handling characteristics in compact bearing
compartment applications .
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SECTION III
PHASE II — DETAILED EVALUATION AND PRELIMINARY

DESIGN OF SELECTED SYSTEM

1. PHASE I — REVIEW AND UPDATING OF INITIAL QUANTITATIVE ANALYSIS

A rev iew of the Compartmental Lubrication System program was held at Pratt and
W hitney Aircraft . Government Products Division on March 22, 1976 through March 25, 1976 w ith
the AFAPL Project Engineer. It was decided during this review that the method for calculating
criteria rat ing points for reliability and maintainability in the Phase I ana lysis was not consistent
with the method used for the other rating criteria. A reevaluation of the points (Table 6) showed
t hat Scheme II was still the top candidate compartmental lubrication system scheme but it no
longer rated higher than the baseline F100-PW-100 system as was reported in the initial Phase I
resu lts.

The selected compartmental lubrication system scheme (Scheme II) was then revised based
on knowledge obtained from the Phase I quantitative analyses. Since these analyses were done on
a component basis, it was possible to select components from other schemes to improve the
selected scheme. These modifications and desi gn refinements included replacing the fin-wall
air-oil heat exchanger with fan duct plate.fin modules , rep lacing the plate-fin fuel-oil heat
exchangers with shell and tube heat exchangers and moving the oil filter external on top of the
engine to provide more oil tank volume in the No. 2-3 compartment. These revisions were
incorporated in the prelimina ry design layout (Phase H, Task I) shown on Figure 14. The
quantitative analysis was then repeated incorp orating these revisions , and Scheme II was found
to be significantly better than the baseline system or any of the other candidate schemes as shown
in Table 7.

TABLE 6.
QUANTITATIV E TRADE STUDIES

Manufacturing
4menbly ari d

Rats,ig •4cg uintuin 1 i/ v - ( ’ i-le Fro ntal l3et-elop ment S’ stem
‘it..ria l~~ln,,ob,l , ts  %faintoinø b,t, t ’. Re l iab il i ty  Costa Coats West)it Ar ea Ihf f ic ul t . es  Comp r omises Total-s

Max imum
m’int
.4llot,,,ent a) 25 tO S 5 tO 9 3 4
Scheme
I -~ 2 l I - S 9.2 4.9 4 $ 9,6 90 ) II 0 4 7 )
II 22.9 22.5 10.0 4.5 4.7 9.5 NO 0.9 0 4  9 2 )
III 9) 0 6 , 6 7 7  2 3  2 6  6.9 7 7  0:) 03  644

3)6 47 N 4 4.7 4 5  9.2 7.7 0.9 0.7 ~ ) )

:1.6 7.2 8.0 3.6 4 .1 8.4 90 04  0 4  619
Has~t in, 190 250 6.3 5.0 5.0 10.0 7 5 :4 1) 4 0  $6.9
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TABLE 7
QUANTITATIVE EVALUATION WITH REVISIONS

IN SCHEME H

Manufacturing
Assembly and

Rating Acquisition Life-Cycle Fronta l Development System
Cnte’sa Vubwrebihgy Maintaina bility Reliobility Costs Coats Weight Area Difficulties Compromises Totals
Mazimw,.
Point
Allotment 30 25 10 5 5 10 8 3 4 100
Scheme

25.2 6.9 8.5 4.3 4.4 9.6 8.0 1.0 0.4 68.3U 27.4 25.0 10.0 50  5.0 9.9 8.0 1.8 0.5 92.6m 30.0 3.9 7.9 2.0 2.3 6.9 7.7 0.3 0.3 61.3IV 20.6 2.8 8.6 4.2 4.1 8.2 7.7 0.8 0.7 57.7
V 21.6 4.3 8.3 3.4 3.7 8.4 8.0 0.4 0.4 58.5
Baseline 19.0 14.9 8.5 4.5 4.5 10.0 7.5 3.0 4.0 75.9

2. FINAL $ELECTION OF COMPARTMENTAL LUBRICATION SYSTEM CONFIGURATION

a. D.slgn Consideration.

The intent of the selected compartmental lubrication system is to provide reduced
vulnerab ility by using the major bearing compartment to house and shield the critical lubrication
system components. The oil tank, being the largest and most vulnerable component, was the
prime candidate for inclusion in the No. 2-3 bearing compartment. In order to also include the oil
supply pump and No. 2.3 scavenge pump in this compartment without overly restricting oil tank
volume , it was necessary to increase pump speed to 10,000 rpm. This is two and one-half times
the speed of conventional gas turbine engine oil pumps. The increased speed provides for a
smaller pump volume and, in addition, allows a smaller gear set for speed reduction from the
26,000 rpm towe rshaft drive to the pump. The 2.8 gal oil tank volume was initially considered
marginal, but rig tests were run and substantiated deaeration capabilities.

The gearbox is mounted on top of the engine and driven by a towershaft running through a
vertical su pport strut in the No. 2-3 compartment. Running the towershaft through the top of the
engine provides more room in the bottom of the compartment for the oil tank. Mounting the
gearbox on top of the engine also reduces vulnerability to ground fire and missile shrapnel. The
deoiler and breather pressurizing valve as well as the alternator are gearbox-mounted. The
alternator was located in the No. 1 compartment bullet nose during the Phase! analysis to satisf~r
a statement-of-work requirement for an internal location for the alternator drive. However, the
alternator was moved back to the gearbox due to problems with supplying power to the engine
during starting with the low-rotor-driven alternator. Quantitative analysis has also shown that
the bullet nose location did not offer any improvement in vulnerability and resulted in a slight
increase in cost and weight. Shell and tube fuel-oil coolers and a nonbypassing oil filter are also
located on top of the engine to reduce vulnerable area. Plate-fin, air-oil coolers are mounted in the
fan duct at the top of the engine.

b. Scavsng • Options for No. 1, 4, and 5 Bee ring Compartments

One major concern with the selected compartmental lubrication system scheme was the
lack of substantiation for the blowdown system used to scavenge the No. 1, 4, and 5 bearing
compartments. This type scavenge system has been used successfully on subsonic engines such
as the JTI5D but has not been attempted on engines for supersonic aircraft. An analytical
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simulation of the scavenge blowdown system (see Appendix H) shows that the system can be
sized to function wit hout pressure reversals (oil leakage ) during transient decels utilizing either
labyrint h or carbon seals in the compartments . However , labyrinth seal leakage would be
approximate ly 1(1(X) lb per hour which is out of the range of oil tank deaeration capabilities and
would result in an unnecessary performance penalty on the engine. (‘onsequentlv . it was decided
to reevaluate t he selected compartmental lubrication system quantitatively wi th four (4 ) optional
methods of scaveng ing t he No. 1. 4 . and 5 compartments. The Phase I evaluation criteria Was

again used to maintain a constant base for the quantitative analyses. Opt ional scavenging
met hods are as follows:

Opt ion I - The No. 1. 4. and 5 compartments are scavenged by a
blowdown system , but carbon seals are used in these compart .
ments to limit air leakage .

Option II - The No. 1. 4 . and 5 compart ments are scavenged by gear
pumps on the top mounted gearbox. Carbon seals are used in
these compartments.

Option Ill - The No. 1 and 5 compartments are scavenged by gear pumps
mounted wit hin their respective compartments. and the No. 4
compartment is scavenged by a gear pump mounted within
the gearbox. All compartments incorporate carbon seals.

Option IV - The No. 1. 4, and 5 compartment -s are scavenged by gear
pumps on t he top mounted gearbox like Option 11. However ,
labyrinth seals are used for the No. 1, 4, and 5 compartments ,
and the volumetric displacement of the scavenge pumps is
used to limit seal leakage. Labyrinth seals were not used in the
No. 2-3 compartment since seal leakage could not be limited
by this compartment ’s scavenge pump. The No. 2-3 compart-
ment is breat hed to ambient through t he gearbox breather
valve which could result in sufficient air leakage by the
labyrinth seals to cause foaming in the gearbox andlor the
bearing compartment .

c. Comparison of Configuration Options Using Phase I Criteria

Table 8 shows that the Option I, II, and HI total point allotments are all within 5.3 points
of the baseline F100.PW.100 engine. However , Option IV with 93.4 points is 11.9 points (15~~

)
better than the baseline engine. This is primarily due to the improved maintainability of the
labyrinth seals over carbon seals and the reduction in vulnerability with the oil tank inside the
No. 2-3 compartment.

Based on this analysis the scavenge system utilizing high-speed gear pumps and labyrinth
seals for the No. 1, 4, and 5 compartments was in corporated in the final compartmental
lubrication system design. The final design layout is shown in Figure 15. and the evaluation of
this system compared with the baseline F100-PW-l00 engine is presented in t he following
paragraphs.
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TABLE 8
QUANTITATIVE COMPARISONS OF SCAVENGE OPTIONS

Manufacturing
- 

Auem bly and
Rating Acquisition Life-Cycle Fronta l Development System
Criteria Vulnerabi lity Maintaina bility Reliability Costs Costs Weight Are a Difficulties Compromises Totals
Maximum
J ~oint
AUotrnent - 30 25 10 5 5 10 8 3 4 1(X)
Scavenge Options
I 30.0 11.2 9.5 5.0 5.0 10.0 8.0 1.8 0.7 81.2
U 29.1 10.8 9.0 4.7 4.9 9.7 7.9 1.6 1.0 78.8
UI 27.9 10.0 8.9 4.8 4.8 9.7 7.9 1.3 0.9 76.2

IV 29.1 25.0 10.0 4.8 4.9 9.6 7.9 1.3 0.8 93.4
Baseline 20.7 18.4 8.9 4.6 4.7 9.7 7.5 3.0 4.0 81.5

NOTES:
1. Option I No.. 1, 4, and 5 compartments have scavenge blowdown and carbon seal..
2. Option II - No.. 1, 4, and 5 compartments are scavenged by gearbox-mounted gear pump..

Carbon seals are used in compartments.
- 

- 3. Option m - No.. 1 and 5 compartments are scavenged by gear pump . mounted in their respective compartments.
No. 4 scavenge pump is in gearbox. Carbon seals are used in compartments .

4. Option IV - No.. 1, 4, and S compartments are scavenged by gearbox-mounted gear pumps . Labyrinth seals are used
in the No.. 1, 4, and 5 compartments and the volumetric displacement of the scavenge pump.
us.d to limit ...J leakage.

3. METHOD OF QUANTITATiVE ANALYSIS FOR PHASE II, TASK II EVALUATION

In Phase II, the selected compartment lubrication system configuration was compared with
the baseline F100-PW-100 lubrication system on the basis of vulnerability, maintainability,
reliability, weight, acquisition costs, life-cycle costs, frontal area, engine starting and windmilling
operation, and oil contamination tolerance per the statement of work. Where applicable, the
evaluation was done on a quantitative basis as a differential value (i.e., ~ weight, ~ cost, etc.)
as compared to the baseline engine. The evaluations were made using the Phase II, Task I
mechanical layout with component sizes substantiated by numerical analyses.

The method of evaluation for the vulnerability criteria was the same as applied in Phase I
except for the weighting factors which were revised to better represent the vulnerability of the six
views for a mixed mission. The revised weighting is shown below:

Views Weights, %
Front 15
Rear 10
Top 15

Bottom 20
Left Side 20
Right Side 20

The method of evaluation for the maintainability, reliability, weight, acquisition costs, life-
cycle costs, and frontal area criteria are identical to those used in Phase I except absolute
differential values in comparison to baseline system are presented in Phase II. A point allotment
system was used in Phase I.

The engine starting and windmilling operating was evaluated by comparing the com-
partmental lubrication system component parasitic power extraction to that of the baseline
engines. The ability of the alternator to supply power during starting was also evaluated.

59

_ _ _ _ _ _  _ _ _ _ _ _  - ~~—--—- - - - - - - - - - —~~~~~~ --.- -~~~~ ——



r 
- - -  -

Oil contamination tolerance was evaluated by comparing running clearances of rotating
parts, oil filtration capacity, and probability of inducing contamination into the compartmental
lubrication system as compared to the baseline engine.

4. RESULTS OF PHASE U QUANTITATIVE ANALYSIS OF FINAL ENGINE DESIGN

Table 9 summarizes the results of the evaluation of the compartmenta l lubrication sstem
in the areas of vulnerability, maintainability, reliability , acquisition costs, life-cycle costs, fronta l
area, engine start ing and windmilling operation and oil contamination tolerance. All analyses
were performed on a differential basis, compared with the baseline Fl00-PW.lOO engine. Also,
w here practical, t he analyses were performed quantitatively on a component basis to emphasize
the compartmental lubrication system’s strong and weak points. Details of the evaluations are
given in the following paragraphs.

TABLE 9.
SUMMARY OF QUANTITATIVE ANALYSIS RESULTS

Criteria Criteria Dill ei ’entiol Comp ared to Baseline F100-PW-100 Engine

Vulnerability Vulnerable area r*duced 28.8”~
Maintainab ility Maintenance man-hours per million engine flight hours reduced by 57F~6

Reliability Part discrepancies reduced by 962 per million engine flight hours
Weight Weight increased by 1.7 lb

Acquisition Cost Cost decreased by $906.00 per engine
Life-Cycle Cost Life.cycle cost decreased by $4.1 million
Frontal Area Frontal area decreased by 80 in.’
Starting and Windmilling Operation No change from baseline engine
Oil Contamination Tolerance Time between filter cleaning reduced from 200 hours to l$0 hours

a. VuIn.rab illty

Table 10 shows on a component basis, the differential vulnerable areas of the selected
system compared to the baseline engine for “A” and “B” kills of 30 to 50 cal projectiles traveling
at 1500 and 2500 ft/sec. These numbers were then calculated as a percentage of the baseline
engine , averaged for “A” and “B” kills and multiplied by the probability of a hit (view factor) for
each of the six view s . The “A” and “B” kill numbers, times their view factor, were then averaged
together for each view and this number for each view was then added together to obtain an overall
va lue of percentage of baseline vulnerable area. Table 11 shows that the vulnerable area of the
selected system is 71.2 percent of the baseline system.

b. MaintaInab IlIty

The results of the maintainability analysis are detailed to the component basis in Table 12
as different ial maintenance man-hours per million engine flight hours (.~MMH/10 EFH)
compare d to the baseline FlOO-PW - 100 engine. The overall reduction in maintenance man-hours
per million engine flight hours is 5756 ~MMH/10 EFH. This reduction is primarily due to
replacing carbon seals in the No. 1. 4, and 5 compartments with labyrinth seals .
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TABLE 11
VULNERABILITY SUMMARY

.4ter age “I of Ate r~ge % of
Baseline Engine Baseline Engine A and 8 K UVu.~ Vulnera b~e A,’ea “A”KillAuer ag e VuAnera ble Area ~B” Kill Average A~ erugv W~th

Front 15’ r 88.0 13.2 41.0 6.2 9Rea r lO’~r 89.0 8.9 79.5 8.0 8 5
Top 15’~ 138.0 20.7 111.3 167 8’Hottorn 20’”v 28.5 5.7 41.8 84
Left Side 20’~e 97.3 14.6 8$~I 16’Right Side 20’~ 66.8 13.4 47.8 9.6 115
Total

~. 71.2

TABLE 12
MAINTAINABILITY ANALYSIS RESULTS

Component AMMH/101 EFH
Alternator 0
Gearbox —170
Oil Filter 0
Oil Supply Pump 7904
No. 1 Scavenge Pump —143
No. 2-3 Scavenge Pump 7061
No. 4 Scavenge Pump —106
No. 5 Scavenge Pump — 143
Fuel Oil Coolers 0
Air-Oil Coolers 0
Boost Pump 0
Deaerator
No. 1 Bearing Compartment — 2544
No. 2-3 Bearing Compartment 1120 - 

-

No. 4 Bearing Compartment —13604
No. 5 Bearing Compartment —5664
Oil Tank 900
Inlet Fan Module —431

Total —5756

c R.l$.bIlIty

Reliability calculations detailed to the component basis are presented in Table 13.
Reliability is expressed as the differential part discrepancies per million engine flight hours
(~ part discrepancies/10 EFH). The improvement in reliability is 962 fewer part discrepancies
per million engine flight hours compared to the baseline engine ,

d. W•lght

Table 14 shows that the compartmental lubrication system results in a 1.7 lb increase in
engine weight over the baseline engine. The increase in weight comes from operating two pump
packages rather than one and providing a shielding cover for the alternator. This is partially
compensated by a weight reduction realized from the compartmentalized oil tank and the use of
labyrinth seals in place of carbon seals.

64

-- --— -- —---~~~~~ -~~~~ - -
~~~~~

- - -m----~~~~ 



- - -~~~--“ —
~~~~~~~~ -rw—-- ” n.w ~.-.,-- - - - - - - - ~~~~~ -- -

~
-- -

TABLE 13
RELIABILITY ANALYSIS RESULTS

~ Part Discrep anciesi
Component UP EFH

Alternator 0
Gearbox —84
Oil Filter 0
Oil Supply Pump 99
No. 1 Scavenge Pump 11

- - No. 2.3 Scavenge Pump 88
No, 4 Scavenge Pump 11
No. 5 Scavenge Pump 11
Fuel-Oil Coolers 0
Air-Oil Coolers 0
Boost Pump 0
Deaerator 0
No. 1 Bearing Compartment —240
No. 2-3 Bearing Compartment 35
No, 4 Bearing Compartment -378
No. 5 Bearing Compartment —320
Oil Tank —195
Inlet Fan Module 0

Tota l -962

TABLE 14
DIFFERENTIAL WEIGHTS OF COMPARTMENTAL LUBRI-

CATION SYSTEM COMPARED TO BASELINE ENGINE

Source of Weight Differential
Weigh t Differential (Ri)

No. 2-3 Bearing Compartment -5.6
and Oil Tank

Oil Supply and Scavenge Pumps +5.1
Cover for Gearbox Mounted +3.2

Alternator
Bearing Compartment Seals —1.0

(Labyrinth Seals Replace Carbon
Seals) 

—

Total +1.7
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•. Acquisition Costs

Table 15 presents a component breakdown of the cost differential between the compartmen-
tal lubrication system and the baseline engine. The total cost savings would be $906 per engine
obtained primarily from the internal oil tank and the use of labyrinth seals.

TABLE 15
DIFFERENTIAL ACQUISITION COSTS OF COMPARTMENTAL
LUBRICATION SYSTEM COMPARED TO BASELINE ENGINE

Source of Acquisition Differential
Costs Differential Costs Dollars

Internal Oil Tank —1476
Alternator Housing + 50
No. 2-3 Compartment

Add: 3 Drive Gears + 195
Add: 2 Bearings and Bearing Housing + 175
Add: I Pump Housing + 175
Add: Pump Housing Support + 100

Add External Pump Housing + 505
Revise Main Pump Housing — 130
Replace 4 Carbon Seals with Labyrinth Seals — 500

Total ‘ - 906

I. Llfs-Cycl. Costs

Table 16 shows that the compartmental lubrication system would result in a 4.1 million
dollar reduction in the life-cycle costs. Using labyrinth seals in the No. 1, 4, and 5 compartments
accounts for 2.9 million of the 4.1 million dollar total.

TABLE 16
DIFFERENTIAL LIFE CYCLE COSTS OF COMPARTMENTAL LU-

BRICATION SYSTEM COMPARED TO BASELINE ENGINE

Source of Life Cycle Cost (LCC) Differentia l
Differential LCC - $ Millions

No. 2-3 Bearing Compartment and Scavenge +0.6
Revisions

Oil Supply and No. 2-3 Scavenge Pumps +2.1
in No. 2-3 Compartment

Oil Tank in No. 2.3 Compartment —2.5
Gearbox on Top of Engine —0.2
Fuel-Oil Coolers on Top of Engine 0
Plumbing Revisions —1.2
Labyrinth Seals in No. 1 Compartment —0.5
Labyrinth Seals in No. 4 Compartment —1.5
Labyrinth Seals in No. 5 Compartment —0.9

Total —4.1

65

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

-
-~~~~~~ - - —.---~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~



g. Frontal Ars a

The frontal area of the compartmental lubrication system was found to be only 80 square
inches less than the baseline F~00.PW-l00 engine. This area reduction was primarily due to
moving the oil tank inside the No. 2-3 bearing compartment. Changes in oil plumbing had little
effect on t he projected frontal area since most of the oil plumbing was eitb~r hidden by or in the
same plane as the fuel plumbing.

h. Engine Starting and Wlndm iUIng Op.rat ion

During Phase I of this project , an attempt was made to mount the alternator in the No. 1
compartment to sati sfy a statement-of- work requirement that the lubrication system design shall
provide as an option for internal location of the engine alternator. Other internal engine locations
such as the No. 2-3 and No. 5 compartments were ruled out due to insufficient space or hot
environment.

A Phase II study showed that while cranking the engine at the minimum high rotor lightofT
speed of 3000 rpm. the lower rotor turns at 300 to 400 rpm, well below the speed required by the
alternator to provide adequate energy to the main combustor ignition system. Several optional
methods of starting the engine were investigated such as batteries and jet fue l starter powered
generators, each of which would result in an excessive weight, cost , and maintainability penalty.
The problem was reviewed with the AFAPL Project Engineer in correspondence dated 26
May 1976. The alter nator was moved back to the gearbox location for the selected system.
Subsequent quantitative analysis has shown that the bullet nose location did not offer any
improvement in vulnerability, and resulted in a slight increase in cost arid weight.

With the alternator relocated on the gearbox like the baseline engine, the starting and
windmilling operation of the compartmental lubrication system engine is essentially the same as
that of the baseline engine. If the blowdown system had proven desirable in the quantitative
evalua’ion, a slight reduction in parasitic losses (less than 3.5 hp at full power) would have been
realized through the elimination of the oil boost pump and No. 1, 4, and 5 compartment scavenge
pumps. However, under the present configuration, the power requirements of the selected system
are the same as that of the baseline eng ine.

I. Oil Contamination ToI•rancs

Bearing comp artment air leakage for the compartmental lubrication system is two to three
times that of the baseline F100-PW. 100 engine due to the use of labyrinth seals in place of carbon
seals. Consequently, the lubrication system contamination due to air leakage will increase
proportionately. However, it is estimated that in the F100-PW-100 engine, air leakage only
accounts for 10 percent of the oil system contamination due to the judicial selection of clean seal
pressurization air. Air to pressurize the rear of the No. 2-3 compartment and No. 5 comp artment
is bled inward from the compressor sixth stage to the engine bore. The heavier contamination
particles are thus held at the engine OD flow path providing clean air at the engine bore to
pressurize the seals. The front of the No. 2-3 compartment and the No. 1 compartment are
similarly pressurized using fan discharge air. Seal pressurization air for the No. 4 compartment
is bled fro m the engine OD at the seventh compressor stage. However, this air is passed through
a centrifugal filter which removes 92 percent of the contaminants before it is used to pressurize
the No. 4 seals. A seal pressurization system similar to this would have to be used on the
compartmental lubrication system engine to minimize the contamination problem with labyrinth
seals. It is estimated that the time between cleaning for the oil filter will be reduced 10 percent
from 200 hours to 180 hours due to the use of the labyrinth seals.
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The 10,000 rpm oil pumps for the compartmental lubrication system will have roughly thesame clearances , gear tip speed, and bearing loads as the baseline engine. However , the bearingspeed has increased 4.0 percent over the baseline engine. The remainder of the lubr ication syste m,as expected, ii similar to the baseline engine in contamination tolerance.

68

- —-—

~

---

~

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

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



SECTION IV
PHASE Iii — DETAILED DESIGN AND BENCH TEST

1. SUBSYSTEM DESIGN ANALYSIS

a. General

This section provides the design criteria and approach that was used for the design of
critical components and rig hardware required for test substantiation of the selected com-
partmental lubrication system. The trade studies and preliminary design efforts of Phases I and
II resulted in a compartmental lubrication system which achieved reduced vulnerability through
location of major lubrication system components in the largest bearing compartment (No. 2-3).

Critical items identified from the selected system, as requiring design and test substantia-
tion, were the high-speed oil supply and scavenge pumps (two and one-half times the speed of
convent ional engine pumps), associated high-speed drive gear train, a small volume oil tank, and
capability for tank deaeration of labyrinth seal leakages in excess of three times that of
conventional engines. The high-speed oil supply and scavenge pumps plus the small volume oil
tank were designed during the critical component design task (Phase III , Task I). These
components were fabricated and successfully bench tested during Phase III , Task II to qualify
them for the system rig.

The F100-PW.100 No. 2-3 compartment rig (F34024) (Figures 16 and 17) was selected for
the system rig tests. Utilization of this existing rig with modifications for incorporating high.
speed oil pumps, associated high-speed drive train, a small volume oil tank , and deaeration
system within the compartment provided an effective system test bed at a minimum cost .

— The No. 2-3 compartment rig has the capabilities for simulating engine speeds,
compartment altitude environmental conditions, internal pressures, temperatures, and required
oil flowrates. This provided an ideal test fixture for evaluation of the compartmental lubrication
system concept.

The feasibility of running the No. 2-3 compartment rig inverted was investigated. This
would have provided for the towershaft and high-speed pump drive train at the top of the
compartment allowing space for an integral oil tank at the bottom of the compartment . This
scheme was found to be feasible, but the advantages did not outweigh the $39,953 cost for t he
additional rig modifications. It was necessary to design a self-contained oil tank to keep oil off the
tower shaft gears , but a tank of this type was already required for the component bench tests .

b. DescrIpt ion of Test Articles

(1) OIl Supply and Scavenge Pumps

The compartmental lubrication system oil supp’y and No. 2-3 compartment scavenge
pumps (Figure 18) were designed to operate at a full power speed of 10,000 rpm (two and one-half
times that of con’ entional engine oil pumps) to provide a smaller vulnerable area and to reduce
the size of the gear train required to drive the pump. The pump supply and scavenge elements are
stacked in a common housing and are driven off the towershaft bevel gear by spur gears. Pump
gears are of a 9 tooth-16 pitch (pitch = No. of teeth/pit~-h diameter) configuration to provide
adequate capacity without exceeding pump tip speed cavitation limits at the high shaft speeds.
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The pump gears run on carbon bushing journals pressed into the end plate with a 0.001 to
O.0025T fit. Acceptable journal bearing loads, proven satisfactory in the F100-PW-100 oil pumps.
required that the supply pump be split into two pumps in parallel with common inlets and
discharges to avoid excessively long journals. The scavenge pump is so lightly loaded that , based
on previous experience, a journal length of 0.250 in. was chosen to provide gear alignment.

Shaft seals are provided at the end of each pressure stage journal to prevent leakage from
the pressure pump to the scavenge pump and from the pressure pump out the end of the drive
shaft . During component bench tests, a small (2 qts/hr) shaft leak was noted at the drive end of
the pump. Investigation revealed a leakage path from the scavenge pump module through the
supply pump shaft and out the drive end of the pump. The leak was stopped by inserting Viton-
A gasket plugs in the hollow shaft.

The AMS-6470 nitrideable steel pump elements are stacked in an aluminum housing which
- 

- has provisions for the Fl00-PW-100 Bill-of-Material cold start pressure relief valve. Separate
inlet and discharge housings are bolted to the front and rear of the pump housing. The housings
are machined aluminum plate stock with simple, stra ight cuts for cost-effectiveness. Five bolt
holes were provided in the housing to mount the pump to an existing flange on the inside of the
rig. The pump housing is located on two dowel pins to ensure gear and plumbing line alignments.
0-ring seals are used in grooves between the housings to seal the inlet and discharge side of the
pumps. Even though the pump housing is made of plate stock to reduce machining costs, the
functional features of the pump are the same as would be required for an actual engine utilizing
the Compartmental Lubrication System concept.

Inlets to the pump elements are dimensioned for standard 4-bolt, swivel-flange, piloted 0-
ring connectors. The discharge ports are dimensioned for piloted 0-ring connectors. The supply
pump discharge line is supported by the rig outer wall, and the scavenge pump discharge line is
a jumper-tube trapped between the pump housing and the oil tank fitting. These two lines require
no additional attachment to the pump. Because the pump was also designed to be tested on a
component test bench, threaded holes are provided to allow the hook up of test facilities
plumbing to the pump inlets and discharges.

(2~ Oil Tank and Deaerator

The oil tank (Figures 19 and 20) was designed in a semicircular configuration to fit inside
the F100-PW-100 No. 2-3 bearing compartment rig. The outer walls are made from flat or single-
curved sheet metal parts to avoid expensive forming operations. The tank was sized for maximum
volume within the confines of the rig walls resulting in a fill capacity of 2.75 gallons which is 0.25
gallon less than the Fl00-PW-100 tank. Bosses are provided for No. 2-3 scavenge oil inlet , No. 1,4,
and 5 scavenge oil inlet, main oil out , tank drain, breather port , and a dipstick hole. As on the
oil pump, provisions were made for attaching test facility plumbing during the component test
even though the threaded holes were not used during the system tests.

The tank is mounted top and bottom to the same rig flange as the pump. Most of the flange
was cut away to provide clearance for the oil tank outer wall. Another support is provided at a
location 20 degrees above the horizontal at the forward wall of the tank.

Oil from the No. 2-~ scavenge pump and from the simulated No. 1, 4, and 5 bearing
compartments enters t he tank through two separate ports and combines in an in ernal tee . The
oil flows through a 1-inch diameter tube to the deaerator. This tube has 10 holes in the side which
have been proven experimentally to significantly improve deneration of the oil and are included
in the F100.PW- 100 Bill-of-Material oil tank. The can type deaerator is the same configuration
as t he latest F100-PW-l0O tank and is in the same position relative to the full oil level as in the
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Bill-of-Material tank. The air and oil mixture is fed into the cylindrical deaerator tangentially at
the top. As the mixture circulates in the cylinder, centrifugal force separates the lighter air from
the oil. The air is fed out the top of the deaerator to the breather system while the oil drops to the
bottom of the tank.

The tank has a modified AN-type connector for connecting the main supply pump
plumbing, and a drain boss is provided to drain the tank while it is installed in the rig. A dipstick.
calibrated after tank fabrication was completed to allow for tolerances on the sheet metal walls,
was provided to check the tank oil level. The dipstick was not left in the tank during operation
but was insDrted by the test operator through a port in the rig outer case.

(3) System Test Rig

The system tests were conducted utilizing the F100-PW-100 No. 2-3 bearing compartment
rig (No. F34024) as the test vehicle. Arrangement of the pumps, drive train, and tank within the
rig is shown in Figure 18. This rig was designed to test a Bill-of-Material No. 2-3 compartment
and towershaft at conditions simulating a typical fighter mission. The environment was matched
to flight conditions by controlling the air pressure and temperature around the compartment as
well as the oil supply temperature and rig speed. The thrust loads on the No. 2 and 3 bearings
were controlled by thrust balance pistons at the front and rear of the compartment. Both the high
and low rotors were driven off a single coaxial gearbox mounted on the rig.

This rig was modified for the Compartmental Lubrication System Tests to accommodate an
internal oil tank, supply and scavenge pumps, and a gear train to drive the pumps. The front
bearing support was redesigned to accommodate the oil tank. The No. 2-3 cross over support was
redesigned to accommodate the pump and to allow space for the pump drive system. The front
support ring was partially removed to provide for oil tank volume. The remaining portion of the
ring was found to be sufficient to mount the oil pump package and drive system. A ring was
designed for the front ring flange to mount the tank and front support. Access holes were provided
through the rig for oil fill and level indications in the internal tank. The tests were conducted
without a gearbox. The only towershaft power extraction was for the pump drive system.

A flow schematic for the system test rig is presented in Figure 20. Oil from the tank supply
port was routed to the high-speed pump inlet through an internal rig line. Pump discharge flow
was fed out of the rig and through a magnetic chip detector and 70 micron filter. A flow bypass
valve in the pump provided for pressure relief above 175 psid. Downstream of the filter, the oil
was routed through a flowmeter and then through a stand mounted shell and tube heat exchanger
which was used to control the temperature of the oil supplied to the rig.

Approximately half of the oil was supplied to the rig oil jets. The remainder was bypassed
and sent to the No. 1, 4, and 5 compartment oil tank inlet after having air simulating No. 1, 4,
and 5 compartment labyrinth seal air leakage mixed with the oil. Oil fed to the
No. 2-3 compartment jets was gravity drained to the bottom of the compartment after cooling and
lubricating the bearings, seals, and gears. The scavenge element pumped oil from the bottom of
the compartment and transported it to the oil tank where it was combined with No. 1, 4, and 5
compartment flow in an internal tee before entering the tank deaerator. After being deaerated,
the oil dropped to the bottom of the tank where it was again supplied to the system. Air separated
from the, oil was vented out the top of the rig to a stand-mounted breather tank. Because this rig
did not have a deoiler and breather valve system, any oil mist that settled to the bottom of the
breather tank was returned to the oil tank by a stand-mounted low capacity pump. The test stand
also had an ejector system which reduced breather pressure to simulate altitude operating
conditions.
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c. D.slgn Crftsr la

(1) Sy.tem Pr uurs

Maximum and minimum allowable design values for oil supply pressure and breather
pressure are presented in Table 17. During the system tests , supply oil pressures were allowed to
fall out based on preset oil flowrates but did not exceed the limits shown .

TABLE 17
SYSTEM OIL SUPPLY AND BREATHER PRESSURE

Maximum Minimum
Oil Pump Pressure Rise (paid) 195 40

No. 2-3 Oil Supply Relative to 80 10
Breather (paid)

Breather Pressure (psia) 30 3

Breather pressures and rig environmental pressures which were set for the system tests are
given in Figure 21.

(2) 011 Flowrat•s

Oil jets for the bearings were sized to provide lubrication and cooling and thus maintain
bearing clearance. A design criterion of 100°F differential between oil supply and race
temp erature was used. Seal oil flows were sized to maintain acceptable seal temperatures while
limiting mechanical churning heat generation. All gears were mist lubricated. Overall
compartment temp erature rise was limited to 100°F. A summary of oil flow to each component
jet at sea level intermediate power conditions is given in Table 18. Total compartment oil flows
for the test mission points are given in Figure 21. Individual jet flows for the mission points are
in proport ion to the sea level intermediate values. Oil type used for the test was MIL-L-7808G.

TABLE 18
SYSTEM RIG OIL JET FLOWS

AT SEA LEVEL INTERMEDIATE POWER

No. of Flow Per Jet
Jet Location Jets (ppm)

No. 2 Front Seal Plate 1 4.5 to 6.0
No. 2 Bearing and Rear Seal Plate 1 16.0 to 19.0
No. 3 Front Seal Plate 3 2.0 to 3.0
No. 3 Bearing and Rear Seal Plate 3 11.0 to 13.0
Upper Towershaft Ball Bearing 1 0.5 to 1.5
Lower Towershaft Ball Bearing 1 0.5 to 1.5
Upper Idler Gear Ball Bearing 1 0.5 to 1.5
Lower Idler Gear Ball Bearing 0.5 to 1.5

Totals 61,5 to 79.0

An internal manifold was designed to provide adequate cooling for the oil pump high-speed
gear train bearings. The manifold, tapped into the main bearing supply jet , distributed oil to each
idler shaft bearing and to the lower towershaft bearing. The upper towershaft hearing was
lubricated by existing oil jets in the No. 2 bearing support . The minimum allowable jet size was
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Rotor Spead B.aring Loads
TL it Oil Supply High Lov No. 2 No. 3 Breat h

Flight Point , Ts~~sratu rs , 12, N , Bearing, Bearing Press u
Point Condition °y rpm lb lb psia

I Sea Level Idle 15 207 9140 6581 848 1503 14.7

2 climb 3 192 13009 9367 5243 9291 12.2

3 Cruise ~~at 31 251 10912 7857 1721 3050 6.8

4 Combat 5 196 12909 9295 4181 7410 8.3

5 Cruise Beck 27 251 10912 7857 1721 3050 6.8 
-

6 Sea Level Idle 16 233 9140 6581 848 1503 14.7

Total — 97 Minutes (31 Cycles Rsquired for 50 Hours of Test)

_______________ _____________ ___________ ________________________ ____________ 
Rig Cent

Forward ____

Cavity A

~~~~~~~~~~~~~~~~~~ Low Rotor (N 1)

Oil Tank

_________

Figure 21. System Tea
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No.2-3 Co.pt. Rae. N-a.
Compartment Pressures sad Temperatures Siemlated No. 1,4 ,65 Oil Flaw 2-3 Compt

~~T Breather Cavity “A” Cavity “5” 6 “C” Compartment Seal Air Rate Oil Temp.
iwing Pressure Pressure , Tem~~ratu re , Pressure , Temperature , Leakage Lise

pets psia Up p u s  °Y pph ppm (Supply
to Dis-
charge)

OF

14.7 15 136 18 195 46 56 304-5

1 12.2 36 429 69 588 200 80 904-10

0 6.8 18 234 25 349 56.6 67 38+5

10 8.3 29 408 55 568 160 79 82±10

10 6.8 18 234 25 349 56.6 67 3845

14.7 15 136 18 195 46 56 30+5

Rig Center Line 
_____________ ______________ ______________ - _____________________

High Rotor (N2) 
-

_ 
_  _

_  

-

Cavity B 

_ _

_

_ _  _  

-

ETf
- 

I. System Test Conditions
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set at 0.035-in, diameter to prevent particulates from blocking the jets. This required that an
orifice be provided at the inlet to the manifold to reduce the pressure drop across each of the three
supply jets. The oil was directed on the bearings in the direction each bearing is pumping oil (a
thrust-loaded bearing pumps air and oil in the direction of thrust on the outer race).

(3) D airatlon R.qulr m•nts

During the preliminary design phase, an analysis was conducted in which labyrinth seals
were used in the No. 1, 4, and 5 compartments in conjunction with scavenge pumps sized to
minimize air leakage and to prevent compartmental oil loss during engine deceleration. The
analysis indicated that this scavenge breather system was practical from both an air leakage and
an oil retention standpoint. Seal leakages, which were oil tank deaerated, were over three times
that of conventional engines , but component bench tests conducted during Phase Ill , Task II
have demonstrated the capability to deaerate this quantity of air with the can deaerator tank.
No. 1, 4, and 5 compartment air fiowrates whi ch were deaerated in the system rig at the mission
test points are tabulated on Figure 21. The values shown on Figure 21 reflect the use of labyrinth
seals in the No. 1, 4, and 5 compartments .

(4) Rig Sp ed

Maximum design rig speeds are 13,900 rpm for the high rotor, 10,008 rpm for the low rotor,
26,702 rpm for the towershaft, and 10,000 rpm for the oil pump. Main shaft and towershaft speeds
were selected to corr espond with the F100-PW-100 engine values. High and low rotor speeds for
mission points are tabulated in Figure 21. The rig coaxial gearbox drives both main shafts at a
fixed gear ratio. The low rotor speeds were obtained by setting high rotor speed and applying a
fixed gear ratio. A trip signal is provided on the drive to limit rig overspeed on the high-pressure
rotor to i4,000 rpm.

(5) T.mpiratur .s

Oil scavenge temperatures were maintained below 300°F for all mission points. Maximum
oil supply temperature was 251°F. Environmental air temperature was a maximum of 429°F in
the front cavity and 588°F in the rear cavity. These temperatures correspond to the F100-PW-100
values at the selected mission points. Oil and air temperatures for each mission point are
tabulated in Figure 21.

(0) Structural Limitations

Short time allowable material stress limits were set at:

• Bending Stress — 1. X 0.2 percent Yield at temperature

• Tensile Stress — 1. X 0.2 percent Yield at temperature

• For the Oil Tank:
Buckling Factor of Safety � 4.0
Bending Stress Factor of Safety � 3,0
No creep problems because the maximum temperature was 300°F.
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(7) Drive Gear Alignment

The .JT9D main gearbox gear shapes and bearings were used for the pump drive train
because t he~- provided the required speed ratio. Consequently. tolerances onì bearing fit s and
location of bearing housings were patterned after the .JT9D main gearbox. Dowel pins or pilot
diameters were used to ensure accurate alignment of mating parts . Tolerances were stacked f~r
the towersha ft -to-idler shaft mesh and for the idler shaft-to-pump gear mesh and then input into
the spur gear design program ( PWA Computer Program No. 5905) to determine tooth thickness
reduction requirements.

Table 19 shows the tolerance stack for the towershaft-to-idler and idler-to-pump meshes
along with the required and JT9D tooth thickness reductions. These values show that the two
drive train gear meshes could accept additional tolerance stack without danger of binding.

TABLE 19
DRIVE TRAIN TOLERANCES

Required Tooth JT9D Gear Tooth
Tolerance Thickness Thickness
Stack-up Reduction Reduction

Mesh (in.) (in.) (in.)
Towershaft-to-Idler ±0.0090 0.004 to 0.008 0.0055 to 0.0095

Idler-to-Pump ±0.0138 0.007 to 0.011 0.0075 to 0.0115

(8) Gear Pump Tip Speed Limitations

Gear tip speeds were maintained below 30 ft/sec to prevent a reduction of the static oil
pressure below the vapor pressure of the oil which would cause a cavitation condition. This
criterion is based on previous successful operating ranges for Pratt & Whitney Aircraft oil pumps.
It was necessary to reduce the gear diameter and change the number of teeth and gear pitch,
compared to conventional pumps , to prov ide the required capacity without exceeding the tip
speed limit for a 10,000 rpm speed operating condition.

d. Design Approach

(1) Utilization of Existing Hardware

The existing F100-PW-100 No. 2-3 bearing compartment test rig (No. F-34024) was chosen
for testing the Compartmental Lubrication System critical components as an integrated system
under engine conditions. This choice avoided the cost of an all-new rig. A primary design
req u irement of the Critical Component Design Task (Phase HI, Task I) was to make the pump
and tank as compatible with the existing rig as possible to minimize rig changes.

The system selected in Phase II of the study contract was based on an engine with the
gear box located on top of the eng ine to provide more volume for an integral tank at the bottom
of the compartment. However, excessive costs required to modify to No. 2-3 compartment test rig
for inverted operation dictated the use of a self-con tained oil tank to keep oil off the high-speed
pump drive gears driven off the normal towershaft ~ocation at the bottom of the compartment.

During Task I of Phase III , preliminary gear drive layouts were made to determine
approximate gear diameters required to ratio the speed from 26.70a rpm at the towershaft gear to
10,000 rpm at the pump. These initial studies utilized the pump drive gear from an experimental
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small engine (ST9) oil pump. New idler and towershaft gears were used. The pump location was
based on these preliminary studies .

When Task III began , a review of existing Pratt & Whitney Aircraft gearboxes was
conducted to find a double-gear idler shaft which could be meshed with new towershaft and pump
gears to provide the proper speed reduction . A set of three gears used in the JT9D gearbox provide
an oil pump speed of 10,158 rpm at a towershaft speed of 26,700 rpm. Although the hub of the
pump and towershaft gears were not compatible with the pump shaft or towershaft gear , it was
determined to be less expensive to reoperat.e existing gears than to make new gears.
Subsequently, it was found that extra production gears were unavailable from the JT9D program .
and it became necessary to fabricate new gears. However, the JT9D gear designs were utilized
with modifications to the drive shafts .

(2) CompatibilIty With Existing Tsst FacIIIti•s

The full-scale system rig was designed to be tested in the Pratt & Whitney Aircraft ,
Government Products Division component test facility in D-area. Test stand modifications were
limited to plumbing, instrumentation , and rig drive changes. The rig mount and coaxial drive
gearbox existed from previous testing.

This test facility had the capability of setting bearing compartment conditions that
simulate typical missions on advan ced aircraft by controlling the air pressure and temperature
around the compartment as well as the oil supply temperature and rig speed. Environmenta l
condition s surrounding the compartment could be varied to match those corresponding to
subsonic and supersonic flig ht points . Simulated altitudes from sea level to 60,000 feet can be run
for the full range of speed conditions. The thrust toads on the No. 2 and 3 bearings were controlled
by thrust balance pistons at the front and rear of the compartment. The stand can supply up to
3 tb/sec of airflow from subambient conditions to 200 psia at air temperatures from ambient to
1000°F. Oil flows can be varied and controlled up to 200 lb/m m with temperatures from ambient
to 400°F. Rig speed can be varied up to 14,000 rpm.

Control room instrumentation consisted of gages and manometers to monitor compartment
pressures and air flowrates. Digital thermocouple temperature readouts allowed monitoring
through muttiposition switches. Temperatures of the compartments, bearings, and oil were
closely monitored on digital readouts. Vibration levels of rig and gearbox were displayed
continuously on meters. Digital readouts were used for monitoring oil flowrates, rig speed , and
pump speed. Standard sharp edged, calibrated orifices were used for air flow measuring. Selected
bearing outer race temperatures, rig internal vibrations , pressures, and speed were recorded on
o-graph for continuous monitoring while on endurance running. Stand data were taken at regular
intervals to provide for adequate data reduction.

(3) D.sign Constraints

The only constraint placed on the system design was to provide oil supply for an F100-
PW- 100 sized lubrication system while locating the oil supply and scavenge pumps, along with
the oil tank , within an existing F100-PW-100 bearing compartment rig. This required running the
pump at high speed to reduce the size of the drive gear train and pump volume. It also required
reducing the tank volume by 8 percent, compared with the F100-PW-100 tank. Oil type used for
sizing the pump was MIL-L-7808G. The deaeration system was required to deaerate up to
200 lb/hr of air to simulate leakage from the No. 1, 4, and 5 compartment labyrinth seals.
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•. OH Pump D..lgn

(1) G•ar Selec tion and Tip Speed Consld~ratlona

A gear pump was selected as the type of pump to be used for the Compartmental
Lubrication System. Gear pumps are used for pressure and scavenge systems on most Pratt &
Whitney Aircraft engines. Our experience with this type of pump allowed us to design with a high
degree of confidence to ensure meeting the program objective. The gear size selected was based
upon setting the tip speed about equal to our standard 7-tooth. 6-pitch straight spur pump gear.
This gear runs at shaft speeds on other engines from 2500 to 4000 rpm. The speed selected for the
Compartmental Lubrication System pump was 10,000 rpm and was based upon the desire to
increase the speed to the maximum allowable and to reduce the size of the pump and drive gear
train to fit into the No. 2-3 compartment rig. Experience with a 10,000 rpm pump on the UTFAS
engine demonstrator (ST9) program indicated we could meet the 50-hour endurance test set forth
in the contract.

The final gear size selected for the high speed pump was a 9-tooth, 16-pitch straight spur
gear. The displacement of this gear (0.1686 in. ’Jin. of f ace width ) gave a reasonable face width for
the capacity required and kept the tip speed approximately equal to experience levels. Gear tooth
loading was an insignificant factor in selecting this size gear because the gear tooth stresses are
extremely low . Calculations for the gear tooth stresses are presented in Appendix K. Design safety
factors are presented in Table 20.

TABLE 20
GEAR TOOTH DESIGN MARGIN

Design Parameter Design Safety Factor
Hertz Stress 2.038
Dynamic Tooth Loading 1.405

(2) O a r  Length and L.akage Calculations

Required gear length was calculated by two different methods: ( 1) by scaling the gear teeth
50 times size and measuring the displacement between teeth , then applying a volumetric
efficiency ; (2) by scaling the measured output and calculated effective leakage area of a low
capacity experimental pump of a similar configuration (ST9 pump for UTFAS demonstration)
up to F100-PW-100 output flow requirements . Excellent agreement was obtained by the two
methods of calculation . These calculations were confirmed by measured pump capacity values
during the component and system tests. An outline of the procedures follows:

(a) Pump Capacity Scaled From Layout

• Required supply pump capacity is F100-PW. 100 intermediate power flow plus a 15 percent
over capacity.

Required Supply Flow = 152.5 ppm + 15 percent over capacity
152.5 + 22.9 = 175.4 tb/mm

• Required scavenge capacity is two times the F100-PW-100 No. 2-3 compartment flow at
intermediate power to allow for an air-oil mixture (two component flow) .

Required Scavenge Capacity = 2 X 88.6 = 177.2 ppm.
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• Figure 22 shows the mesh betwee n the two 9-t ooth , 16-p itch , 28.degree pressure angle straig ht
spur gears for the high speed pump, sca led 51) t imes size. The ross-hatched area is the pu mp
disp lacement between teeth. Pumping occurs when the oil is displaced between the pomp
gear teeth and the housing sleeve on opposite sides of the pump, 181) degrees from the gear
mesh. The calculated area between teeth was found to be 0.009367 in. ’/tooth.

• t in der the conditions of 9-teeth per gear and two gears pumping, t he pump displacement per
inch of gear lengt h is given by:

Displacement 0.009367 ~~ 9 ~ 2 0.1686 in!/rev-in. of length.

• Given:

Gear Speed 10,000 rev/m m
Density = 60 tb/ft’

Therefore :

Flow = 0.1686 in ’/rev-in. x 60 tb/ft ’ X I ft ’/1728 in’ X 10,000 rev/mm
= 58.54 tb/mm -in.

• For a required flow of 175.4 tb/mm and an assumed volumetric efficiency of 88 percent:

Pressure Pump Face _ 175.4 lb/mm
Width Required (58.54 lb/min-in .)(0 .88) 3.4100 In.

This gear width had to be split in half t~ provide acceptable )oumal bearing lengths.

• Scavenge pump volumetric efficiency was considered to be close to 100 percent due to low
pressure rise across this pump and consequent low leakages . At a required flow of (2)(88.6) =

177.2 tb/mm :

Scavenge Pump Face Width 5~~~~ t,~~~ i’-?n. 3.027 in.

(b) Pump Size Scaled From Low Capacity ST9 Pump

Because test data was available from the ST9 pump which had a nonconventional gear
configuration (9-tooth , 18-pitch), like the Compartmental Lubrication System pump, it was
decided that a good check on the pump size could be obtained by scaling the ST9 pump up to the
required FI00-PW- 100 oil flows.

Running clearances were calculated taking into account thermal growths at 300°F using
minimum , maximum , and nominal dimensions. Where actual ST9 pump measurements were
available; however , these values were used to calculat.e leakage areas because they corresponded
closely with the maximum tolerances and could also be correlated with the pump data.

ST9 oil flow data was corrected for density differences between the M114-L-23699 oil used for
the small pump tests and the MIL-L-7808 oil used for the Compartmental Lubrication System
tests.

Three leakage paths were identified for the pump: ( 1) past the end plates , (2) through the
clearance between the gear teeth and the liner , and (3) between the housing and liner.
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‘l’he ST9 pump leakage was ca l cul ated as the ’ difference ’ in out put flow at 1) psid and at151) mid.

End plate leakage for the new pump ~ as assumed to he the same as tha t  of th .  ~‘l’~ jnhln pw hile gear tooth and housing t .  lin er lt ’akagi ’s we’re evaluat ed as a fun e t ion of gear length -

Pressure’ loss constants were calculated leer each leakage path.  i’he’ end 1)lates we’re’ t reated
as ori fices. The gear tooth leakage p ath s’.as tr eated as three ori fice ’s in series because thr ee teet hcan he in contact w ith the liner at a given Ime ’ . The h en i sing .t u . l in er  flow pa th was treated as an
inlet and exit loss plus a frictional loss, p lus a loss due to the leakage path length.

An equation was formulated wi th  the required output flow equal to the no-leakage pump
capacity as a function of length minus the eehe ll-t o .housing leakage as a function of length minus
t he end plate leakage. This equation was t hen solved for required pump element length.

Leakage for the scavenge pump was assumed te ) be negligib le because the pressure
diffe rential across the pump is small. Pump length was then calculated as the required flow
divided by the flow capacity per inch of pump element.

Pump element lengt h was calculated to be 3.35 in. for the supply pump and 3.03 in. for the
scavenge pump. Detailed calculations are presented in Appendix K.

(3) Shaft Seal Selection

It was determined in the early stages cef the pump design effort to use seals on the pressure
pump shafts to eliminate a leakage path through the shaft journals. This proved (C) be an
economical means to improve the volumetric efficiency on the pressure pump. A teflon type
spring loaded radial shaft seal marketed h the Flurocarbon Company, Mechanical Seal Division
under the trade name Tec-Ring, was selected for this application .

(4) Journal Bearing Loading and Sizing

The approach used in sizing the high-speed bearing journals was to design to the same unit
loading as the F100.PW- 100 pump journals while maintaining ot her design criteria of minimum
Sommerfeld Number and maximum journ al length-to -diameter ratio based on Pratt & Whitney
Aircraft engine oil pump experience. The Fl00-PW-I00 uses carbon insert journals similar to the
Compartmental Lubrication System pump. Because the F 100-PW-l00 pump journals have a
design life of 6000 hours and have been trouble-free in production engines , it was concluded that
this approach would provide for a safe design. Supply and scavenge pump journal lengths are
presented in Table 21.

TABLE 21
REQUIRED JOURNAL LENGTH

P ump Journa l Length Per Element End in.
Supply 0.491
Scavenge 0.250

A procedure has been developed at Pratt & Whitney Aircraft for calculating resultant
bearing loads taking into account the variation in pressure around the pump. Using this
procedure, the unit load on the Fl00.PW- 100 journals was found to be 443.9 lb/in ! The derivation
of this analysis and the detail calculations of these results are shown in Appendix K.
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(a) Preasure Pump Journal Size

The Compartmental Lubrication System pressure pump journal lengt h for a unit load of
443.9 tb/in.’ was then calculated:

Pump Puramet era

Horsepower — 2.0 per each of two pressure pumps
Nominal Flowrate — 150 lb/mm
Density — 59 tb/ft’
Pump Spsed - 10,000 rpm
Gear Face Width (W,) 1.675 in.
Pum p Rise 150 lb/in ’

Torque — 
21~~ - 12.6 in -tb

Gear Pitch Radius (R) — 0.281 in.
Gear Outer Radius (r) 0.340 in.
Preseure Angle (8) — 28 deg.

Based on the derivations given in Appendix K:

• The hydraulic load in the X-direction (toward the pump inlet) is given by:

Fax = 1.636 (W ,) (j r) (Pm1.,)
1.636 ~ 1.675 x 0.340 ~~ 150 = 139.75 lb

• One-half of the torque is transmitted to the driven gear and one-half absorbed
by the driver gear. The tangential load due to t orque is given by:

F~ -

— 0.281
— 22.42 1b

• The gear teeth separating load is the only y component load and is given by:

F, — F , — F1 tan 8
— 22.42 tan 28 deg
— 11.92 1b

• The idler gear absorbs the major load because the hydraulic and tangential
loads are in the same direction . The resultant X component load cia the idler
is given by:

= F55 + F ,
— 139.75 + 22.42
= 162.17 1b
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• The resultant idl.r load 1. then given by:

Fl = ‘I P 111 • + PIP
.

— ‘~/ (162.17)’ + (11.92)’
— 162.OO lb

• The load on sich of the two journals is given by:

Journa l Load — — 81.30 lb

• The unit pressure load on the journal is the journal load divided by t he
projected j ournal area:

unit pressure load - 
~~um.l dia) (j ournaL length)

tising the unit pressure load calculated for the F100.PW-100 pump:
- 

81.30
(0.373)(L)

Journal Length iL) - 0.491 in.

(b) Scav*rg Pump Journal Size

Tb. required journal lengt h for the scaveng, pump was calculated using the same procedure
as for the pressure pump. A. shown in Appendix K the required length was onl~ 0.079 inches . A
journal length of 0.250 inches was selected based on experience from Pratt & Whit nev Aircraft
designed scavenge pumps .

(C) Of hv Dseign Conaldsrationa
Pratt & Whitney Airc raft practice is to provide s minimum Sommerfeld No. for an oil pump

journal bearing of 5 \ 10 • This is based on studie s of il’3 and JT $ oil pump s. The Sommerfeld
No. is defi ned as:

where : ~e — viscosity of oil, tb,-sec/in !
N — shaft speed, rev/sec
P - Projected pressure, psi
R — Journal r*dius , in.
C - Diametra l clearance, in.

For the high speed pump journals, the Sommerfeld No. is well above this criteria.
(2 .9 1 \ 10 ‘ lb1 sec/in!) (10,000 rev/mm ) (1/60 nIinJsec) ( 0.1865 in\

— 443.9 tb/in ! ~ 0.0015 1
a 16.89 ~c
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It is also design pra cti ce , based on a number of pump designs, to maintain u journal
lengt h/diameter of le~. than 1. 50. If a bearing is excessively long. th c  bending of the shaft in the
journal may cause journal-bearing contact at the bearing ends. As shown below , the high speed
pump meets this  criteria.

( L \
\ D / supply 0~373 1.32

journals

( L 
— 

0.250 
— 067

“~ D / scavenge 0.373
journals

(5~ Housing Design

The pressure pump and scavenge pump were stacked in series and packaged into a single
pump housing assembly. One element of the pressu re pump was driven directly off a drive gear .
and the other element and the scavenge pump was driven through quill shaft.s from the first pump
element. The housing assembly was made up of a center housing for the gears and bearings and
a pressure relief valve plus two side housings which are manifolds for the oil in and oil out.
Because only two sets of pump housings were purchased for this project , it was dec ided to
machine the housings from plate stock rather than to design and purchase cast housings. A cast
housing could be designed to reduce weight and size as well as complexity but was not warranted
for this program.

The housing stress is very low. The maximum stress within the housing is the f lat pl a te
stress on the discharge manifold due to 150 paid ~ P across the wall. The stress margin of safety
at this location is 5.94 as shown in Appendix K. The pump housing mount lugs that attach to a
ring in the rig are lightly loaded which results in minimal stresses. The mount lugs were designed
for stiffness to ensure proper alignment of the pump drive gear to the drive mesh.

The criteria used for sizing the inlet and exit manifolds are based on P&WA experience
factors to ensure smooth steady oil flow within the pump system. The inlet line was sized for a
flow of 5 ft/sec while the exit line was sized for a flow of 15 ft/sec. Calculations are shown in
Appendix K.

(I) Material Selection

A high durability pump was the prime consideration in selecting material for the high-speed
pump. The gears are made of AMS 6470 and the gear teeth and shafts are nitrided to a DPH
hardness 850 minimum to ensure good surface wear. The journal bearings are constructed of
graphitic carbon sleeves pressed into housings. Press-fit stress calculations are shown in
Appendix K. This type of carbon bushing has been demonstrated in P&WA engines to be a
simple , durable-type journal capable of long life in oil supply and scavenge pump environments.
No special pressure grooves are required within the bearing jou rnal to maintain an oil film for
lubrication .

The pump housing and bearing housing are made of AMS 4117 aluminum alloy. This
material was selected primarily for the ease of machinability and good strengt h characteristics.

The quill shafts used to transmit torque through the pump stages and to the scavenge pump
are made of AMS 6488 tool steel. The teeth are nitrided to a case hardness of DPH 850 minimum 
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to  e’ns t irr  b u g  ~ ear I i t t  Torque ’ cee p~~ I t  ~ as we ’ll a ’. t is ’t Ii ht ’ar iiig tind “h ea r ..t re .~’. - . . l~~~t i  t a t  ~ i i ’. t ot

he’ qu i l l  shaft arc given in Appcndi~ K

(7) Bypass Valve Desig n

R i t a t i s i ’ t hi ’ it i l  tlt ,w ant I j r s .”t ire rt ’quir t ’mi .nt s  tot  t he h i gh  “peed pump ir e  ident icti l t o
t h ’~i ot t he’ E’ lt~~- PW lt ~ engi ne’, t he’ I~’i~~> 1~~~~~

• 
- Mi hv~ a~~ vak i  ~~as ~t I t c t t d  lor h i

(‘iou part ment a l  l .uh r ie -at i~’n Svst em pump ,  t h e  int ernal  petii ’nt ii i  the f~ ~~ I i\~~ ~~~~~~ va lve
we’re ascii and titled into the hi gh -speed pump hinising The ~ alve “ 8 sprin g liiade’d . iii o~ abl e
st~.it t on t ig u ra t u t i n  t hat se’als on a ti ~ e~d v t t l~ -t ’ The al~ e’ assembly is adtuste ’d to  ~~~~~ oil fro m
the porn p diseharge’ back to t hi’ pump in le t  at pump pre ssure dif fe rent l i i i ”  ahovt~ I 7~ psid l’his

to  protec t the housing fro m excessive ’ Pressure’ durin g cold oil si ar ts  or de ,wiist ream blockage ~

I. Oil Ta nk Design

(1) Deairator Design

A com prehensive tes t program was conducted at Pratt & Whitney Aircraft in 1974 to
evaluate  tw e lv e different oil t ank  detierat ion schemes tor possible incorpor ie t ion in the
F 100-l’W. 100 oil tank.  A windowed tank was used to allow visual observation of the deat ’ration
phenomena The visual (j iffe rences in deseration qualit ies among the various schemes were’ so
apparent t hat no analy t ical evaluation method was required . The selected scheme has been
inc luded as Ri ll of Material on the FItX)-PW- looeng ine since November 1975 as P N  4044275 and
was selected for the ’ (‘ompart mental  Lubrication Svst em tank.

The deserator tx~iv is a cs lindr ical can type contigurat ion . The air-oil mixture enters th e
e~ hnder tangentia lly at the top and at an angle with the cylinder centerline ’ so as to centrifuge the
oil around the II) of the deserator and direc t it toward the bottom to prevent splash out at the top.
The bottom of the  cy linder is covered , and four s!ot~ ~ in. by 2 in. arc prov ided on the side of the
deat ’rator . near t he bottom to allow the deaerated oil to fl~ s. to t he bottom of the tank.  l’he air
exit s through a curved pipe at the top of the deaerator . The 1974 testing also disclosed that
‘
~~ -in heiles , drilled in the entry tube, discharged mostly air and reduced the violence of th e ’

disc harge Into the deserator ‘ren holes, similar to the F 100-PW-l(X) design , are’ included in the
entry tube  to the t ’ompartmenta l Lubrication System desera t or. The air/oil mixtur e enters a
e irt ’u lar -to . rectangular transition as it is fed into the deserator to flatten the flow and provide for
a better distribution of the flow within the cylinder. The deaerator is mounted at the same level
relative to the full oil level as in the F 100-PW .l(X) but at a sli ghtly more inclined 1x~eition from
vertic al because of the shape of the tank.

The F100-PW-l00 deaerator separates approximately 60 tb/hr of air while the rig deaerator
had to separate 200 lb/h r of air due to the labyrinth seals used in place of the carbon seals in the
No . 1. 4 , and S bearing compa rtments. Component bench tests have demonstrated the capability
of this deaeratnr to handle the required air/oil flows .

(2) Tank C.p.clt) Calculations

The oil tank capacity, calculated as shown on Figure 2~i . was found to be 2.78 gallons. The
full level was determined by the placement of the deaeratnr in the tank and the requirement to
have the full level at the same location relative to the deaerator as in the F 100.PW-l(X) oil tank
i n order to ma int a in deaeration condit ions as close as possible to the Ft00-P\V.li$) tank .
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A dipctick was provided with the tank to measure oil levels. This dipstick was calibrated
during the component bench tests by adding oil , one quart at a t ime, and ma rked using the noted
location of the wetted indication on the dipstick. This procedure revealed the actual 2.75 gal level
to be 0.4 in. above the calculated level of Figure 23.

(3) Internal Plumbing —

Oil from the scavenge pump flows into a tee inside the oil tank , t hrough a short jump er tube ,
and mixes with No. 1, 4 , and 5 compartment oil entering another leg of the tee. The oil then flows
throt gh a 7-in ,  long tube to the deaerator inlet. This is the tube with holes mentioned previo usly
in describing the deaerator design .

A 1-inch diameter tube is welded from the outer wall to the inner wall of the tank to provide
a passageway for an oil-in tube which supplies oil to the engine bearings. Another 1-inch diameter
tube is the guide for the di pst ick.

A boss is provided at the bottom of the tank for draining the oil , and a port at t he top of t he
— tank allows the air separated from the oil to escape . This top port also allows the pressure in the

tan k to be reduced with a stand mounted ejector to simulate various altitude flight conditions for
t he system tests and to check the pump ’s suctio n capabilities during bench tests. All external
fit t ings were provided with threaded holes to attach fittings for the component bench tests.
During the system test , t he fittings were attached to the rig outer case and plugged into the tank
plumbing with pi loted 0-rings .

(4) Mounting Flange Analysis

The oil tank was supported at three locations by brackets welded to the outer surfaces of the
ta nk Stre’s’. calculation s are included in Appendix L and are summarized in Table 22. Stresses
were ca lculated for a tOg load in the axial direction .

Each of the brackets are fully support ed by either a mount ring which is part of the rig outer
case ( Flange A )  or by the No , 2 bearing and seal support flange. This reinforcement limits the
deflection and hence the stress in the mount brackets and the walls to which they are welded.

TABLE 22
OIL TANK MOUNT ING FLANGE STRESS CALCIJ-

LAT1ONS

(‘akula ted Safety 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

B

Region Stress Al lowabl e Fa ctor Wall A
Bracket A 12 ksi ~~~ ksi 7,9
Wall A 7 .4 ksi 94.5 ksi 12.8 Bracke t A /
Bracket B 8.5 k~i 94.5 ksi 11.1 - “ Bracket B
Wall B 727 ksi 94.5 ksj 1.3
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(5) Tank Pressure Capabilities

The t ank  exper ienced ii  • prr ’.,’.tl r i ’ dt f t e ’ re-n itd duri n g —~ ‘l i - i t  i e’i t u g  hi ’~ u i — i ’  ! h i ’ ) ir t ’at her
port eeas open i. th e  rest .4 the r ig ~e ~ . ,  ‘ . i r r ’ i i r i t t ’ .  hi t an k  I )u r lng • r r t ; . ’ i i i ’ r i ~ n- —i 1i~~ ec~ .-r ,

the tan k in ternal  pre’.~i i r i  ~~ii ’. r rd i u i’d i ?  j .~ t t  or .. ; n’ ’ .— n ~i l l i - r . ’ r i ’ i i ~ i 12 7  p ’.id I iu Lir gi -

ou t e r  sur tat e ut the tank ~~tt~ sub ject to ex t ernal  .i : ~~~’: ~ i ~oi - ’. ’. i r i ’ and , I - ~— hi- j . . , ’ . ’ . i fu I i t~ ‘i

buc kling .‘~ i ’.te-d In adeli t u n . the large ~ t i n  3! — u r h i ,  .- — at  r . .  t r ’nT t i n t  rear i tun ’r  ~urtaces were
large loads r e - s t i l t  t u g  in s i g h t ’ - too bending —i re sse’.

Str ess ca lcul ations arc shown in Appendix I - and ‘ . u r i t n i t i r i .’~- l  i i i  ‘I ’ iib li 2 t  .‘~ pre ssur e
di fferential of 12 paid was utilized in th e  c-a k - c itat ion ’. M i n i m u m  t actt irs ol siil, ’t v o14 for bu ckl ing
ten d t .ir be n d ing st rt’ss were c~t ahl ish ed Be’cause ‘it ’ t h e  welded ho~ ‘tru ci ire of the ’ tank . al l
‘t i t t t e c t ”  were considered to he comp lete r in g s . .\ tank wall t h i c k ne - ~s of ( I o:~i in .  wits f i r s t
considered , hut this resulted in a buckling pressure •~~t 1t 9 psid a nd an unsatisfactory factor ii)

safet of 1 4 The selected wall t h i ckne ’ . s  of &i . (~~2 in .  provided a cri t i cal  buck ling pressure’ of
95 4 paid and 2 times t he required sa fety factor.

t)epending on the method of support considered for the two conical ‘~ur I ac -es . the stress cou ld
be as hig h ..~t 20,040 psi for the forward cone and 1 , 400 p—i t i . r  t he ’ rear cime

I’ABLE 2~
011. TANK S1’RESS ( ‘Al.Ct l.A ’FION S

( r i t u a l  l~~~-~ ~m Factor if Riquir ed Fact or
Locat ion Pi-e ’.s ,su r, ’ !‘~ l l)  Sat et~ of Saf e ’t~ ~~~~~~~ I ’S!

Outer 95.4 $0  4 , 0 NA
J. Su rface

Buckling

Forward NA 3 ,94 3 ( 1 20.040
Conical
Surface
Bending
Stre ss

Rear Conical NA 12.34 10 6,400
Surface
Ben ding
Stress

(6) Tank Algnm.nt and C ompatibility With System Rig

The oil tank is mounted on three brackets as previously described . All f i t t ing s which attach
to the tank were sealed with either piloted 0-rings or conical gaskets. Fittings from outside the
rig plugged into the tank and were supported by the rig outer case. Clearance between the fittings
and the holes in the rig case is sufficient to accommodate the location tolerance between the tank
and the rig case. The large 1.25-in, diameter tube from the tank to the pump inlet was the stiffest
plumbing component and had to he installed before the tank was secured in final position A
stre~ of 17 ,655 psi in the tube would result from imposing a deflection equal to the tolerance
stack up on the tube ’s installed endpoints.
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All  h.sese’x on the tan k were tle ’sign .’d fo r use during sVst I’m test ing its out lined above’ and had
hre’ade’d holes provid ed to  allow at t iec hi ng ext er na l plumbing durin g i ’ilm lxmen t tes t ing  l i t

- t he’
P 1i1111) and tank.

The’ tank external configuration was t ’stabI ished hr the internal  con ligurat ion of the ’ e ’x is t ing
N~. 2-3 bearing comparti ire nf test rig and the ’ thr e e’ gallon capacity requirement - I )u e  to
l imitat ion s imposed by the r ig geomet rv and the PIte~’e’1fle’fl( of the ’ deaerator , the resulting tank
capacity was calculat ed to be 2, 78 gallons .

(7k) Mat.rlal S•lectSon

The oil tank was made front AISI 4 1( ) stainless steel . While ’ th i s  material  is less resi stant to
corrosion than AISI 3(X) series stainless steel , its greater strength was required due to the buckling
loads imposed by the reduced pump inlet pressure testing performed during the component
bench tests , In an actual engine appli cation , this  buckling problem would not exist because the
tank  breather is open into the No . 2-3 hearing compartment , tend the pressure differential would
not exist .

g. High.Sp..d Drlvs Train for Oil Pumps

(1) Gear Design

The gears used on the system test rig were based on gears from th e .JT9I’) main gearbox. The
ori ginal intent  was to use the JT9I’) idler shaft without modifi cation and modify the two adjae’ent
gears to fit the shaft s in the system test rig. This procedure would have’ eliminated the need to
have special gears cut and wou ld have required only new hubs to be cut em two gears , I’roduct ion
requirements of the JT9D program were such , however , that no existing gears were available for
this program. Consequently, the ri g gears , based on ,1T91) gear designs , had to be procured by a
special order.

The gear teeth were checked in accordance ’ with the P&WA design procedures for spur gears
and found to be adequate for the loads tr ansmit ted in the ’ system test rig. Calculations are shown
in Appendix M. Pratt & Whitney Aircraft Computer Program No. 5905 for calculating spur gear
toot h thickness reduction was run with the gear-to-gear tolerances from the system test rig input
into the program. This program calculated a required tooth thickness reduction of 0.004 to
0.008 in. for the towershaft-to-idler gear mesh and 0.007 to 0.011 in. for the idler-to-pump gear
mesh. The actual JT9D gears are manufactured with tooth thickness reductions of 0.0055 to
0,0095 in. and 0.0075 to 0.01 15 in., respectively. The JT9D gears thus meet structural and
geometry criteria.

(2~ Bearing Seliction

Existing Pratt & Whitney Aircraft parts were’ selected for all bearing locations in the oil
pump drive gear train. The idler gear was supported on two conra d ball bearings . These hearings
were axially loaded with a spring washer to positively locate the gear shaft . This also provided
proper thrust load for satisfactory operation with the very light radia l load due to gear reactions.

The towershaft bevel pinion gear shaft in the rig was supported by two ball bearings . In an
engine application , the towershaft pinion would be supported by one ball hearing and one’ roller
bearing because of the much higher gear reaction loads re sulting from the high gearbox power
extraction. This rig application results in such low gear reaction loads that  an internal load from
a spr ing washer was required to provide sufficient thru st loa d for satisfactory operation of the ball
hearings , Spring washer cslculations are given in Appendix M. Hearing parameters are shown on
Table 24.
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TABLE 24
PUMP DRIVE TRAIN BEARI NGS

Bore Diameter Speed
Position (mm) (rpm) DN

Idler (2 locations) 20 17,307 0.35 x 10’
Towershaft (upper) 35 26,703 0.935 x 10’
Towershaft (lower) 50 26,703 1.335 x 10’

(3) Support Flang. Structural Analysis

The loads transmitted from the gear train to the support structure are extremely low. The
structural analysis given in Appendix M shows a design safety factor of 16.9. The design
philosophy was to fit the gear train support system rigidly in the existing No. 2-3 compartment
rig and position the gears closely for smooth power transmission.

~4) Oh Jet Size.

A manifold was tapped off the oil supply line to provide lubrication for the idler bearings
and the lower towershaft bearing. The upper towershaft bearing was lubricated by existing
No. 2-3 compartment oil jet s. The oil jet s were sized as shown in Appendix N. Taking the full
pressure loss across single jets at the bearings would have resulted in very small jets which could
be easily blocked by contamination . It is practice at Pratt & Whitney Aircraft to limit minimum
oil jet sizes to 0.035 in. This was accomplished 1* providing a flow restriction at the manifold inlet
to reduce the pressure at the individua l oil jet s. The resulting oil jet diameters were 0.058 in. at
the manifold inlet e~nd 0.048 in. at each of the bearing supply lines.

h. No. 2.3 Bear ing Compartment Syst. m Rig

(1) Arrang.ment of Components and Alignment

Looking aft , the oil tank was on the right half of the compartment , the oil pump was on the
left side, and the gear train was at the bottom of the compartment. The tank and main suppl y
pump were connected by a 1,25-in, diameter tube, and the scavenge pump was fed by another
1.25-in, diameter tube which extended to the bottom sump area of the compartment . The tubes
both curved to the left to avoid interference with the new front support for the No. 2 bearing. The
discharge from the scavenge pump passed through a short jump er tube which was trapped
bet ween the pump and the ta nk by a shoulder and snap ring on the jump er tube . The jump er tube
was inserted into the tank as far as possible by moving the snap ring as far onto the jump er tube
as possible. The tank was installed in the rig, the jumper tube inserted into the hole in the pump
housing until the shoulder contacts the pump housing, and the snap ring was installed into the ’
groove in the jumper tube.

The main pump discharge passed through a fitting 15 degrees below the horizontal
centerline which plugged into a hole in the pump housing and was bolted to a flat on the rig outer
case. Oil from the No. 1, 4 , and 5 bearing compartment simulator joined the scavenge pump
discharge oil in an internal tee in the oil tank after passing through a fitt in g which was also bolt ed
to the rig outer case and was piloted into a hole on the tank. The same type fitt ing was used at
the bottom of the rig as a drain plug for the tank and rig. A cap closed th~ fit t ing during rig
operation. Removal of the cap drained the tank , and removal of the fitting drained both the tank
and sump area of the rig.
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A cover on the outer surface of the rig sealed a port through which the dip stick was inserted
to check the oil level in the tank.

The gear train was bolted to the bottom of the No. 2 bearing support where the bottom
towei-shaft gear bearing support normally is located. The plate was located by a pilot diameter
and a dowel pin to locate the idler gear shaft angularly to ensure proper gear mesh with the pump
drive gear.

The idler gea rshaft and the lower bevel gear bearing were attached to a large fla t plate which
was bolted to the bottom of the No. 2 bearing support (Reference Figure 17). The oil pump s were
located by two dowel pins in the rig outer case . The pump s were mounted to a portion of an
existing flange within the No. 2-3 rig. The remainder of the flange was cut away to provide room
for the oil tank and the gear train components. An oil distribution manifold wrapped around the
gear train to supply oil to the bearings.

Tolerance on the towershaft -to-idler mesh and on the idler-to-pump mesh was +0.009 in.
and ±0.016 in. respectively. These tolerances were used in Pratt & Whitney Aircraft Computer
Pro gra m No. 5905 to calculate required tooth thickness reduction . The tolerances are less than
could be tolerate d by the gear meshes providing for an acceptable design .

(2) Modhf icatlon to Existing Hardware

The outer case of the existing rig, F34024, was modified to make room for the tank and
pump and to provide mount provisions for external fluid connections.

The forward internal flange was cut almost entirely away to make room for the tank , leaving
lugs for mounting the tank and pump. Flats were added to the outer surface for external fittings .
These fittings included No. 1, 4, and 5 scavenge return , main oil pump discharge , tank drain ,
dipstick port , thrust piston air inlet , and a cover for a pump drive gear clearance slot . All flats
were at the same dimension from the rig centerline. A sheet metal cover was welded over the
normal towershaft opening at the bottom of the case to keep the oil in the compartment.

Large clearance cutouts were made in the No. 2 bearing support to clear the pump housing,
the idler gears , and the upper idler bearing support . External ribs and bosses were rernewed to
clear the tank and pump. A dowel pin was added at the lower rear surface to align the plate which
supports the idler shaft .

A fit t ing was welded to the No. 2 bearing nozzle to supply oil to the gear train oil
distribution manifold.

In order to obtain sufficient volume in the rig oil tank , the engine type forward support had
to he eliminated . This would not be necessary in an engine application of the Compartmental
Lubrication System configuration since making the walls of the tank integral with the
compartment walls would provide the required tank volume. A new support was required which
had to duplicate the radial spring rate of the engine part . The Yale Shell Analysis Computer
Program No. 8330 was utilized with a saddle load applied to calculate the radial spring rate of the
new part. A simple cone and cylinder arrangement yielded a radial spring rate of 1.7 \ 10’ in./in.
compared with 1. 5 ~ 10’ in./in. for the engine part. The stiff cone provides a stable mount for the
carbon face seal , and the thin cylinder provides the desired spring rate.
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(3) internal PlumbIng Structural Analysis

The rig internal plumbing was short in lengt h and stiff resulting in high natural frequencies
above any existing driving frequencies. For example , the oil in line was the worst case and i t s
natural frequency was calculated as follows:

A::KT; Ixed 

:I:1IIk~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
page 9-03

— natural frequency , cpa
K constant for pinned , fixed train = 2.45
g acceleration due to gravity 386 in./sec’
E Youngs modulus = 30 x 10’ psi
I moment of inertia = 0.0247 in.

W = weight of beam per inch 0.040 tb/in.
L lengt h of tube 17 inches

245 [ 3$6 X 3O X IO’ X .0247
~
‘ = 

‘ (0.04) (17)’

f1 — 716 cpa X 60 — 43,000 cpm or 43,000 rpm

Max exciting frequency in rig = 13,900 rpm rotor

SF 13 00 3.09

The hoop stress due to the internal pressure is very low; for example the oil out line pressure
stress was:

Pr 150x,375 .
S T — o.o35 1607 1)51

2!~ yield PWA 770 Mat I — 20,000 psi

SF - 20,00W1607 - 12.44
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2. CRITICAL COMPONENT CHECKOUT TESTS

a. Test Set-Up

I’he pump and tank were mounted in I )-art ’n . I ) -4 stand , as shown in Figur e 24 . The’ pump
- 
- 

Was mounted to , and driven by, a 15 hp ~‘aridrive Ii(’ motor.  The’ tank was mounted such tha t
the distance from the pump inlet to the oil level in the tank was the sonic as in the No . 2- :~
compartment rig. A breather tank was mounted directly above the main oil tank. Aeration of No
2 :1  compa rtment oil was achieved by injecting air into the tank shown to the right of the ma in
oil tank.  Fitting s for oil in , oil out, air in, and air out and instrumentation provided a model of
the engine No. 2.3 compa rtment. Aeration of No’s. 1 , 4 and 5 compartment oil flows was
accomp lished by injecting air directly into the oil line returning to the tank.  Figure 25 shows the
stand schematic.

Figure 18 shows the compartmental oil tank used for these tests . Figure 19 isa disassembled
v iew of the pump housing, gear ehaft a , and sleeves. An F100.PW- 100 Hill-of-Material pressure
relief valve (used in this pump) is also shown.

b. Oil Supply and Scavenge Pump Performance

The oil supply pump was run at speeds up to 10,00() rpm (two and one-half times
conventional engine pump speeds) delivering F100-PW.100 oil flowrates. Sixty hours of
accumu lated run time was logged on two pump assemblies (20 hours on S/N 1, 40 hours on
S/N 2) without any performance deterioration. A pump map was generated from the observed
test data for each assembly at 7000, 8500. and 10,0(X) rpm pump speeds. These maps , illustrating
the delivered oil flowrate .versus-pressure rise characteristic , are shown in Figure 26. The
Kquipment Test Plan guarantee flowrate (superimposed on pump map) was met sat isf~ving the
contractual goal for delivered flow output.

The oil supply pump inlet pressure was reduced from ambient to approximately 2 psia while
operating at 10,000 rpm. At the guarantee point (4 psia inlet pressure ) insignifi cant flow fall-off
was observed. This is illustrated in Figure 27 with the guarantee point shown superimposed .

Figure 28 shows the oil supply pump lift capabilities at 10,000 rpm. Delivered oil llowrate
is shown unaffected when oil levels in the tank were as much as 24 inches below pump inlet .

The operational curve for the cold start bypass valve is shown in Figure 29. This valve , an
FlOO -PW .100 Bill-of-Material component, had an observed bypass threshold point at the design
pressure differential of 175 paid.

Figure 30 is a pump map of the oil scavenge pump at 7000, 8500, and 10,000 rpm operating
speeds. The Equipment Test Plan guarantee flowr~t-e (shown superimposed in the figure) ~~~
surpassed at 10,000 rpm thus satisfying contractual flow requirements .

c. Oil Tank and Deaerato r Performance

The compartmental oil tank , with a maximum capacity of 2.75 gallons , was injected with up
to 200 Tb/br airflow with oil levels down to 1 gallon . Pressure oscillations ot less than ±3 psi (at
supply pump discharge location) were observed when deaerating 200 lb/h r airflow with .5 gallons
of oil in the tank. This is over three times conventions! engine tank deaerat ion requirements. The
deaeration capabilities of the compartmental oil tank at various oil fills and injected airflows are
shown in Figure 31.

101

-

~

. --- —•
~
-

~
- — - -

~~~~
— --

~~~
- — 

~~~~~~~~~~~~~ ~
—
~~~~~~~

—-
~~

- 
~~... . A



.( — ~ 
—

- f-’. ~ 141W

H
oU ~~

(—I 
-
~~

L

0.
,—1 -. .

7 

1

lO’2

~~~iTh ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- ~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- .

~~~~~~~~~~~~~~~~~~~~~ — — 

_ _

~! ~FI H1~I I
I ~~~~~~ ‘~~~ I~l f l  2

~ ~ ~JE

~~513J

j i r~~~~~ i i  i i

~4*~ r—’i~~ l~~\ JI i~

H I
~~ It I I I

103

~~ “‘=—‘~~~ .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-~

I

:~~~~

c~
__

~~~~~~~~~~~~~~

1r 
~~~~~~~~~~~~ -~~~~

~~~~~~~~~~~~ 

C’ N .3

— (‘I N

~~~~~~~ z— — =- 0ii: I
~sflI ~~ass~ Ia ~1w1a zi~tans uo

104

\

~ 

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



—~~ o

4-

-

—.
4--

/
_

- 

-

~~~~

- I

I

1I II~~~~~~~~~~~ O

1 _ p - 
>4

‘0
04

—
“I
~~ I-I

o~ o~ 
-

~~~~ O O
c-I ,~~

~~ — r-~

-

—

_________________________________________ %fl

—
0 0 0 0 0 0 0 0

04 0 00 ~0 c-4 0— — — —Weld ~,LVIU’~~IA &UId A’IdJIIS ‘ItO
105



-~~~~~~~

200 —

Pump Inlet Leve l
195 —

E levation
190 — 

_ _ _  
I

IN - ‘—Full Tank Oil Level
185 — 

[ I

a

~ 180 —

~~~~l75(’~~ ~ -0 0

170

— 165 — 
Pump Speed 10,000 ~~~

0 oil Temperature 250°F
Pump t~P~~ 150 psi160 -

155 —

150 —

I I I I I I I I
0 -2 -4 -6 -8 -10 -12 —14 -16 —18 -20 -22 -24

Full Tank Oil Level Elevation Below Pump Inlet — Inches

Figure 28. Compart mental Lubrication System Oil P ump Lift Capacity
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d. Post-T..t Observat ions

F i ~ t t r c -  (2 ~~~~~~ t h a t  th e ~i ipp l~ p u m p  ‘u r t i a l  had no ‘. i h l *  weti r  }i wt ’vt ’r , t h ~- ~‘I ~~~ t - i i ~a-

~ U T f l f )  o u r ’ i l  i l i t i  have ‘. .,t h lc -  ~t .v a~ ~. ) I ~~~~ t n in Figure I:I . Rad ia l  run  out of u t  .i ~~ t- n i~c- pum p
ge’a r in pump S N 2 ~ tI~~ 

( 1 (  S Ir  i nch  ~ c r  bl uepr int  max (~ 5)2 at t he i-ent er I t  g t i  r ‘Fh is
Tt ~r t l t i t c - 1 I a I~~I percent i n t - r t a ~ c iii  back lash in pump  S N 2 tr I m 0 ( 5 ) 2  to  I SIr, compared

i S N I rn r t a ~e from i 5)45 t 0 (N~ $) The average ~ a’ rflg~ pu mp carbon journal We ar
I I I  5 (4 )  

~t ~~ tWi  I t l i l i es the ave ra ge sUf ) I) IV p Um p  carbon journal wear  )() . ( SX ) I ~ I The ~c i ~ t n gc-
p u m p  I i r u l a k  we ’re very l i g h t l y  Loaded , therefor e , t he  wear wai. a t t r ibu ted  to gearshaft delict-i ion.

}- ‘ t l r t - ~ ~-I 1f~, and (t ~~~~ gea r sh a f t s  f rom su pply pump package N o I ( drive end ~t i p p Iv
pau -k . ui ~t - N - 2 and st- a v e n g e  p u m p  package. res 1it ’ - t i~ el~ . i’he presence of worn i ~h inv  areas on

~t’aveulgc p u m p  gear fa t-c I Figure  (7 can I t ’  corn pared t o  t he relat ivel y unworn supp ly I t  110 I gea
tat -c Figure ~ Sp lin e damage l a  the drive end t gear sh a ft  shown in Figur e ’ 1-) was c~t i i ~ c’d h’ a
le~~e fi t  niz pump t I Va r i d r ive  dr ive  adaptor .

Figure s (7 a ml - ~s sh i 1w the a L u m i n u m  ~l~ t ’v ts  f rom the  scavenge p u m p  and suppl y pun i p.
rt ’~ pet ! t i ’. The pit ted area on the inlet  I t- I f  t he ~lt ’ t ’ ’ .  u’ i~ not c t t v i t  at ion t i t i  i i i  age i’h~~ - small

~e , - r , -  ~- a i i ~c~ 1 h’. su it -on s i ih cr t ’ s in the  I i i  Oil u n t i l ’ . s t s  ~h 1 wt ’d spher ica l  L I t ’ l I I i ~~ i t ’ s— t h an
in d i a n i c - t c ’ r  An  }—~l ) *~ l ’W—I ( S ’  H i l l  4 \1 i t tc ’r i ~iI t i l l er wii~ ti ~t ’iI t in I w i l l  pa~ i i i ’ .

-‘ i i te r ial  s’~~ t h an 7)) 01 a -r i I r i s  Bot h pumps tIi ~) ltl ’ .  ud th i s  damage but S N 2 ~4() h ours run t ime )
was ‘.t r~ - han S N 1 2 1) hours run t im e ) .  The or ig in  of the  g lass beads is suspected t o he i l i t t -  to

- i~~
- rn plete ) 1ti ~ i i t  t~ I t i n t e r io r  t ank  parts after grit b las t ing prior to f inal  asse m b ly .

Roth pumps had approximately 2 uf Is hr oil leakage from the drive end of the pump i I t i r l n ~
init ia l  !t~~~ ! This was solved b~’ inserting a rubber p lug in the  drive end hollow supp ly gear. Thus .
the  leakag e path from the scavenge pump through the hollow supp ly pump gears was stopped.
There was no change in the  performance of the pump after the repair. The hollow gears were a
manufa c tur ing  compromise to ease machining.
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SECTION V
SYSTEM FABRICA T ION A ND TEST

1. SYSTEM FABRICATION A N D ASSEMBLY

a. D..crtpt fon of T•at Art icl•s

High-speed oil supply and scavenge pumps S/N I (Figure 39) were selected for testing in the
system rig. This pump had accumulated 20 hours run time during the component bench tests of
Phase Ill, Task 2.

The compartmental tank (Figure 19) was flushed out and visually inspected after the
critical component tests prior to its installation in the system rig.

The high-speed gear drive described in Section IV was used to drive the high-speed oil
supply and scavenge pumps. The high-speed gear train (Figure 40) was instrumented and
assembled to the F100-PW - 100 Bill-of-Material No. 2/3 crossover housing.

— b. Asssmbly S.qu.nc.

In preparation for final assembly of the system rig there were several flow checks and
rework s accomplished to ensure proper system operation. The F100.PW- 100 No. 2/3 crossover
support , No. 2 bearing oil supply, No. 3 bearing oil supply, No. 2 and No. 3 seal plate oil supplies
and high-speed gear train oil manifold were flowed separately. All individual oil supply rates met
design requirements (Table 25).

TABLE 25
NO. 2/3 COMPARTMENTAL LUBRICATION RIG OIL FLOW

Required Actual
Flow Per Jet Flow Per Jet

Jet Location No. of Jets (Th/ min) ( l b / m m)
No. 2 Front Seal Plate 1 4.5 — 6.0 5.2

No. 2 Bearing and Rear Seal 1 160 — 19.0 20.54
Plate

No. 3 Front Seal Plate 3 2.0 — 3.0 2.83

No. 3 Bearing and No. 3 Rear 3 11.0 — 13.0 12.31
Seal Plate

Tower Shaft Roller Bearing 1 2.5 — 3,5 3.16
(tinder Race)

Tower Shaft Roller Bearing 1 0.5 — 1,5 1.2
(Direct)

Lower Tower Shaft Bearing 3 1.5 — 4.5 2.72
and Idler Beari n gs (2)
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Operations sheets , guiding the inspection and assembly of the system rig, were genErated to
ensure proper assembly sequence and dimensional inspection during build up.

The FI00-PW- 100 No. 2 front . No. 2/3 and No. 3 rear carbon seal assemblies were lapped to
a flatness of 0.000020 inch. The corresponding seal plates were inspected to assure 0.000020-inch
flatness.

The rig was assembled using F100-PW-100 spiral wound crush gaskets in the static seal
areas.

Prior to and during assembly, sufficient inspection and stack-up data were taken to assure
seating of seal plates and proper compression of carbon seal assemblies.

The high-speed gear train was assembled ; gear tooth alignment was checked , and backlash
measurements were taken. Bull gear and pinion gear tooth contact pattern were checked prior to
final assembly.

Figure 41 shows-the interior of the system rig with the high-speed oil supply and scavenge :1
pumps, compartment& tank , high-speed gear train , and all associated plumbing and instrumen-
tation installed .

c. Rig Support Work

The high and low rotor of the system rig were driven commonly through a coaxia l gearbox.
The gearbox was overhauled and reworked to ensure proper operation.

The necessary tooling for assembly and disassembly of the rig was fabricated. Special
tooling required for assembly and disassembly of the compartmental lubrication system
components such as the high-speed gear drive was also fabricated .

inspection of thrust piston knife-edge seals and lands revealed abnormally large radial
clearance. Flowrate calculations based on these clearances revealed air flow requirements that
exceeded facility capabilities. The knife-edges and lands were reworked to reduce the air flows
required to obtain proper loads on the main shaft bearings .

d. Instrumsntat lon Installation

All thermocouple, pressure and vibration instrumentation associated with the rig directly
was pattern ed after requirements specified in the Equipment Test Plan. All internal rig
thermocouples were shielded chromel alumel type installed through airtight fittings .

All internal rig pressure probes were inserted into their respective compartment to a depth
that would give representative data for that parameter.

Dual bearing outer race thermocouples were installed in the supports for the No. 2, No. 3,
upper towershaft , lower towershaft , upper idler, and lower idler bearings. These were flush
mounted and in direct contact with the outer race outside diameter.

Numerous rig external pressure sensors and thermocouples were used to adequately monitor
the operation of the rig, coaxial gearbox , and stand drive.
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The in strumentat ion schedule’ Is shown in Tahie 2e Vibrat ion acct ’le ’romt’ters we’re ’ used to
monitor rig internal and external ibra t ions - In t er na l  sensors c~’t%s% st ed ‘I F ~ ‘ r adi a l ttt
e-cle r,’rneters ~‘n t he’ NIl 3 hearing suppo rt and one’ radial a~t - c l t i t ’me te ’r  on t he’ N~’ 2 hear ing

- Kx t er nal  ~t’nsors conslste( l of’ horizontal and ve ’rt ical acce’le ’ri,mi ’t e’r’. on bot h front and
rear of the main  rig housing. Horizontal and vert ical radial  iie -cv ler oint ’t i r s  wcr e- a lso inst aIled t i t i

the  coaxial gearbox .

2 . SYSTEM TEST

I’he svsteni rig was ins talled on D-4 stand . Turboj et (‘oinponent l est Area I ) l’he dri ~ e’
svste ’m t~ r the ’ rig was a 2[~e 1 hp Ford V~ engine. l’ower was supplied i t ’  the rig t hrough a torqu e ’
conve rter . 5.51k-ed manua l t ransmiss ion  and reversing gearbox . A drive ’ shaft connected t he stand
drive system to the rig coaxial gearbox .

Slight nu~dificat ions were required to the rig mount stand to adapt it to D-4 s tand.  s tand .
rig, and all plumbing are shown in Figure 42 .

The ri x and all air inlet lines were insulated wi th  fiber insulation , a luminum foil , and
fiberg lass tape to reduce heat lises. (‘out rol room in st rum entat  ion consisted of pressure gages .
digital thermocouple readouts . digital speed and oil flowrate readouts , and v ibra t ion  level me’ters .

Disaster monitoring was accomplished by usi ng an o’grap h rue-order . Se’ven cha:mels were
recorded which included tw it bearing temp erature ’s . two ri g vibrat ion s , hig h-rot or speed . No . 3
com partment breather pressure , and No . 2 3 &- i ’rnpnrt ment oil supply pressure . The’ purpose’ of
disaste r monitoring selected parameter s wa s to  have’ a record of rig operating characteristics in
t he event of rig malfunction since hand-recorded data would not be fast enough.

Figure 43 shows the stand schematic t~’r the system rig inst alled on t ) -4 stOl id .

o i l flowrates were measured w i t h  calibrated turbine  tlowme’ters . standard sharp-edged
orifices were used for measuring air  flows to the various chambe rs and cavi t ie ’s  in the rig.

Rig bearing thrust loads were c,tnt rolled b~ set t ing  hr eist piston pressure di f fer e nt ia l
l’hrust balance L-aku lat ions were completed for h~t h front and r~’ar thrust  pistons For each
mission point -

During the rig checkout pernxl prior to beginning  t he’ endurance run , h igh breather ai r  flow
was noted . By flowing each com part ment separately , t he leak was found to be in t he’ area of
No . 1 rear seal, This prevented setting the rear chamber pressures required for the climb and
combat mission points. Repair would have ’ required a complete dismount  and teardown . Since
t he leakage did not affect the test article , i.e.. high-speed oil suppl y and scavenge- pump s .
com partmental tank , and high-speed gear train , it was decided to continue the ’ endurance ’ test
wi th  reduced rear chamber pressures. Chambe r temperatures for each mission point were met
with no problems .

It was apparent , while setting the mission points during the checkout runs , t hat the amount
of time required to set the oil flow , air flows , oil and air temperatures , compartment pressures .
breather pressure, and rig speed was not conducive to a cyclic test . Approximately three hours
were required to set a point so that the operation of the rig during transients was really not being
evaluated . The critical items for the system test (i.e.. operation of the high-speed pump and drive
train , oil churning in a compact bearing compartment, and deaeration capabilities ) could all be
thoroughly evaluated at steady-state operating conditi ons. It was decided to combine the test
times for each mission flight point and revise the test sequence as shown in Table 27. Note that
the low-power points were run first. The facilities drive engine for the rig was found to be defective
during the checkout runs and wa s replaced with a new drive engine. The low-power points were
run first to help break in the engine.
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Spectrometer Oil Analysis and Processing (SOAP) samples were taken at 2.75, 6.75, 16.0,
20.0, 22.0, 28.0. 42.0 , 46.0, and 50.23 hours of endurance time. Chip detectors were checked prior
to every run and any collected material sent for analysis when required .

All data sheets from the endurance run are shown in Appendix 0.

3. SYSTEM TEST RESULTS

a. System Rig Endurance Test Results

Total system rig run time at the end of 50.23-hours endurance time was 66.96 hours .

Figures 44 and 45 show the instrumentation locations. Figure 44 is a longitudinal cross
section, and Figure 45 is a transverse cross section.

The bottom plot of each of the following graphs has rig high-rotor speed (RPM-N2) versus
endurance time for reference. Each graph that has test set conditions plotted is labeled with the
set point value. These values are listed in Table 27. All data were recorded by hand. In a few
instances the set point drifted during data recording and is labeled on plots as transient.

Figure 46 shows high-speed oil pump speed (RPM-PUMP), No. 2/3 compartment oil supply
pressure (P3). and main oil supply pump discharge pressure (P2), versus endurance time. It can
be seen there was no deterioration of oil pressure with endurance time.

Figure 47 shows high-speed oil supply total oil flowrate (Fi.), oil tank temperature (Ti), and
No. 2/3 compartment oil flowrate (F3) versus endurance time. Again , neither parameter
deteriorated with endurance time.

Figure 48 shows system rig compartmental heat generation and is based on No. 2/3 oil
flowrate , oil supply temperature to the No. 2/3 compartment (T3), and No. 2/3 compartment oil
scavenge temperature (T16). T3 and T16 are shown in Figures 48 and 49 with their difference
(T16-T3) shown in Figure 50. Figure 48 also shows heat transferred in the heat exchanger as a
check on the heat generation . This is based on average rig oil supply temperature (No. 2/3 and
No. 1/4/5 compartment model), main oil tiupp ly discharge temperature (T2) and total rig oil
flowrate (Fl). Data scatter can be attributed to sensitive operation of water operated oil heat
exc hanger.

No. 2/3 compartment temperature rise (T16-T3) shown in Figure 50 was significantly lower
than predicted. It is theorized that this is due to the absence of a towershaft in this rig. A
significant reduction in heat generation may be realized in an engine with a top mounted gearbox
due to the elimination in oil churning in the towershaft.

Figure 49 shows No. 2/3 compartment breather pressure (P5). Test set points are shown with
the maximum allowable limits. Maximum allowable limits are 8 inches Hg (approx 4 psi) above
the set point. Due to high breather air flow caused by the air leak in the rear of the No. 3
compartment , breather pressure was slightly higher than the set point at climb conditions. Figure
49 also shows No. 2/3 compartment scavenge pressure (PIG ). Scavenge pressure was measured at
the high-speed scavenge pump discharge and did not fluctuate during any mission point.
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Figure 45. Compartmental Lubrication System Rig Schematic Traverse Cross Section
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1-igei re’ 51 shows tot~ I brent he’r air how and simulated Nos. I - 4 fl~~j 5 t-i’i  jHI rttiieiiIs air
tl~ ~t N,ie~ I - 4 . a nd S e- iimpart ment air flow simu la t  ed lahvr int II real leakage ’ fr om t hre’e
t -ainp art ment for the selee-te ’d engine scheme. ‘l’he diIfert ’n ~-e he-I ~e c-ru the total  br ent he ’r flow and
— i mutated I -I 5 t - i imp art n ient flow was No . va c - cimpart me-nt lea k age -

l’he rig has F1(X)-PW-I (X ) Hill-of-Material carbon seals which leak about 25 pIth. The N i ’
2 - :t compartment leakage was 10 times higher than expected for carbon seals. I’hc leakage tram
t he’ rear compartment into the No . 2~ ~ compartment caused high breat her flow and eiit r ainm ent
ci t ceilu part inent oil out the breather.

Figures 52 and 53 show environmental temperatures and pressures surrounding th e’ N i  2’~
compartment , respect ivel y. The front , rear , and bore compartment tP7 , Ps. and P9. respectively )
pressures were set lower than test point conditions during the combat and climb mission points
in order tei limit leakage into the compartment. It was felt that breather pressure was a para m eter
that directly affected the test articles more than environmental pressures surrounding the No. 2’3
compartment.  Therefore , the highest possible environmental pressure ’s were set based on
maximum allowable breather pressure iP5) , i.e.. $ inches Hg over test set point .

Figures 54 and 55 show high-speed gear train bearing outer race temperatures an d rig
No. 2 and No. 3 bearing outer race temperatures. There was no abnormal temperature rise
indicated. The lower tower shaft bearing showed the highest operating temperature of 3(~i°F at
cruise conditions and a maximum temperature rise over oil supply temperature of 83°F at climb
conditions.

Ri g internal and external vibrations are shown in Figure 56. A maximum allowable limit of
30 mils vibration was selected, At no time during the endurance run did any vibration level
exceed 1.0 mit with internal vibrations consistently below 0.3 mit.

b. SOAP and Chip D.tictor Analysi s Rssults

Oil samples were taken at 2.75, 6.75. 16.0, 20.0, 22.0, 28.0, 42.0. 46.0 and 50 23 hours during
t he 50-hour endurance test. Iron content varied throughout the 50 hours and was the element
found most abundant in the oil. Iron content ranged from less than 10 to as high as 6.4 Parts per
million. Traces of aluminum, nickel, si lver , chromium, and t itanium were found (less than 1.0
part per million) and continued at those low levels throughout the test . Initial samples taken
showed slightly higher aluminum 13.2 npmn) and can be attributed to pump wear-in.

Analysis of material collected by the rig magnetic chip detector showed iron/nickel,
chromium, and aluminum. Again, ear ly samples showed higher iron/nickel content due te l gear
train wear-in and flushing of rig interior

Analysis of filter howl residue showed traces of carbon. The percentage amount increased
slightly t hroughout the test showing some carbon seal wear.

Early in the endurance test , t hree large metal particles were’ found in the filter bowl.
Particles were approximately 0.150 \ 0.1(X) inch and resembled instrumentation tat- k straps .
Analysis confirmed that the material was Inconel t shim stoc k used to secure’ inst rumentation
leads on the rig interior.

c. Dlsast .r Monitoring O’Oraph

At all times , when the endurance test was in progress, rig speed and selected temperatures .
pressures , and vibrations were monitored and recorded on ligh t sensitive o’graph paper. l’he’ data
were not reduced and served OIIl ~ for investigative purpose’s in (‘85CM cii rig malfunction.
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d. Systsm Rig Post-Run Tsardown R.sui ts

Upon completion of the 50-hour endurance test the rig was dismounted from the stand for
disassembly. There was no evidence of coking on an~’ internal rig parts.

Figure 57 shows the F100-PW-100 No. 3 rear carbon seal support and spiral wound gasket .
The excessive breather flow was caused by leakage of rear chamber air through the No. 3 rear
carbon seal support and the rig main housing mount flange. l’he leakage was caused by an
improperly installed spiral wound crush gasket. The installation of the gasket and seal support is
a blind assembly in the rig. The gasket damaged area is shown in Figure 58.

Figure 59 shows the high-speed gear train as removed from the F100.PW-100 No. 2/3
crossover housing. Very slight wear patterns were noted on the towershaft spur gear. Gear toot h
wear was negligible on all gears.

A disassembled view of the high-speed gear train is shown in Figure 60.

The lower towershaft bearing showed a slight dist-e’loration of the split inner race and is
shown in Figure 61. At b O X  power, (Figure 62) the surface texture of the balls shows the results
of small particle contamination damage. The lower tower-shaft bearing is t he lowest point in the’
compartment. Any foreign particles in the compart ment would be flushed down to the area of the
lower towershaft bearing.

The high-speed oil supply and scavenge pump showed a reddish discoloration on all internal
and external surfaces that were in direct contact with the oil. This discoloration was only present
on the three anodized aluminum housings and end plate. Fabrication Research personnel
indicated that the synthetic engine oil, MIL-L-7808G reacted with the anodized surfaces causing
the surface to have a stained appearance.

Figures 63 and 64 show the supply pump gears, and Figure 65 shows the scavenge gears. All
are from high-speed oil supply and scavenge pumps S/N 1. Total time on this pump is 87 hours.
The figures show there is a slight discoloration on the ends of each iournal of both supply pump
packages. This is due to contact with the rubber lip seals used on the supply pump packages. A
20X photo of the rubber lip seal is shown in Figure 66. After 87 hours run time all lip seals in the
supply pump showed signs of considerable wear. This is an area which will have to be investigated
for future applications of a high-speed pump. On this application, where the pump is located
inside the bearing compartment , a shaft seal oil leak would have only a slight effect on pump
performance and would not result in external engine oil leakage.

The gear teeth on both the supply and scavenge packages showed no abnormal wear. The
backlash of each package is shown in Table 28.

TABLE ~~~~. PUMP GEAR TEF~TH BACKLASH

Drive End Supply Package
Run Supply Pac kage No. 2 Scacenge Pack age

Time (hr ) Backlash (in.) Backlash (in.) Backlash (in )

0 0.0045 0.0045 0.0045
20 0A1068 0.0055 0.0058
87 0.0068 0.0055 0.0058
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Wear patterns on the journals of the supply and scavenge pump gears are due to small
particle (less than 70 micron diameter) contamination. This wear pattern is more noticeable on
the supply pump journals, Figures 63 and 64, than on the scavenge pump journals, Figure 65,
since the supply journals are more heavily loaded.

Figures 67 through 72 show the pump journal bushings. Average supply pump shaft wear
was 0.0001 inch. Average supply pump carbon journal bushing wear was 0.0002 inch. Average
scavenge pump journal shaft and carbon bushing wear was less than 0.0001 inch for both.

Figures 73, 74, and 75 show the wear-in areas of the aluminum sleeves of the supply pump
and the scavenge pump. There is no noticeable change in wear-in pattern from previous
inspection at 20-hours run time except for the local damaged area where the Inconel
instrumentation tack strap was passed through.

Neither the aluminum sleeves nor the aluminum bearing assemblies showed any signs of
pump cavitation damage.
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SECTION VI
CONCLUSIONS

The selected corn part mental lubrication system concept l)ro~-idei~ for reduced vulnerability
h~- locating major lubrication system components within an otherwise c onventional bearing
compartment . The 50—hour system endurance test substantiated the compartmental lubricat ion
system concept. (‘onsequent ly, t his concept may be seriously considered t~r future, advanced gas
turbine engines in w hich the lubrication system dc-sign criteria are weighted in tavor of
vulnerability, mainta inability, and reliability considerations -

The system test program substanteated the technology considerations involved in the
concept design by demonstrat ing the following:

C High-speed oil pump (both supply and scavenge) performance verificat ion at
two and one-hal5 times conventional engine pump speeds.

• Feasibility of high-speed drive gear train in a compact hearing compartment.

• Capability to successfully deaerate labyrinth seal air leakages in excess of
t hree times that of conventional engines within a small volume oil tank.

S Capability to properly scavenge a modified bearing compartment (in which a
high-speed oil pump, drive train and oil tank, are’ installed) without any
increase in lubrication system heat generation or oil foaming due’ to
mechanical churning of the oil.

A comparat ive analysis with the baseline Fl00-PW-l00 engine indicated that significant
improvements are possible in vulnerability, maintainability, reliability, and frontal areas. The
following results were obtained:

• Vulnerability — reduced 28.8 percent

• Maintainability — reduced 5756 maintenance man-hours per million engine
flight hours -

• Reliability — 962 fewer part discrepancies per million engine flight hours

• Frontal area - -— reduced 80 square inches.

The analyses and trade studies conducted indicate that labyrinth mainshaft seals, when
used with properly sized scavenge pumps in conjunction with capped bearing compartments to
limit air leakages, provide a feasible compartmental sealing configuration in advanced, high.
speed engine applications where rotor speeds preclude the cisc’ of’ face seals. The system tests
verified the feasibility of deserating the air leakages associated with this configuration.
Application of lift-off type mainshaft seals in a high-speed environment is an unproven approach
for tomorrow’s engine design whereas the labyrinth seal/scavenge pump system is a technically
solid candidate for consideration in future high-speed mainshaft sealing applications.
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SECTION VII

RECOMMENDATIONS

In future advanced engine design applications, such as RPV and VSTOL lubrication
system components will have reduced available space . Oil supply and scavenge pumps,
associated dt ”e gear trains and oil tank volume will, by necessity, have to be smaller than
current conventional components. This will require higher speed pumps and gear trains and
improvements in oil deaeration and compartmental scavenging. The full.scale rig tests conducted
in the final phase of this program successfully demonstrated a compartmental lubrication system
concept w hich meets those requirements. In future engine design efforts in which the criteria of
vulnerability, maintainability, reliability, and frontal area are heavily weighted , it is recom-
mended that lubrication system trade studies be conducted on a compartmental concept basis to
determine the beat system to meet design objectives. These studies should be performed early in
t he engine design phase while the basic engine configuration is still flexible to accept the results
of the lubrication system studies.

It is further recommended that additional compartmental lubrication system studies be
conducted in which the criteria of survivability is heavily weighted for system quantitative
analyses. These studies should include analyses involving oil-mist lubrication systems as
supplemental systems to conventional pump fed configurations.
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APPENDIX A
COMPONENT SIZING SUMMARY

1. GENERAL

Lubrication system components sizes for each of the evaluated schemes are presented in this
appendix.

2 SCHEME I

a. Oil Tank

The oil tank size is limited by the constraints of the No. 2-3 compartment boundaries. A
design goal of a 3-gal capacity was initially set. Current mechanical design studies have indicated
that the oil tank size for this scheme is 1.82 gal. Additional comments regarding tank capacity are
discussed in design considerations.

b. OIl Supply Pump

The oil supply pump size was scaled from a 10,000-rpm ST9 gear pump. Scaling the element
size to meet a 150 tb/mm (250°F) oil flow requirement resulted in a 2.996-in, gear width. All
pumping elements in the lubrication pump use 9-tootWl6-pitch gears , approximately ~ in. in
diameter.

c. Oil Scav.ng • Pumps

The scavenge elements run at 10,000 rpm and are sca led from the ST9 gear pump (discussed
above). The No. 2-3 and 4 scavenge pumps were sized to twice the volumetric oil flowrate of their
respective bearing compartments. This criterion was applied to compartments that are breathed.
The resulting widths for the No. 2-3 and 4 scavenge elements were 3.54 and 1.558 in. respectively.

The No. 1 and 5 scavenge elements were sized to prevent compartmental oil loss during
transient operation on deceleration. This sizing criterion required the No. 1 scavenge element to
have six times the volumetric flow capacity of the compartmental oil flow. The No. 5 scavenge
element was sized 12 times the compartmental oil flow capacity. The resulting element widths
were 1.582 and 2.804 in. respectively for the No. 1 and 5 scavenge pumps.

d. Can D•aerator

This component remained the same size as its F100-PW-100 baseline counterpart which is
approximately 7.7 in. long with a 3-in, diameter.

• OIl Flit•r

The oil filter element volume remained the same as for the F100-PW-100 baseline system,
(11.6 in.’) 

-

t. Brsath •r Pip es

The No. 4 and oil tank breather lines were I-in, diameter.
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g. D•oller

The gearbox-mount~~ deoijer size remained the same as the baseline Fl00-PW-joo, 5.7 in.in diameter.

h. Alternato r

The alternator size was scaled upward from the F100-PW-iOo baseline to reflect the loweroperating speed resulting from the low rotor mount. The resulting size was 7 in. long by 5.7 in. indiameter.

3. SCHEME U

The oil supply and No. 2-3 scavenge pumps, alternator, and oil filter were the same as forScheme!. The can deaerator and deoiler were the same size as that for the F100-PW-100 baseline.

a. Oil Tank

An attempt was made to design as large an oil tank capacity as possible into the No. 2-3bearing compartment. Mechanical design studies showed that the oil tank size for this schemewas 2.5 gal.

b. Slowd own Plumbing

The No. 1, 4, and 5 compartment blowdown pipes were all 1.0 in. in diameter (OD).
c. Fu.I/Oil Coolers

(1) Gas Gen.rator Fu&/ Oil CooS•r

The gas generator fuel/oil cooler was a stainless steel-plate-fin heat exchanger in a single-
pass, cross-flow configuration. The core dimensions, which do not include manifolds were:

Circumferential Wrap Length = 20 in.
Length = 11.9 in.

Thickness = 0.8704 in.

These dimensions did not include manifolds.

— (2) Augrn.n f or  Fu .IIOlI Cool•r

The augmentor fuel/oil cooler was also a stainless steel plate-fin heat exchanger in a single-
pass, cross-flow arrangement. The core dimensions, which did not include manifolds, are asfollows:

Circumferential Wrap Lengt h 10 in.
Length = 6.96 in.

Thickness = 0.8704 in.
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d. Air/Oil CooI.r

The air/oil cooler was a finned-wall configuration which replaced the inner duct fairing. Its
dimensions were as follows:

• Circumferential Wrap Length = 50 in.
Length = 14 in.

Finned Surface = I by s in.
Spacing Between Fins = in.

Fin Length (in direction of flow), Staggered = 2 in.
• Total Number of Fins = 1372

4. SCHEME Ill

a. Oil Tank

No oil tank was required; each bearing compartment was an oil sump.

b. Oil Supply Pumps

Pump sizes are based on a vane pump design speed of 5000 rpm and a vane element —

diameter of 1.25 in. Journal bearing radius was 0.268 in.; journal length was 0.500 in. Housing
thickness was 0.125 in. The vane width for each supply pump was:

Comportment Number Vane, Width, in.

1 0.229
2.3 1,534
4 0.675
5 0.203

c. Oil Scaveng. Pumps

Not required.

d. Alternator

Same as for Scheme I.

•. Oil FIlter

Filter element volumes were:

Comportment Number Element Volume, in. ’

1 1.00
2-3 6.15
4 2.97
5 0.89

f. Breather Pipes

All compartment breather pipes were 0.750 in. Manifold pipes combining all compartment
air leakages were 1.00 in.
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g. Deolier

The required deoiler size was a function of speed. Figure A-I illustrates this characteristic
bivariately with air pressure drop across the deoiler. The selected sizes are shown superimposed
on this figure and summarized below:

Compartment Number Deoiler Diameter , in.

1 4.46
2-3 5.6 (Same as F100-PW-l00 Baseline)
4 3.8
5 4.46

D,oUsr Outild , Dêimsts, - kt.

FP5~$41

Figure A-i. Deoiler Size us Deoiler Speed
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h. Heat Pip..

The heat pipe sizes and arrangement are shown in Figure 5. The evaporators (located within
the compartment ) were shell and tube configurations with tubes, arranged as shown, resulting
with a shell diameter of 4.2 in. Tube diameters were 0.100 in., with a 0.010-in, wall thickness. The
tube wicks were 0.006 in. thick.

The ram air condenser was a series of shell and tube coolers with the air flowing through the
tubes. A total of 600 tubes were used in the ram air condenser.

The augmentor fuel condenser was a series of shell and tube coolers with the fuel flowing —

through the tubes. A tube through the center core allowed part of the fuel to bypass the condenser
during high fuel flow maximum augmentation conditions. The augmentor fuel condenser used
200 tubes that had a 0.100-in, diameter and 0.010-in, wall thickness.

The gas generator fuel condenser was a series of shell and tube coolers with the fuel flowing
through 600 tubes.

An adiabatic intermediate media transfer tube connected the evaporators with the
condenser for each compartment. These tubes provided a flowpath for the steam to travel from
the evaporators to the condensers. Wicks inside the tubes provided the path for the water to be
transferred from the condensers back to the evaporators. Transfer tube sizes were as follows:

Compartment Number Tube OD, in. Wick Thickness, in.

1 0.250 0.021
2-3 0.793 0.082
4 0,673 0.062
5 0.350 0.034

All condensers and evaporators were of stainless steel construction.

8. SCHEME IV 

-

The can deaerator , oil filter, deoiler, air/oil, and fuel/oil coolers were the same as those in the
F100-PW-100 baseline. The alternator was the same as that for Scheme I.

a. Oil Tank

The removal of the towershaft from the No, 2-3 compartment location provided maximum
oil tank capacity in this lubrication scheme. Mechanical design studies showed the oil tank
capacity for this scheme to be 3.03 gal.

b. Oil Supply Pump.

- 
- The main oil pump was the same as that in the baseline Fl00-PW.100. No boost oil pump

was required.
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c. Oil Sc.v.n ge Pumps

The scavenge pumps were 7-tootW6~pitch gear elements. The element widths were as
• follows:

Compartmen t Number Width, in.

1 0.578
2-3 3.08

4 0.895
5 109

S. SCHEME V

a. Oil Tank

The design goal was to package as large a tank capacity in the No. 2-3 bearing compartment
as possible. Mechanical design studies show ed the oil tank capacity for this scheme to be 1.82 gal.

b. Oil Pump

The oil pump was a positive displacement vane type with two stacks of elements . The
supply stack ran at 5000 rpm and consisted of the main, boost, and No. 5 scavenge elements . The
ot her stack included the No. 1, 2.3, and 4 scavenge elements and ran at 3200 rpm. Reduct ion
gears provided the drive ratio off the towershaftlgear train. Pertinent envelope dimensions are
shown in Figure A-2.

VAN E OIL PUMP DI MENSIONS
7.18

..—2.64---... 
1
~ Ir I I ..—2.43---... .

O.5—~~ ..‘*...I I~~-0.5 1:25 In-
D~ameter

5,000 rpm—~ .. 
Main Boost 

- 

~~o 5

12,000 ~~L_ • - _ _ _ _ _ _  _ _ _ _ _

rpm j . 
_____  

rN0. 1 Scavenge
— No. 4 L1.... No. 2-3 

—

3.200 rpm ~~ .~~~ Scavenge L Scavenge

— 0.941 I I  1.75 in.
0.5 ~‘j  ~~~

0.5
~~1 I-~ - Diameter

~~~~
- 3.09 .. i

~~ h’ 176 ”J °- 785 
~~~

—

6.635

Note: Unless Otherwise Indicated,
Dimensions Are in Inches. FD 95845

Figur e A-2. Vane Oil Pump Dimensions
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C. C.ntr lfuga l OIl FIlter/Deoiler

The centrifuga l oil filter/deoiler was designed to serve a dual function. This device filters the
oil by centrifuging the contaminants out radially and, in addition, separates the air from the oil
by providing vent holes and passages in the rotating shaft for the air to pass through on the way
to the breather valve. A detailed discussion of this device is presented in the design
considerations, including a summary of performance and geometry.

The gas generator and augmentor fuel /oil coolers and the air/oil coolers were the same as
those in Scheme II. The alternator was the same as Scheme I. Plumbing and chip detectors were
the same as those in the baseline F100-PW- 100.
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APPENDIX B
VULNERABLE AREA CALCULATIONS

Table B-i shows a summary of the ~ vulnerable areas compared to the baseline engine for
each of the six views for “A” and “ B” kills using 30- and 50-caliber projectiles striking lubrication
system components at 1500 and 2500 ft/sec. Table B-2 shows the “A” and “B” kill values
average d together and presented as a percentage of the baseline (Fi00-PW-100) vulnerable areas
for each of the six views. These values were then multiplied by the probability of a hit from each
direction (view factor) and then summed up for “A” and “B” kills at the bottom of Table B-2 for
each scheme. The “A” and “B” kill values were then averaged, and the ratio of this value for the
best scheme over a given scheme provided the comparison to best scheme factor for that scheme.

TABLE B-I .
VULNERABLE AREA U OF BASELINE , IN.’) OF COMPARTMENTAL LUBRI CATION SY STEM

A A A A . - Ki11 . B B B B -
‘

30 50 30 50 .- Cal - -. 30 50 30 50
Vieu- Scheme 1500 1500 2500 2500 .- ft/sec - 1500 1500 2500 2500

Front +2.8 —2.1 +3.9 +4.7 —154.2 —154.2 145 .6 143 .2
II —5.6 —7.1 —5.6 —2.0 —180.8 — 177A —173 .4 —168.2
III + 1.3 —7.4 —5.2 —5.5 — 144.0 —144.0 — 133 .5 - 133.8
IV +32.3 +27.4 +35.5 +34.1 —8.0 —8.0 +1.3 + 1.3
V —5 .6 —7.1 —5.6 —2.0 — 147.4 — 144.0 — 144.0 - 134.8

Rear 1 +8.1 +8.1 +8.1 +8.1 97.1 -97.1 101.2 102.9
II +1.4 +11.3 +4.4 +16.5 —65.0 —51.5 —64.7 - 49.7
III —4.3 +0.7 —4.4 +1.8 —137.3 —137.3 —141.4 — 143.1
IV +11.5 +14.3 +18.6 +26.2 —58.0 —58.0 —55.7 —53.0
V +1.4 +11.3 +4.4 +16.5 —40.3 —26.8 —40.0 —25.0

Top 1 +58.8 +55.8 +49.7 +53.6 +54.1 +38.6 +50.5 +23.1
[1 +181.6 +183.6 +177.5 +181.4 +135.5 +120.8 +134.0 +109.9
III +52.8 +56.7 +48.1 +51.6 —273.1 — 265.6 —262.6 --257.6

— IV +69.0 +88.4 +72.0 +90.6 +244.2 +249.3 +261.1 +260.4
V +181.6 + 183.6 +177.5 +181.4 +75.9 +139.8 +148.2 +120.7

Bottom 1 —87.8 —92.4 —80.5 —83.9 — 296.4 — 264.0 — 290.6 - 309.0
II —88.7 --90.8 —84.5 —54.3 —359.0 —323,3 —357.9 —323.0
III —88.7 —92.8 —85.7 —82.6 —379.2 —323.3 —372.2 —358.4
IV —90.6 —95.3 —85.8 —90.8 — 303.8 —246.9 — 283.5 —247.2
V —88.7 —90.8 —84.5 —50.8 —304.9 —277.1 — 308.8 —285.8

Left Side I —7.5 —18.2 —10.2 —22.7 —51.0 -44.0 —49.0 —74.2
11 —13.5 —24.0 —16.0 —28.5 +27.7 + 18.9 + 13.2 —36.4
III +27.1 +25.7 +23.2 +21.2 —292.1 — 278.6 —288.0 — 303.7
IV —0.1 — 10.0 —4.1 —15.3 +97.9 +117.5 +93.1 + 77.1
V —16.4 29.j —17.1 —30,3 +120.8 +127.9 +121.1 +95.8

Right Side 1 —47.8 —45.9 —49.9 —49.4 —3~2.6 —375.1 - 377i~ — 348.5
11 —54.1 —52.2 —56.2 —55.7 —306.3 —306.9 — 308.4 — 307.4
UI —2 .4 —2.5 —5.7 —6.0 —623.3 —599.8 — 605.9 — 568.5
IV —40.4 —37.7 —43.8 —42.0 —282.6 — 253.0 — 264.6 —221.3
V —56 9 —57.4 —55.6 —54.7 —246.0 — 226 1 --231.0 - 199.3
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TABLE B-2.
VULNERABLE AREA — AVERAGE OF PERCENT OF BASELINE COMPARTMEN-

TAL LUBRICATION SYSTEM
A Kill B Kill A and B

Average Average Average
View A Kill Times B Kill Times With

View Scheme Factor , ~ Average Factor Average Factor Factor
Front I 5 108.0 5.4 41.7 2.1

II 83.5 4.2 31.7 1.6
III 89.7 4.5 46.0 2.3
IV 202.7 10.1 98.5 4.9

- 

- 
V 83.5 4.2 44.7 2.2

Rear I 15 142.2 21.3 58.2 8.7
II 137.0 20.5 75.5 11.3
III 89.0 13.3 41.5 6.2
IV 186.7 28.0 76.2 11.4
V 137.0 20.5 86.2 12.9

Top I 10 151.2 15.1 108.0 10.8
II 275.2 27.5 124.0 12.4
III 150.7 15.1 48.5 4.8
IV 175.5 17.5 149.0 14.9
V 275.2 27.5 123.2 12.3

Bottom I 30 28.2 8.5 57.2 17.2
II 31.7 9.5 49.2 14.8
III 26.2 7.9 470 14.1
N 24.2 7.~’ 59.5 17.8
V 32.5 9.7 56.5 16.9

Left Side I 20 90.2 18.0 90.2 18.0
II 86.0 17.2 101.2 20.2
III 118.2 23.6 48.5 9.3
IV 95.7 19.1 118.0 23.6
V 83.7 16.7 121.7 24 3

Right Side I 20 72.2 14.4 56.0 11.2
II 69.0 13.8 64 .2 12.8
III 97.7 19.5 29.7 5.9
IV 76.5 15.3 70.0 14.0
V 67.7 13.5 7~ .7 14.7

Total I 100 82.7 68.0 75.3
- II 92.7 73.1 82.9

III 83.9 42.6 63.2
IV 97.3 86.6 91.9
V 92. 1 83.3 87.7
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APPENDIX C
MAINTAINABILITY AND RELIABILITY CALCULATIONS

Table C-I shows a component breakdown for each scheme of the ~ maintenance man-hours
(MMH). ~1 part discrepancies per million engine flight hours (EFH), and the ~MMH per million
EFH compared to the baseline F100-PW-100 engine. Note that a negative value for .~ part
discrepancies per million engine flight hours means that this scheme has better reliabilit y than
t he baseline FI00-PW-100. All five schemes required more total maintenance man-hours per
mi llion engine flight hours than the baseline. Consequent ly, t hey received positive values for
.1MMH per million EFH and lower maintainability ratings than the baseline engine.
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APPENDIX 0
ACQUISITION COST BREAKDOWN

Table fl-I presents the cost of lubrication system components compared to the baseline
F100-PW-100 engine for Schemes I through V. A positive .~~ means that the component costs more
t han the baseline F100-PW-100 component and a negative ~1 reflects a reduction in the cost of
that component. Note in Scheme II that reverting back to the baseline cooler system results in a
less expensive lubrication system than that of the baseline F100.PW-l00 engine.

TABLE D.1. COST SUMMARIES

~Do!1ars
Scheme I

Alternator — Factor for Size A +314
Oil Tank — Factor for Configu ration and Size A — 369
Gearbox — No. Change —
Strainers and Chip Detectors — No Change —

Coolers and Filter — No Change —
Delete: Boost Pump —317
Delete: Main Oil Pump Housing —780
No. 1 Compartment —

Add: 2 Gears and Housing + 250
Add: Alternator Can Housing +50

No. 2.3 Compartment —

Add: 6 Drive Gears at $65
Add: 4 Bearings at $50 and 1 Housing +350
Add: 2 Pump Housings +350
Add: 2 Pump Housing Supports +200

No. 4 Compartment —

Add: Breather Line +155
No. 5 Compartment —

Add:2Gears +130
Add: Housing + 100
Add: Housing Support +120

Total A Scheme 1 +943

Scheme Ii

Alternator — Same as Scheme ! +314
Oil Tank — Delete 80% —1,476
Gearbox — Delete Gears and Bearings for Oil Pump —628
Fuel/Oil Coolers +3,308
Air/Oil Cooler +3,453
Delete Boost Pump —317
No. 1 Compartment — Alternator Housing +50
No. 2.3 Compartment —

Add: 3 Drive Gears +195
Add: 2 Bearings end Bearing Housing +175
Add: 1 Pump Housing +175
Add: Pump Housing Support + 100
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TABLE D.1. COST SUMMARIES (Continued )

~Dp11ors
Delete: Main Oil Pump Housing —780
Delete: 3 Scavenge Pump Mod ules —1 ,050
Add 4 1-in. Blowdown Lines + 450
Replace 4 Carbon Seals With Labyrinth Seals — 500
Total Scheme H ~ +3,469

Scheme III

Delete: 16 Lubrication Lines —2 ,400
Delete: Main Oil Pump Housing and Scavenge Pumps —1 ,830
Delete: Oil Tank (80%) — 1,476
Delete: Boost Pump —317
Add Alternator +314
No. I Compartment —

Add: Deoiler +219
Add: Deoiler Shaft +150
Add: Deoiler Bearings, Housing, and Gear + 320
Add: Mom Drive Gear +135
Add: Oil Pump With Bypass and Gear +350
Add: Filter +276
Add: Sump +150

No. 2.3 Compartment —
Add: Drive Shaft + 125
Add: Housing and 2 Bearings +220
Add: 4 Gears +275
Add: Oil Pump with Bypass +400
Add: Filter +575
Add: Sump +150

No. 4 Compartment —
Add: Deoiler and Shaft + 369
Add: Bearings, Housing, and Gear + 320
Add: Main Drive Gear +175
Add: Oil Pump with Bypass +350
Add: Filter + 375
Add: Sump +150
Pump Drive Shaft , Bearings, and Housing +320

No. Compartment —
Add: Deoiler Shaft Bearings, and Housings +689
Main Drive Gear + 225
Oil Pump with Bypass and Gear +350
Filter + 276
Sump +150

Evaporator Cost —
No. 1 Compartment +754
No. 2-3 Compartment + 4,879
No. 4 Compartment + 3,733
No. 5 Compartment + 1,094

4 Breather Lines at $300 Average + 1 ,200
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TABLE D.l . COST SUMMARIES (Continued )

~ I) o((ar ~
4 Heat Pipe Lines, 4 ~ average Oil Line ($150) + $250 for Each Union and 4
Charging Valves for Media at $250 ea , 3 service unions per compartment

4 Lines +2 .400
12 Service Unions + 3,000
4 Valves + 1 ,000

Condenser Cost
Ram Air Cooler f 12.593
Add $125 ca for 8 Special Unions 4- 1 ,000
Gas Generator Fuel Cooler +3 ,496

Add 4 Unions ÷500
Augmentor Fuel Cooler +5.029

Add 8 Unions 4-1 ,000
Subtract Bill -of-Material Coolers — 4 ,536

— 2 ,670
Scheme Ill Total .~ +35,857

Scheme IV

Oil Tank Like Scheme 11 —1 ,470
Alternator Like Schemes I and II +314
Add

Splined Shaft +225
Angle Case Adapter +298
Heat Shielding +254
Ball Hearing Sleeve +95
Retaining Ring, Outer Case +100
Compartment Housing + 500
Compartment Housing Bearing Support +750
Diffu ser +225
Fan Case + 388

Total Increase From Bill-of-Material .~~ + 1,679

Scheme V

Alternator — Same as for Schemes 1, H. and IV +3)4
Oil Tank — Same as for Scheme 1 — 369
Fuel/Oil Coolers — Same as for Scheme 11 +3,308
Air/Oil Cooler — Same as for Scheme II +3,453
Oil Pump — Vane Type, With Support +675
Gearbox Delete Deoiler and Filter. Add Combination +~~ + 262
Add Oil Pump Drive System Ref Scheme I — Add 5 Gears + 325

Add 6 Bearings and 2 Housings + 540
Pump Housing Tradeoff —

Boost Vane Pump vs Gear Pump ~ 675
Total .~ 4-9, 183
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APPENDIX E
LIFE CYCLE COST ANALYSIS

i’ablc K I presen ts t he ,~~ life ~vt ’l c e~~ t in millions of dollars for each s -hct iw , com pa red to
t he baseline 1” 1i~ ). )‘W - 100 engine on the basis of the following ground ruk ’~.

1. Air superiority fig hter appli cation; 15-year life cycle
2 10(X) total engines including 15 percent uninstalled spares
:t . 75 percent of installed engines operational; 25 fli ght hours per month.

1’AHI.E K-I
LIFE (‘\‘CLE (‘OS’l’ ANAl .\ SlS

.~L ( ‘(‘
$ ( ItIithons)

Scheme 1
- 

- Move Alternator to No. L Compartment + 1 . 2
Move Scavenge Pump to No. 1 Compa rtment • ( 4 .4
Move 2-3 and 4 Scavenge Pumps to No. 2-3 Compartment ‘ 1 .9
Move No. 5 Scavenge Pump to No. 5 Compart ment ‘ 0.7

Move Oil Pump to No. 2-3 Compartment 112
Move Oil Filter to No. 2-3 Compartment $ 0. I

• Move Oil Tank to No. 2 3  Comp artment 0.9
Move Gearbox to iop of Engine 0.2
Move FueVOil Cooler to Top of Engine 0
Eliminate Bx ~ t Pump

+ 2.9

Scheme 11
Move Alternator to No, 1 Compartment 1.0
Scavenge Revisions, No. I Compartment 1.2
Scavenge Revisions, No. 2-3 Compartment 0.3
Scavenge Revisions , No. 4 Compartment 2 .1
Scavenge Revisions. No. 5 Compartment I .t ~
Move Oil Pump to No. 2-3 Compartment 1. 3
Movt Oil Filter to No. 2-3 Compartment ‘ 0.1
Move Oil Tank to No. 2-3 Compartment 2 .5
Move Gearbox to Top of Engine — I . )
Redesign and Relocate Fuel/Oil Cooler 5.0
Redesign Air/Oil Cooler and Locate Inside Duet 5. 3
Eliminate Roost Pump

4 4.0
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TABLE E.l
LIFE CYCLE COST ANALYSIS tContinu ed )

.~LC(~e
Change $ (Mi11ion~)

Scheme III
Move Alternator to No. I Compartment + 0.9
Move Gearbox to Top of Engine -• 0.1
Redesign No. 1 Compartment + 9.8
Redesign No. 2.3 Compartment +27.4
Redesign No. 4 Compartment + 16.9
Redesign No. 5 Compartment tJ.L1

+66.0

Scheme I V

Move Alternator to No. I Compartment +0.9
Mount Gearbox on Top of Engine —0. 1
Move PTO From No. 2.3 to No. 4 Compartment +8.7
Move Oil Tank Inside No. 2.3 Compartment —2 .5

+7.0

Scheme V

Move Alternator to No. 1 Compartment + 1.0
Mount Gearbox on Top of Engine + 0.3
Move Oil Pump Inside No. 2.3 Compartment + 5.7
Move Oil Tank Inside No. 2-3 Compartment — 1.0
Redesign and Relocate FueVOil Cooler + 5.0
Redesign and Relocate Air/Oil Cooler ± 5 ~4

+ 16.4

A11 Value. Are Differentials Compared to the Baseline F100 Engine
*
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APPENDIX P
WEIGHT ANALYS IS

Table F. I shows the diffe rentrnl weight of all fi ve candidate schemes on a component I’~sis
Not e that all five schemes had a total weight greater than the baseline engine

TABLE F L
WEIGHT COMI’ARISON S TO BASELINE F100-PW.100 K N ( U N K

~~~~ I tem
L-23It~3-I Cwnp artm,n:ed Lubncation System Scheme I

No. 1 Hearing Compartment
+ 8.6 Alternator Located in No. I Compartment

7.9 Lubrication System. Scavenge Pump, Sump . and Filter

No. 2.3 Bearing (‘ompa rtment
- 3.3 compartmental Oil Tank
— 1.3 Lubrication System , Oil Pump. Filt er . Plumbing, Relief

Valve , and Scavenge Pumps
* 3.1 Revise Intermediate Case

~ 15.0 Total ~W Scheme I

L431~~3.2 Comport mented Lubrication System Scheme II

No. I Bearing Compartment
+ 7.6 Alternator Located in No. 1 Compartment

• No. 2.3 Bearing Compartment
- 2.1 Compartmental Oil Tank
— 3.1 Lubrication System, Oil Pump, Filter , and Plumbing
* 58.6 Air Oil, Fuel Oil , and Augmentor Fuel Oil Coolers
+ 61.0 Total ?&W Scheme II

L.231663-3 Compartmen ted Lubri ca tion Swatem Scheme III

No. I Hearing Compartment
+ 9.2 Alternator Located in No. 1 Compartment
+ 6.5 Lubrication System, Oil Pump. Filter , Dr’oiler, and

Evaporator

No. 2.3 Bearing Compartment
— 13.0 Compartmental Oil Tank
— 8.5 Lubrication System , Oil Pump. Filter , and Evaporator

No. 4 Rearing Compartment
+ 20.0 Revise No. 4 Rearing Compartment
+ 19.2 Lubrication System , Oil Pump, Filter . t)eoiler , and

• Evaporator
186



TABL E F- I
WEIGHT COMPARI SONS ‘Vt ) BASELINE FI0 () -PW . l t*) KNGINK ((‘ tot

t inued l

.~W1t ~ I te m
.\o .1 1-~e’ermn.g ( ‘ompartmvn(

• 4 1 1.uhrit -ation S~ stem . Oil P ump. I~’mlte r . l) etii le r . and
Et upor~itor

+ 0 R ,t is v  .\tl • S I4 *Jri n4i (‘tnn p ar tntent
5 Incr, ’o wd I) iarnett ’r for Forward Fan 1) uct , Rear Fan Ihstt ,

(‘on’I bustj r , and I) if (user
33 () Ram .4ir . Augm.’ntor Foci , and ~~~ (~.‘ne rato r ( ‘i”i de ’i.~ers

• 23 + ) Hea t Pipes and l-Ircuther Pipes
• 150 0 Total W Scheme 111

1. 23!t~t~l 4 ( ‘ompart mented Lubr icat ion Sys tem Scheme 1~

No 1 Hearing Compartment

• 7 Alternator Located in No. I (‘ompar tment

No 2 :t Hearing (‘ompart mi nt
— 7 .2 (‘ompa rt mental OIL Tank
• 2 1 I Transfer Main Gearbox From No 2 :t Hearing Compart ment

it No . 4 Hearing Compa rtment
• 53.5 Increased t ) ianwt er for Forward Fan 1)uct , Rear I”an I)uc t .

_________ 
Combustor, and I) iffu ser

• 75 (4 Total ,~W Scheme IV

L-23l~~ i-5 ( ‘omportnii ’nted Lubr ication S~stem Sch,n it V

No. I Bearing Compartment

• 7 t  Alternat or Located in No I Compartment

No. 2 -3 Rearing Compa rtment
(‘om parl mental Oil Tank

• 3 . 1  Revise Intermediate Case
1 7 Lubrication Syst em, Oil Pump, Filter , Plumbing. and Relief

Valve
• 56.6 Air Oil. Fuel Oil , and Augmentor Fuel Oil Coolers
+ 63.0 Total ,~W Scheme V

1$tl
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APPENDIX 0
MANUFACTURING , ASSEMBLY , AN D DEVELOP MENT ANALYSIS

AN D SYSTEM COMPROMISES

Fable i ; 1 provit tes a list t i  m a n u f a c t u r i n g ,  o~seri ihlv . and development di ff icul t R~s
a~ t4~-IatNj wit h each t i  the five schemes , plus the baseline e n g i l i c.  Table ( - 2 pruv ide”. a s imi lar
Ii ~ i t t r  lubrication system compromises .

~i tt I • ; i
%I ~\I ~ ;i (1 141’o; ~S .I-’\fltl \ A\I  i)l’ V KI t l ~~U \  I \ ‘l l  I-H - % I t

- ~~~ o.•.,.

I ~~~~~~ An ~,rm ht~ ,t (‘,,npn~,nt. .~~t, ~~~ 
,.
~ 0 ~~~~~ ~~~~~~~ ,,.

.ft,; ,*, fl ,.fl ts anrflii’Ie l  I’.l~.r  i i ., I i t s , .  It tI,~~I,w

“halt I ~~~~~ Wia Incnqaa.d t,. l’n,s ,,4, I I ~~,caM’.. I s I s ,  il .po~~I 5 s r ~ 55
I c e  t ’  \ .  S Pump

• ‘I

I I ts , C,.en,hh 4 ( ‘~‘m p.wwnts m a i l, S I ‘Ofl $t*~I ,,,c ,t, ,toutd 1u,’hst,I ha I.’ I..
t “n ,1aT1me1,t, *c,aen,hkd h,4ore ,s,,~~~I.,s ii ,n,~,nr

lni.snaI , , I I  t ’o,,li., Offa l (In srcan~e.neui ~ •i fli, ’u It I,, tal c, ale
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APPENDIX H
SCAVENG E SYSTEM ANA LYSES

1. BL OWDOWN SYSTEM RESULTS

An esaluation of the scavenge blowdown system was performed to determine required
blttwdow n line sizes and resulting compartmental seal leakages . The analyses conducted
t’onsidered both carbon face type seals and labyrinth seals in the numbers I, 4 . and 5 bearing
compa rtments.  The compartmental environmental pressures and temperatures during engine
decelerations were taken from FX205.21 wh ich is a typical baseline (F100.PW-100) engine. Using
the blowdown scavenge t ran sient computer program , (described in detail in Appendix I) ,
parametric data were generated to determine the minimum blowdown tine size permissible
ctt nsistent with compartmenta l oil retention. Incorporatin g the seat env ironmental pressures and
temperatures from FX205 .2 1 into the simulation model provided rea list ic tran sient compartment
seal conditions

hgures H-I. 1-1-2. and H - 4  illustrate the compartment pressure tran sients during decel
I from intermediate to idle thrust) for the numbers 1, 4 . and 5 bearing compart ments .
respectively, utilizing carbon face type air seals. To properly retain the lubrication system oi1
wit hin the confines of the bearing compartment , the following minimum blowdown line sizes were
determined:

Minimum Size
Compartment Blowdou n Line

Nurn bet (ID - Inches)
0.43

4 0.60
5 0,50

‘Not e A pplicahk to Compartments U t i l i z in g
Carbon Face Air Seals

Figure 1-1-4 illustrates the air leakage across the carbon face seals at intermediate power for
the numbers 1, 4 , and 5 compartments as a function of blowdown tine size. A composite plot of
the compartmental leakage indicates approximately 60 tb/hour total flow for the three blowdown
compartments.

A similar set of parametric results was generated utilizing labyrinth seals instead of carbon
face seals. Figures H.5. H.6, and H.7 illustrate the compartment pressure transients during decel
for the numbers 1, 4. and 5 compartments. respectively, utilizing labyrinth type air seals.

The resulting minimum blowdown line sizes required to prevent compartmental oil loss are
tabulated below:

Minimum Size 1,

Compartment Blowdown Line
Number (ID - Inches)

1 0.60
4 1.00
5 0,75

“NitI,: Appiri -ahit ’ In Comp artment s
l aby r in th  Air Seals
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Figure H S ilIuM rates the air leakage across the labvrint Ii .t’~t I’ . . t t  I i i !  t ’ rt n r i i l a t  t ’ tva t r Ii ir I hr
numbers I . 4. and rt compa rtmcnt ~ to. it funct tttn ot hlh %%1i I%% n lint ’ ~ i i t  t I i I f l t k u I ~~t 1i ~ ,t t  ‘‘ I  t he’
comparl ment al  leakage indicates a prS I xImat t l \  9.!5 lb hour i ‘tal  t l ii~ t~~t i n t t ’ r i t i t - i l i t t t t  

~~~~~ ‘~
for the three blowdown compafl ments. i’his .. more than I S t i  ntt’~. the clint posit t ’ ,t r lt ’~ik ,Igt -

the carbon lace seal ~vstew

2. SCAVENGE BREATHER SYSTEM RESULTS

In subsequent evaluations it was found that significant rating ttth alit tIgi’s could he achtev ed
h~ eliminating the carbon face teal assemblies in favor ot t he labyrinth t~ pe air “cu ts ‘l hese
advantages resulted from improvements in maintenance man-hour s when carbon tact ’ seals were
replaced wit h labyrinth seals. Unfortunately, t he labyrint h seals resulted in excess ive air leakage’

9’25 itt hour intermediate power) when utilized in a scavenge bltiwdttwn sy st e m. An ,It I,Ilvsis
was conducted in which labyrinth seals were evaluated in conjunction with scavenge pumps st ,t ’d
to minimize air leakage and to prevent compa rtment a l  oil loss during etigint’ dcccl ‘l’he ittiiil~ sis
( described in detail in Appendix .1) indicated that this scavenge breather s~..tent w8s practical
from bot h an air leakage and an oil retention standpoint.

Figure H-9 illustrates the transient seal pressure’ drop during engine dece~l t~r t he’ numberit
1. 4. and 5 compartmental air seals. Nit reversa ls in compartment seal .~P’5 Ot.t’tiI.

Figure H- lU illustrat—s the transient seal air leakage occurring during engine’ dcccl tor the
numbers I. 4, and 5 bearing compartments. A composite air l eak age of approximat elY I ~~ lb ‘hour
intermediate power) provided a competitive performance comparista; with the carbon type t u e -c

seals making this svstem a practical alternative to the blowdown scavenge svs te t ~ previously
evaluated -
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rBlOWdOWfl Scavenge System

L~~lllzing Carbon Face Seals

6 4 —

Composite of the Nos. 1. 4 ,
56 — and 5 Compartments

~~ 4 8 —

4 Compartment

~~ 4 O —
-I

32 — Notes:
‘
~~ 

(1.) Leakage at Intermed iate Power
o. (2.) Compartments Utilize Carbon Face Seals With Secondary Piston Rings

(3.) Seal Leakage Predicted Per FTD 5974
24 — 

(4.) ~~ Recommended Minimum Line Size

16 —

No. 5 Compa rtment
8 —

No. 1 Compa rtment

0 
I I I I I I I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Compartment Slowdown Pipe ID - in.
FO 101751

Figure H-4. Blowdown Scavenge Air Leakage Utilizing Carbon Face Seals
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1200 Slowdown Scavenge System
Utilizing Labyrinth Air Seals

Compos ite of the Nos. 1. 4
/‘ and 5 Compartments

1000 -

— No. 4 Compartment

II

i( 600 —

a

400 —
Notes:
(1.) Leakage at intermediate Power
(2.) Lab Seals at 3 Labs With Spoilers/RadIal

Clearance Is I mu Pet- Inch of Seal Dia

200 -
No. 5 Compartment

0 1 

1 Compartment

0 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Compartment Biowdown Pipe ID - In.

FO 101115

Figure 11-8. Blowdown Scavenge Air Leakage Utilizing Labyrinth AirseaLe
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APPENDIX I
SLOWDOWN SCAVENGE ANALYSIS

1, BLOWDOWN SCAVENGE SYSTEM

A computer program was formulated to predict the transient performance of a typical
bearing compartment utilizing a blowdow n scavenge system. Figure 1-1 illustrates the basic
elements comprising the bearing compartment and scavenge system.

Engine AirPAIr _____OH Flow

Cz;i
~
s
a
e
~
rent

~
H• ~foiu jet

w
oL  

1

Air 
~~ 

~~~~~ Compartmentr Boundaries

~COM

Scavenge Line~~~~ 
~Line 1

Oii Tank

Mixture (Air 

WBLL ~

I-_ I ’  ~‘‘~

Figure 1-i. Bearing Compartment Blowdown Scavenge System

The following assumptions are made :

• The compartmental air temperature assumes the temperature of the oil after
mixing.

C The blowdown process is isotherma l.

• Air and oil viscosity remain constant during the transient.

• Oil flowrate through oil jet is a function of pump speed (nonregulated lube
system with positive displacement supply pump ).

• Scavenge sink pressure (P l.flk ) is constant and approximately ambient.
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2. DESCRIPTION OF COMPARTMENT PRESSURE

At any point in time the compartment pressure may be described by the perfect Gas Law:

p (M A)( R )( T ,, II )
( 1 )  Corn 1.7

A

where :

M~ Mass of air inside compartment , (tb m)

R 640.3 in. 1b1/tbm .°R; (gas constant)
T011 = Oil temperature, °R
V A Volume of air in compart men t . in. 1

Pcorn Compartment pressure. psia

The rate of change of compartment pressure with respect to time can be determined by
differentiating equation ( 1) :

~~~~ 
. 

I R T~ \ 
. I M~ R T01~ \ -

(2) 
dt ~~~ •.‘

~~ V A / 
MA — ‘ VA’ ) 

VA

Since

MA — (W A - W ADU..)

where :

W A — Comp artment seal air leakage (Ib/sec )
WASU. Air flow through blowdown line ( Ib/sec)

and

MA R T OQ

Then

(3) P,.~,, — (R(TOII)/V AI (W A — W~5~ .) (PCOrn/V A)(V A)

The term V, is the time ra te of change of air volume within the compartment and is
descri bed by:

(4) \T~ = (1/p0)(W05~. — W~
where :

W ,5,,. — Oil flow through blowdown line (lb/see)
W , — Oil jet flow into compartment (tb/sec)

Po — Oil density ( lb/in. ’)

Combining equations (3) and (4) yields:

(5) Peom IR(ToII)/V A I (W k — W ASU. ) — IPcom/V A1 (l/p0)(W 0HLL — W 0) 

~~~~~~~~~~~~~~~~~ -- - - -~~ --~ —--~~== ~~~~~~~~~~~~~~~~ --
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3. DESCRIPTION OF COMPARTMENT AI R LEA KAG E (WA )

The blowdown scavenge simulation provided an option ~permitt ing either carbon face or
labyrinth t ’.pe air seals to be considered.

a. Carbon Facis Seals

The airflow through carbon face seals was computed by the general isentropic flow equation:

(6) WA 
(P.,)( A~~,) If( P.d’P~..)1

where:

f(P si,/Pcom ) = Isentropic flow parameter
P.1,, T,iir Pressure, temperature outside of compartment seal , psia , °R

A,,, = Seal effective area, in.’

The seal effective area was determined from empirical test data and is computed as follows:

~~~~~~~~~ ~~~~ 
= (O.OOO429)(D~f)

where:

= Diameter of carbon face

(A ,,,)01.~0~ r ing = (o.000143)(D,5)

where:

= Diameter of secondary piston ring seal

(7) A,,, = Total leakage area = (A~ r)cg,ioii , r.c~ + (A,,,)91.10~ ring

b. Labyrinth S..Is

The airflow through labyrinth type air seals was computed by the use of seal flow
parameters determined from test. Figure 1.2 illustrates flow parameters for various labyrinth
configurations. The flow characteristics shown were incorporated into the program as an
available option.

4. DESCRIPTION OF COMPARTMENT OIL FLOW (W0)

The oil jets were assumed to be supplied by a positive displacement lubrication pump
operating in a nonregulated system. The oil jet flowrate was therefore assumed to track pump
speed (linearly). The blowdown transien t simulation incorporates a pump speed versus time
characteristic as input (along with engine pressures and temp eratures ) and computes the oil jet
flowrate at each discrete time increment as a function of this characteristic.
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Labyr inth Seal Flow
Parameter aa a

0.05 — Function of Seal
Pressure Ratio

0.10 —

1 Lip - Without Spoilers

0.15 —

0.20 — 
Lips - With Spoilers

‘1o~
0.25 — 

3 Lips - With Spoilers7-
0.30 — 

4 Lips - With Spoilers

O.4O

0.50

0 1 I I I
1.0 1.4 1.8 2.2 2.6 3.0 3.4

Seal Pressure Ratio
~D 1017$,

Figure 1-2. Labyrinth Seal F!ou’ Parameter as a Function of Seal Pressure Ratio
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5. DESCRIPTION OF MIXED (TWO-COMPONENT) FLOW THROUGH BLOWDOWN LINE

The two-component flow analysis of the blowdown line was based on ri g tests eon(ltlcte (i in
support of scavenge plumbing configuration evaluation for the F l (X ) -P W- l (X ) lubri cation system .
Three sets of sca~’enge plumbing were evaluated for their impact on pump performance. ‘l’he flow
test data was normalized to fit a generalized flow parameter. This was achieved through the use
of a pressure loss modulus (Mart inelli , Reference I )  applicable to a flow reg ime which is turbulent
for both the air and oil. Figure 1-3 illustrate s the two-phase flow parameter char acter isti ( ’ used in
the blowdown simulation . The flow parameter is shown as a function of line pressure ratio and is
in the following form:

Flow Parameter .~ts2_~~fJc. w Function of Line Pressure Rat io

where:

-
~ Flow modulus (see Reference 1) referred to as a “M arti ne ll i  factor ”

1’ Temperature of the air in the blowdown pipe (assumed equal to the
oil temperature ), °R

K - - Blowdown line loss coefficient
1’ Blowdown line up stream pressure , psia
A = Blowdown line flow area , in. ’
w Blowdown line airflow , lb/sec.

Adapting the generalized two-phase flow parameter to th e blowdow n scavenge simulation
results in the following transformation:

Flow Parameter (~~ fl) ~/(ToIIX K sLL) 
(*~~~) = f (  

Pcurn )
,.O,U)(A KL)

where:

A5L = w/4(D1~,)’ = Blowdown line flow area (D i .ir is the ID of blowdow n
pipe )

K,~. Blowdown line loss coefficient based on unaerated oil loss (i.e.,
K 51,,. = f(~~4flht) + ~.. Ktwn.tp + ~.. K tur n s)

Airflow in blowdown line.

8. FLOW MODULUS , ~~

The term ~~~
, is the flow modulus which relates the loss of the two-component mixture  to

that of a simple air system. This is defined in Reference I as follows:

~~~~~~~ pp, g .r Øtt~ 
(~~P/~~L)g ir

The procedure for determining the flow modulus , •~, is as follows:

Compute

1. Oil to airflow ratio in blowdown line , ~~
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Two-Phase Flow Parameter as a Function of Pressure Ratio (Applies to a Flow Regime in Which
the Air and Oil Flow Are Both Turbulent )

0.50 —

0.45 —

0.40 —

0.35 —

0.30 —

0.. w — Air Flowrate - lb/ sec
025 — K — Line Loss Factor

T — Temperature of the Air in the Line -
P LIne Upstream Preaure Pressure - pale

2 A — LIne Flow Area - in2
o.2o — Flow Modulus (“ Martl nelll Factor ” - See Ref 1)

0.15 —

0.10

0.06

I I 1 I I I
1 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Line Pressure Ratio ; ( ~~put~~am ) PD 10050

~DownsVsam

Fip.ure 1.3. 7’wo.Pf~aae Flow Parameter as a Function of &essure Ratio
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2 Ai r  t ’’ ~i l density ratio in blowdown line , ~ —

where:
10 , I)
I ~ tbl ll t a, ,k

2 R T ~~

:t . Oil to a ir  ~iscositv r atio:

M.~ M~ ir

where :

V scositv of the oil
Viscosity of the air

4. ‘Fwo.cotnponent tiow modulus . ~

— I ~O I I I  ~ ~O PU I ‘I 10 I
\ kt i u X r ~ ‘ki-i’ ~~

‘
~~‘ I

~ Determine flow modulus, ~~~ ; from figure 1.4 (ta k eI~ from Reference 1) . ~~,,
is shown as a function of k it .

7. DESCRIPTION OF TRANSIENT SIMULATION MODEL

The preceding e~uat ions describe the various components which , when taken together .
comprise the total blowdown scavenge system. The descript ion which follows describes the
manner in which the previously discussed building blocks were assembled in a t ransient
computer program.

I. COMPUTER PROGRAM

The computer progra m is in tW I) basic parts. The ini t ial  pa rt is a steady-state solution of the
scavenge system prior to the transient . The results of this sect ion were used as initialized
conditions for the transient portion (latter par t) .  This provided the correct boundary conditions
for the transient analysis and assured continuity during the tran sition from steady-state to
deceleration -

a. Part I — Steady-State

The basic input to the program includes bearing compartment environmenta l air pressures
and temperatures as well as the oil tlowra te and temperature . The program iterates on the
compartment pressure, P ,,,m, until a stead y-state solution is achieved in which the air and oil flow
into the compa rtment is matched with the air and oil flow in th e scavenge blowdown line. Al l
required air and oil prop erties (viscosity, density ) are built internally into the program as a
function of temperature.
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Modulus ~~ as a Function of Two-
Component Flow Modulus sfljt;
Liquid and Gas Flow Regimes

T r laken from Reference 1
• __
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FigurE’ 1.4. Two Componen t Flou’ Modulus 
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b. Part H — Tr.nsl.nt

The compartment seal outside pressure and temperatur e and oil pump speed deciiv rates for
a typical baseline engine are inp ut programed. The init ial  compartment pressure (prior to
deceleration) is taken from the preceding steady .stste solution. ‘I ’he transient  solution ut i l izes  a
numerical integration technique employing the following sequence of computations:

(‘onlp ute Proci ’du, ’r

( I )  Sea ) outside pressure and tern- Input programed as a function
perature ; oil pump speed and oil of time ; oil jet flow determined
jet flow from pump speed

(2) Air leakage th ro ugh seal Equation 6 (for carbon seals) or
Figure 1.2 for labyrinth seals

(3) Air and oil flowrates through Use th e two-component flow
blowdown line procedure previously described

(4) Compartment air volume time Equation 4
rate of change

(5) Compa rtment pressure time Equation F,
rate of change

(6) Compartment air volume
V A — V~~ 4 V~ (dT)

where:

Compartment air volume from preceding tim e increment
4T — Calculating time increment
V,~ — Instantaneous time rate of compa rtment air  volume ( from Step 4)

(7) Compartment pressure
— Pi.onii, + P,.,,m (dT)

where:

Compartment pressure from preceding t ime increment
— Instantaneous time rate of change of compartment pressure (from

Step 5)

Upon completion of Step 7 the program calculate s a new time (Time — TimeS,,Vk ,IU ItT)
and returns to Step I where the entire sequenc e of comp utations is recycled . As in all numeri cal
integration techniques the time increment is selected sufficiently small to assure accuracy . A
calculating time increment smaller th an 1/10 the compartment volume time constant provides
this assurance.
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9. TWO-COMPONENT PRESSURE LOSS CORRELATION

A correlation between the two-component flow rn del used in the blowdown scavenge
simulat ion and t he No . 3/3~~ compart ment hlowdown ~eavengc svst~ m of the ~li’1!~I) was
performed . The .JTI5D is a production engine (Pratt & ~Vh i tne v  Aircraft ofC ana dat  in a less than
lO,(XX ~ lb thrust class which utilizes a blowdown scaven ge sy stem i n the No. :t : t  I compartment -

The ,JT1SD hiowdown line resistance (from compartment to gearbox ) is heavily domi nated h~ a
0.3(k) diameter section of plumbing designed to provide a c )mpa r trn ent hackpressure effect to
minimize seal air leakage by reducing seal .~P.

Figure 1.5 illustra t es the prediced flow characteristics of the blowdown line fur steady-state
pressure and temperature conditions taken from the .I TI 5D. Superimpo sed on this figure are the
estimated ,JT15D No. 3/3’ .i compartment air and oil flows. The two-component flow model
predicts approximately 75 percent of the estimated JT15D air leakage at the estimated .ITI5D oil
flow.

No compartment transient pressure data is available from the JTISD fur comparison with
the transient simulation used in the blowdown scavenge studies.

REFERENCES

I .  “Isothermal Pre ssure Drop for Two-Phase , Two-Component Flow in a Horizontal Pipe,” R.
C. Mar t inelli , L. Boelter , T. Taylor , E. Thomsen , and F. Mor r in , Transactions of the ASME ,
February 1944.

2. “Proposed Correlation of Data for Isothermal Two-Phase , Two-Component Flow in Pipes ,”
R. W. Lockhart and R. C. Mar ti nelli , Chemica l Eng ineering Progress, January 1949.
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APPENDIX J
SCAVENGE BREATHER ANALYSIS

1. SCAVENGE BREATHER SYSTEM

A computer program was utilized to evaluate the transient bearing compa rtment press ure
characteristics during engine deceleration from intermediate power to idle. This program
simulates the scavenge breather system and predicts transient compartment pressu ’~s in a
manner similar to the blowdown system simulation which is described in detail in App endix 1.
The scavenge breather system differs from the blowdown system primarily in the use of a
scavenge pump to transfer the compartmental air leakage and oil flow from the compartment to
the oil tank. Figure J-1 illustrates the basic elements comprising the scavenge breather system.

Air w / ,.—Compartment
-: WA 0 f OH Boundaries

~COM

(AIfld OID~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T5fl k

Scavenge Pump
F!) Io~ s-i

Figure J I .  Bearing Compartment Scavenge Breather System

The scavenge pump is a positive displacement type pump whose volumetric flow capacity
is prop ortional to pump speed. The scavenge pump is sized in excess of the oil flow requirement
to assure positive air sealing during engine deceleration .

During steady-state operation , the compartmental air seal leakag e and oil jet flow are
balanced by the scavenge pump flow output , i.e.,

(1) Qp Q0~ + Q~
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where:

= Volumetric flow outpu t of scavenge pump - in.’/sec
= Volumetric oil flow into compartment . in.’/sec

Volumetric air flow into compartment - in.’/sec

(2 , 3) Since QA W./p. and Q01 = WOIdPO

where:

= Mass airflow leakage across compartment air seals - tb/sec
= Comp artment air density - tb/in. ’

W011 = Oil jet flow . tb/sec
Po = Oil density . lb/in.’

Substitution of Equations 2, 3 into Equation 1 and applying the equation of state yields:

(4) Q = ..~~ 2LL +

As discussed previously in Appendix I, the compartment air is assumed to stabilize at oil
temp erature after mixing. Solving the above equation for compartment pressure yields:

(5) = _____________

(Q,, — W 0jp01

Equation 5 yields the steady-state compartment pressure as a function of scavenge pump
capacity, air leakage , oil temp erature and oil flowrate . The compartmental air leakage during
steady-state operation is dictated by the scavenge pump capacity since it sets the pressure in the
compartment which in turn determines the compartmental air seal pressure differential.

The compartmental air leakage and compartment pressure equations must be solved
simultaneously for a unique solution to exist;

(6) W A = f(P ai r , Pcom, A5,,, T.1, )

(See App endix I for detail seal flow model.)

The computer program iterates on compartment pressure (P,.om) until the air leakage in

Equations 5 and 6 balance.
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2. TRANSIENT SIMULATION

Once a steady-state solution is achieved the results are used as initialized conditions prior
to the engine deceleration. The transient pres sure anal ysis is the same as previously discussed in

App endix I except for the time rate of change of air mass in the compartment. Accounting for the

scavenge pump airflow and eliminating the blowdown line yields the following:

M A - W A

where:

= Air flowra te through scavenge pump - tb/sec

since:

W A~ = P. Qs = PconJR(To i )  IQp — Wou/poJ

Therefore:

(7) M = W A — (P com)/ (R) (Toti )(Qp — Won/Pal

The compartment pressure is computed during the transient by integrating the compart -
ment air mass and computing the pressure time derivative in discrete time increments as

discussed in App endix I. Comp artment seal outside pressure and temp erature and oil

supply/scavenge pump speed decay rates for a typical baseline engine (for an engine deceleration )

are input programed . The scavenge pump flow capacity is computed from the rot or speed at each
t ime increment in the transient along with all the other parameters .

Comments made in App endix I relative to the selection of the magnitude of the time

increment applies equally well here.
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APPENDIX K
OIL PUMP DESIGN

OIL PUMP GEAR STRESSES:

known:

hp 4.0 or , 2 hp/stage
Gear pitch dia. 0.5625 in.
No. Teeth 9
Diametrical Pitch — 16
Pressure Angle — 28°
X Facto r = 0.033
Hertz Stress Allowable 100,000 psi

REQUIRED FACE WIDTH

F 0.7 -~~E x W x ( M 0 + 1)
sin 2 -(d) (Sc)’ (M 0)

W - Tangential toot h load — ~J. — 2 x 1 2 .6  
= 44.8 lb ,

T — 
63,000 x 2 

— 12.6 in. — lb

M0 — gear ratio — 1:1
d — pitch dia.

Sc — Hertz stress allowable — 100,000 psi

• — pressure angle — 280
F -  Face width

F — 0,7 x E x 44.8 x 2 
— 0.403

am f(2)(28’)) (0.5628)(100.000)’

Actual F — 1.874

(Actual Hertz Stress)’ — (100,000)’ — 49,065 psi

100,000SF - - 2.038
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• Now determine cyclic bending stress for gear teeth.

1. Find Dynamic Tooth Load:

w 005V [FC+WJ wd o.osv + 1FC+WJ” +

V = pitch line velocity ft/mm = 1473 ftlmin
F — face width 1.674
C — error factor = 950
W = tangential load (LB) — 44.8 LB

Wd = 
(0.05) (1473) [ 1.674 (950) + 44.8] 

+ 44.8
0.05 (1473) + [ 1.674 (950) + 44.8J~

Wd = 1101 LB

2. Now calculate allowable tooth toad:

w (0.667) (S5) (F) (X)
K

We — allowable load
S bending stress (cyclic) = 63,000 psi
F — f a ce width
X = tooth factor determined from layout = 0.033
K — strec~s concentration factor = 1.5

w. — (0.~~7) (63,~~~~~1.674) (0.033) 
= 1M7

SF = 4 ~~f=1 .405
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COMPARTMENTAL LUBRICATION SYSTEM OIL PUMP DESIGN

1. Ob~sctIv .

Scale the ST-9 oil pump to F100 oil flows using ST.9 rig data and calculated leakage flows.

2. CalculatIon of Running (300°F) End Plata Clsaranca for ST-9

_____ 

0.801 
______i—0 0.8005

0.800 
Cold Clearances

Ma.x Nomina l Mm

X 0.8010 0.8005 0.8000
—0 .7985 —0.7990 —0.7995

F’ ~~~~~~~~~~~ 2X = 0.0025 0.0015 0 0005

a O.ar L.ngth Growth at 300°F

.1/ = aLIT

For AMS-6470 or AMS.6260. a = 6.6 )( 10 ’  in./in ./°F
(See Figure K-I )  at (300°F)

= (6.6 ~x 10 in ./ in ./°F) (0.7995) (300 — 68) = 0.0012242 0.00122 in.
(0.7990) 0.0012234
(0.7985 ) 0.0012227

b. Sh&S L.ngffi Growth at 300°F

For AMS 4120 at 300°F a = 12.98 X 10’ in./ in ./°F

.11 = (12.98 x 10 in./in ./°F) (0.801) (300 — 68) 0.002412
(0.8005) 0.002411
(0.800) 0.002409

Lengths at 300°F Gear Shell
0.7995 0.7990 0.7985 0.8010 0.8005 0.8000
0.0012 0.0012 0.0012 0 0024 0.0024 0.0024
0.8007 0.8002 0.7997 0.8034 0.8029 0.8024

Running Clearance
Max Nominal Mm
0.8034 0.8029 0.8024

—0.7997 —0.8002 —0.8007
2X 0.0037 0.0027 0.0017
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c. Using Actual Pump Maisur.ments

Gear Length (dr iven~ 0.7983 (driver )  0.7981

average = 0.7982

Housing Length — 0.8012

clearance 0.8012 0.7982 = 0.0030 in.

Gear Growth

.~ ~~~~ = (6.6 \ 10 • in -in. ~F) (0. 7982) (3(R) - 68) 0.(~)I2 2 in.
Running Length 0.7982 0.0012 — 79942

-
‘ Shell Growth

.~~ — 4 L ,~T (12.98 \ 10 • in. in.~~F’~ (0.8012) ( 300 — 68) = 0.0024127
Running Lengt h 0.8012 * 0.0024 = 0.803(i)

Running Clear ance — 0.8036 1 — 0. 79942 = 0.00419

End Plate .4rea Calculation

—=1 1~=— 0.0041927

1n~ 0.7994 2

‘ U ’
Shaft Growth — (6.6 \ 10’ in./ in ./ °F) (0.3738) (300 — 68) = 0.00057
Diameter = 0.3738 # 0.00057 0.3744

Side plate total lengt h cold = (2) (gear pitch radius) + ~2) (gear out*ide radius)

Side plate total length cold — (2) (0.28125) ~ (2) (0.34075) — 1.244— (12.98 \ 10 in./in./°F) (1.244)(300 — 68) — 0.003746
Side plate total lengt h hot 1.244 + 0.0037 = 1.2477

Tota l Flow Area 11.2477 — (2) (0.3744)1 (0.0041927) = 0.002316

~z tota l side plate leakage area = 0.002316f2 — 0.001 1578

— j



3. Clearanc e Betw een Shell and Hous ing

a. _~~ ,— Houstng
(‘old (‘h’arance

1.4375 11385 

Ma x Ntrn~ na1 Mm

1.4373 
- 

_ I .4381 - 1.4 : 17 1 — 1. 43 7. 1 l . 43~~
1.4371 1 • 4377 0.0014 0.0008 0.000~2 

b. Clearance at Running Conditions

Shell ~ (AMS 4120 ) at 30(~ F is 12.98 X 10 • in ./in./°P
~ l) = aD~IT
.~l) (12.98 \ l() • in./in./°F) (1.4375) (300 — 68) — 0.004329 0.0043

(1.4373) 0.004328
(1.4371) 0.004328

New Shell 01) 1.4375 4 0.0043 — 1 .4418
1.4373 1.4416
1.4371 1.4414

Housing a (AMS 42 15) at 300°F is 12.7 X 10 • in./in./ °F
~1) — vD~T
.~t) ( 1 2.7 ‘~ 10 • in / in. / °F) (1.4385) ( 3(X) - 68) 0.0042384 0.0042

(1.4381) 0.(X)42372
(1.4377) 0.0042360

New Hou sing II) — 1,4385 4- 0.0042 1.4427
1.438 1 1.4423
1.4377 1.4419

Hot Clearance
Max Nominal Mm
1.4427 1.4423 1. 4419
1.44 14 1.4418 1.4418
0.0013 0.0007 0.0001

c. Actual Cold Clearance f rom 8ulld Measur m•nts

Clear ance — 1.4385 — 1 .4376 — 0.(XX)9 in .
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d. Running Clearan ce

ID shell = (12.98 \ 10’ in./in./°F) (1.4376) (300 — 68) — 0.004329
$1) housing — (12.9 X 10 in./in./°F ) (1.4385 ) (300 — 6$) = 0.004305

4A (4) (0.000723)DH WV — (2) (0.8036) + (2)  (0.0009) 1,7974

Running Area —
OD shell 300°F = 1.4376 4 0.0043 1.4419 0.0009 \ 0.8036
II) housing 300°F — 1.4385 + 0.0043 — 1.4428 — 0.000723 in. ’

Each Side

Running Cleara nce 1.4428 — 1.4419 — 0.0009

4. Gear Teeth Clear ance

a. NoNs

(1) Ignore journal toleranc e since this could result in a negative clearance.
Assume gear shaft is running in center of journal.

(11) Ignore mismatch between end plate s and shell since a mismatch that closes
down clearance on one side of the pump will open up cleara nce on other side
of pump.

b. Cold Clearan cai

0.0015
O•00075L t _i

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~

°
.~~%~~~~

‘— 
~~~~~~~~~~~

Cold Clearance on each contracting t ooth —

0.3410 — 0.3395 0.0015 max
0.34075 — 0.339625 0.001 125 nom
0.3405 — 0.33975 — 0.00075 mm
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c. Running (300°F)  Clearances

Gea r D!mentrlcal Growth

~D a D ~T
= (6.6 X 10’  in./in./°F) (0.6795) (300 — 68) = 0.00104045

(0.67925) 0.00104007 = 0.0010
(0.6790 ) 0.00103968

Running Gear Diameters = 0.6805 Radius = 0.34025 0.34025
0.68025 0.340125 ~ 0.34013
0.6800 0.3400 ~ 0.34000

Shell Growth
New

Diameter
Diameter (2) (0.28125) + (2) (0.3410) = 1.2445 1.2482 = 1.2445 + 0.0037

(0.34075) = 1.244 1.2477 = 1.244 + 0.0037
(0.3405) = 1.2435 1.2472 = 1.2435 + 0.0037

• 
t

- aD~T
= (12.98 x 10 ’) (1.24.45) (300 — 68) = 0.0037476

(1.244) 0.0037461 0.0037
(1.2435) 0.0037446

New Shell Radius

New Diameter — (2) (0.28125) 
= (1.2482 — 0.5625)/2 = 0.342852 = (1.2477 — 0.5625)/2 = 0.3426
= (1.2472 — 0.5625)/2 = 0.34235

New Running Clearance

Max Nominal Mm
0.34285 0.342600 0.34235

—0.34000 —0.340125 —0.34025
0.00285 0.002475 0.00210

Now assume shaft runs on outside of end plate hole under high pressure. This will decrease
clearance 0.001 in. making nominal clearance 0.001475 in.

Flow area through teeth is (0.7982) (0.001475) = 0.0011773 in.’

Note we can have three teeth in contact so we have three orifices in series.

1 1 
+ 

I 
+ 

1 — I 
+ 

1 
+

A.’ A~’ A,’ A,’ 
— 

(0.001173)’ (0.001173)’ (0.001173)’

= 2180345.06
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Effective area through (3) teeth

A. = 6.7723 x 10’ 0.00067723 in.’

Note that this is for each side of the pump or ‘
~~ leakage. For total leakage through the

pump

At,.,th = (2) (0.00067723) 0.00135446

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

From Figure K-2 for the ST-9 pump comparing flow at 150 paid and 0 paid (extra polated), wehave the total leakage.

Leakage = 48.0 tb/mm — 40.5 tb/m m = 7.5 lb/mm

½ of leakage = 2 .  =

~1P - - ~~ - . -  W’
pA’25~

W’~~~~P pA’2,~
w — . v,~

Correcting oil flow from Type 11 to Type 1(7808) at 300°F

= w,1 = W1, ~J ~~~~~~~ 
W I1 (0.973942)

Zero ~P flow (no leakage) = (0.973942) (48.0) = 46.749

150 psi ~P flow = (0.973942) (40.5) = 39.44466

Leakage = 46.75 — 39.44 = 7.31 lb/m m

½ 1eakage=1j~1 = 3.66 1b/min
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46.75 ..— flow at 0~~PFlow per inch of pump without leakage 0.79942 .— element length

— 58.48 lb/mm (7808)/inch lengt-h

— W,~, to hot~~tfl~ + %Vg.~, 
~~~~~ 

+ W.n,t s~i.,..

2,~ pA 2,.

w~- pA’2,~~~P 
~~~~~~~~ ~Jp2 ,~~~P

— 

to hoUatn ~ 

+ 
~/1~~itp*r t..t h 

+ 
~/‘R~ I)Iat.

I A A AW~0~.1 — constant 
~ ~~~~~~~ ~ ~~~~~ 

+ 
s,/R,..r t..ut \drW~.fld ~~~

AShell to housing 
~y~

- for half of pump

Approximate length of shell to housing leakage path

L — 
~~
‘ 1.4373 — — — 2.2577 — 0.375 — 0.3125 — 1.5702

assume f — 0.02

K — 1.5 + -~~~
- + KL - 1.5 + 

(0.02) (1.5702) + 0.62 — 1.5 + 0.02 + 0.62 2.14

A 
— 

0.000723 
— 0 

L 
- 

1.5702
~/W ~~~~~~~~~ DN 1.7974

— 0.8736

K ,, — 0.62 From Product Engineering
“Flow Resistance in Piping
and Component s.” page 15

End plate to gear for half of pump

Treat loss as orifice K -. —
~~~

-
~~

— — ~~~~~~~~~~~ — — 2.778

A 0.001 1578
— 0.0006947
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Gear teeth leakage ,
~4= for half of pump

Treat Loss as orifice K (0.6) ’ 
= 

0.36 
= 2.778

— 
0.00067773 

— 0 000~t063

W( ~~ leakage)Constant = 

A A A
1~~~~ S~ I I to hoUaIfl~ 

+ 
~~~~~~~ I..th p1st. 1 For of pump

3.66Constant 0.0004942 + 0.0004063 + 0.0006947

Constant = 2294.38

1. 1 2 shell to housing leakage (2294.38) (0.0004942) — 1.1339

Total shell to housing leakage = (2) (1.1339) = 2.268

Total shell to housing Leakage per inch of pump = 2.268/0.79942 —
2.837 tb/mm /in, pump

2. L~ gear teeth leakage = (2294 .38) (0.0004063) = 0.9322

Total gear teeth leakage = (2) (0.9322) = 1.8644

Total gear teeth leakage per inch of pump = 1.8644/0.79942 =
2.3322 lb/mm /in, pump

3. ‘-~~ end plate leakage = (2294.38) (0.0006947) = 1.5939 tb/mm

Total end plate leakage = (2) (1.5939) = 3.1878 tb/m m

Check , 1.1339 + 0.9322 + 1,5939 = 3.66 tb/mm

Assume the leakage areas of the new pump are the same as the ST.9
test pump.

225

— -  —------ -- — — - -  
-
~~~ •. ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 

.. ~ JT1I ~~~~ . •



• 
—,

~~~~~~~~~~~ -~~~—•.—.,- ~~~~~~~~~~~~~~~~~~~~~~~~~

Pump Size

Required flow = 152.5 tb/m m + 15 percent over capacity
= 152.5 + 22.9 — 175.4 lb/mm

no l..ksU. shil l to housing u .k
4 4

175.4 — (58.48 tb/mm /in, pump) (L) — (2.837 lb/mm /in, pump) (L)

~i r  Ii.th uk m d  Slat. Isakag.

4 4
2.332 lb/m m /in , pump (L) — 3.188

175.4 + 3.188 = 53.311 L

178.588L 53311 3.3499 in. = 3.35 in.

Scavenge Pump Size

Required flow 88.6 tb/mm

Ignore leakages due to small pump ~P

Size pump 2X size with no overcapacity

(2) (88.6) = 177.2 tb/m m

177.2 lb/mm = (58.48 lb/m m /inch length) (L)

177.2L — = 3.03 In.

DerivatIon of Gear Pump Bearing Journal Loads

For low pressure appl ications up to — 200 psi

1. Assume pressure varies linearly from

a = O t o , a n d constant f r o ma = ,to3w/2

P = P m a x -~-- O � a �~~
dF

P = P m a x  r �a �-4f-

Discharg e 
~ 

dO~~~~r 

~ 
Suction

L - 
~~~~~~~~~~~ - - - - - ‘~~~~~~il~~~~~:~~ -- • —~~-—~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Puxnp Speed 10, 0000RPM 3
Type II Oil 9 300 F , P = 56.0 ibm/ f t

150

4-’
4)

‘-4

• ~4 5

~ ~ 100
4 1 . 4

~~

‘.4
Is

50

X Test O8ta Corrected
To 300 F Type II Oil
F3 3613—l D—23A Test Stand

0
0 10 20 30 40 50 60 70

Oil Pump Flow — PPM

Figure K-2. ST-9 Main Oil Pump Perf ormance
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2. Hydraulic Load

0 ‘ a S w

gui Width

dP i, — Pd !’. — ( P ., 1—~ 
r d ~ w - wi 

~‘. d ~‘.

3’.
I’ S t~ S —

dPi, — ~~~ (F d a w) Wi P .n da

3. dP i,, — dF i, ajn a

dPi,, — wr P rna % s~n a d a

3’

dPi,, — wr P,,.. sin d

dF~ to t al — WT 
P;~5 a sin a d a 4 wr P~~, sin a d a

dP i,, l0t.t , 1
’ 

dF i,, total — wi ~~~~11 a sin n d (1 + Wi Pt,,,11 sin a d ~‘.U. 
a

a Mfl t~ — Sill It’ It COS a

mat • a
~~ tot al — wr (mn a — a cos al — wr Pmai C~~ a

F’., ~~~~~~ 
— w~ 
i~ms. 1(0+,) — (0—0)1

total WV P0~1 — wi P,,, 5 — 0

The y components therefore cancel each other

2~l



4. dFi,, dF i, cue (I

0 < ~* ‘— ~~

dP i,1 = ~~ 

:i, 

cue a d a

U. ~— It —

dFi,. = wr P0’.., cue a d a

dF,, tota l  = wr Pm.. 
a cue a d a + wr P 0,,5 cos a d a

F,, 101.1 = w r  Pm., 
a cos c~~d u # W V P0,5, cos a d a

~ 0 a —

a c u e a d t ’ .  = coe a + tt Slfl O

total  = WT 
P m.a (cue a + a sin a) 

‘ 
+ wr Pm.. sin a 

3r/2

0 a

Fi,, ~~~ = wr P . ,,. ( — 1  + 0 — l  — 0) + wr Pm.t ( 1  — 0)

101.1 = Wi Pm.. ( “
~~~~ 

—

F’.,, 10111 = + 1.636 Wi Pmai toward pump inlet

5. The Gear Forces Are Calculat ed As Follows :

Pu mp HP

HP 144 u t  ~P th oil flow . tb/mm
(60)(550) p’.~ ~1P = pressure rise across pump. psi

p = oil density. Ibm/ft ’.
= pump efficiency

N pump speed, rpm

Pump Torque

T = (33000)(12)(HP )
2~~N
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of torque is transmitted to driven gear and I 
2 absorbed by driver gear.

Tangential Load

i TF1 = —
~~

- —j~
- R — gear pitch radius

Separating Load

F. = F1 tan 8 8 = pressure angle

Idler Gear

tang sntl al du.
hydr aulic to torqu.

4 4
F,,, = tota l load in X direction = F,, + F1

mpar.t ung
load

F,, = tota l load in y direction = F,

F, = total load on idler gear
Idler Tangentia l

~ Separating Due to Torque
F, = v’F1,,’ + F1,’ Loads

D 

(4

~~~~~T

Drive r
Tangential
Due To Tor que

Load Diagram

Driver Gear

t .ng,ntI.I due
hydra ulic to torqu.

4 4
FXD = total load in X direction = F,,, — F,

..p rltln(
load

Fyo = total load in y direction = F,

F0 total load on driver gear

F0 = ~/F yrj’ + F.,,’

6. Bearing pressure loads are given by the gear force divided by the projected
bearing area.
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~1OO-PW-1OO JOURNAL SEARING LOADS

F100-PW.100 Pump

P — HP (144 ) 
~~~~~~~ ‘ h

(p ) (M ~ 
(3&C~X)) 

-

in — oil flow in tb/mm 150 tb/m m

p density — 59 lb/ft 1

N — pump speed (rpm ) 4072 rpm

W, — face width (in.) i .36

pressure across pump - 150 psi max

T — torque inch-tb — (13,900H0.293) 30.93 in. -lb

= gear pitch radius — 0.584 in.

pitch radius + addendum = 0.750

a = gear pressure angle ~ 28’

Now:

FHX — (1.636) (W ,) ( r 0) (~~P~

F1 — j r-; F, = F1 (tan a)

F ,,, = F’. ,, + Ft

— F.

F 1 — ~J F11’ + F,,’ — lb load on idler gear

Therefore:

F100-PW. tOO journal loading

T = 3 0 . 9 3 i n . .tb

— 1.636 “. 1.36 ‘. 150 — 250.3 lb

F, - 2(0.584) 26.48 lb

F, = 26.4$ (tan 28) - 14.06 lb

232
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F 1,, = 250.3 + 26.48 = 276.78 lb

F ,, = F, = 14.08 lb

F1 = 
~/276.78’ + 14.08’ = 277.14 tb/journal

Press load on journal = 
~~)(0.455)(O.686) = 443.9 psi

2. Scavenge Pump Journal Size

HP — 
144 X 15 X 150 

— 
~~59 X 1.00 x 33,000

— rn lSO lb/min

p 59 lb/ft’

N = 10,000 rpm

= 3.030

= 15 psi

T = Torque 
(63,000)(0.166)_ 

~~~~ in.-tb

r,, = 0.281 in.

= 0.340 in.

a = 28°

Now:

FH1 = 1.636 x 3.030 x 0.340 x 15 = 25.28 Tb

F 1.046
— 

(2)(0.281) 
— 1.86 Tb

F, = 1.86 tan 28° = 0.989 lb

F , = 25.28 + 0.989 = 26.269 lb

F,, = F, = 0.989 tb

F, = ‘~/(26.269)’ + (0.989)’ = 26.28 lb max gear load

26.28Load per .journal = = 13.14

Allowable load from F100-PW -100 pump = 443.9 psi

233
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Max Journal LoadAllowable pressure load — (fli a .) (Length )

(0.373) (L) — 0.079 in. Journal length

From Experience Set Length at 0.250 in.

3. Pump Housing Sample Calculations

LIt

J 

[~___ 
.i

[.
0’ 180 Mm . - t

L~p —I 5Opsl

b-i.t -
~~

Fri -un

Koark ‘l’ab le X Case 4 1.
All edges fixed uniform lund C 3 • 2
over entire surface,

SI,,,, — 0 - - -—- .

— 2. : front table Roark page 227 . 0 0.497

W — Load/in,’

a large dimension of rectangu lar area under load

1) — ‘.‘niall dimension of rectangu lar n rt’n under loini

= thickness, in.

5,,,,. 0.497 5.M90 psi bending stress

0.2 percent yield strength of AMS 4117 — :)5,KX) psi

.lr 
~~~SF = — 5.9.1

234
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4. .ini Size tor OH Pump

Inl et I inc \ eli ’, ’ul v (i’ressure Pump)

0 sec tFxperii ’neu ’)

— ~~ 1h non

V \ I’t —

~~ tt~ rt~
—

____ It, Into 
Il’- 

‘‘‘ lb U * \ I) si’t~ ~
l O l l~

= 0~~)9I19 It’~~~~ \ . 1,0

— ,,

i — ‘L”- (~~ it~~ ) 
—

I) —. 0,107 ft \ 12 - 129 in.

I ~4i’ I 250 with  0 o:ts wall

11) — 1 . l $ ()

150 \ 144 \ 4Actual \ — 

~~~ ( I  ~~~~~~~~~ 

— . ‘ 9$ I)

Pressuire I . m e

‘~ 15 fl/set’ Allowabl e (Experience)

W — ~~ AV

A — sr~ 
— 0 (~~~~I fi’

A-

P’ — 
01K) \ ~ •

1) - 0.061$ \ 12 — 1) 742 ~n -

~ iIliL - - - - — 
s-’- - ~~~~~~~~~~~~~~~~~ r _  - _~~~~~—~-—~~~~~ .~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

_ ~~~~~~
-------- -
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O~~Se w. ll

Use 0.750 tubing 0.750 — 0.070 = 0.680 dia
—

I 150 X 144Actual V = — = 18 ft/sec
55~~~~~w ( O 680) )c 60

Use same size scavenge inlet and pump inlet. Scavenge discharge from pump

use 0.625 OD tube

ID — 0.555

Q = 81.8 tb/mm (2i~3 compt) flow

81.8 x 1 4 4 x 4V = 

~~ x w (0.555)’ ~ 
= 14.7 ftJsec

5. Carbon Bushings Compr essive Stress Due to Press Fit

Q 375 $ 0.4815—b

______________ Jr

~~~~~~~~~~~~ Max. Fit = 0.0025 Tigh t

~ I (b/a)’ + 1 1 Reference:  New Depar tu re
~~~~ t i  , _  

~~~~~~ 
j Analysis of Stresses and De-(u,a) 1 . .flections Copyr ight 46 uy

Jones, page 161

Graphite Carbon Material

6 = 0.12

E = 3.8 )( 10’

~~~~~~~~~ Compressive = 45,000 psi

a = 2.6 x 10’  in ./in. /°F

236
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FITS (Carbon to Hag) rat ioed down from F100-PW.100 pump

Max FIT — 0.0025 -# Da dt

— 0.0025 + (10 X 10’ in./in./°F) (0.4815 in. ) (230°F )

Max FIT — 0.0036 during operation.

= 
P11b [( b / a ) ’+ l
E L (b /a ) ’— l  6

P0 (0.4815) f (0.4815/0.375)’ + 10.0036 = 
3.8 x 10’ L (0.4815/0.375)’ — 

— 0 12

3.8 x 10’xO.0036p0 = (O.4815)(3.96)~~ 
= 7175 psi pressure

— 
P — (b/a )’ P0 

+ 
(P — P0) b’

(b/a)’ — 1 4r’ [(b/a)’ —

Reference : New Depar ture Analysis of Stresses and Deflections , Copyright 46 by A. B. ,lones ,
page 161-163 .

s 0 — 1.649 (7175) (— 7175 ) (0.4815)’
0.649 + 

4 (0.24)’ (0 .648 )

S1 = —18 ,230 psi — 11,141

S1 = —29 ,371 psi compress ve stress

Comp allowable = 45,000 psi
Pure carbon P5Ag
Graphitic carbon

5. Quill Shaft Stresses

- 
144 W1~~Php -

hp — 2.746

T = 63,000 X = 17i9 in. -tb

Make 2 pump s of equal length .~ . each
quill transmits torque — 8.645 in.-lb

2250

237
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Spline load — — — ~~
8
2:~

5)

W —  69.16 th

Spline bearing stress

s — 
2T T — Torque — 8.645 in. -lb

b 1) N F,,~ D — Pitch die — 0.250
N No. teeth — 11

hk — Working depth — 0.0128
F — Face width

S,~ — 3500 psi allowable
(working quill shaft)

3500 2 (8.645)
0.250 x 11 x F x 0.0128

F - 0.140

Shear Stress in Quill Shaft

Material: Hi l  Tool Steel

5,,,,,, ,,,,,, — 0.95 (200,000) (0.57) — 106,300 psi

TL
5,,,,,, —

16 x D x T5,,,.,, = 
~ (D)’

16 x (0J 76) X 8.645S — (0.176)’ 
= 8076 psi shea r

SF — 108,300 1348,076

238 
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APPENDIX L

OIL TANK DESIGN

OIl Tank Mount Bracket Stress Tank
Tank W~ ~ 25th Tank & oj j ~•.—~ 3, 6
Oil W.,. — 2.75 gal X 7.74th/gal — 21.285th 011

ZM, ’ 0 2 1 .2 8 5 X 1 . 2 5 + 2 5 X 2 . 3 — 4 6 .285y 
2.3

26.6 + 575 *= 
46.285 — 1.817 ~ 

~~~- 1.25

ZMg — 0 = 25 X 3.6 + 21.285 X 5.2 — 46.285X 5.2

X = ~° 
:6i:~~

682 
= 4.336

Assurn. lOg Load

2M 
~~ — 0 — 12.63 R, — 46.235(8.73)(10)

.-. R- 3 2 0 T h  y (
~
)

~F t ~ — 0 — 3 2 0 — 462.85+2R ,

R, — 71.421b

AtR , = 320tb N

Reference: Roark Table X, case 1_-f~ 
1

= 0.6 0.800
a — 0.8

max = 
~~~?i. [i + ( M+ 1) log 2 (a _ rb)]

K = 0.49a’ 
= 

(0.49) (0.8)’ 
— 0 2791(r0 + 0.7a)’ [0.5 + 0.7(0.8)1’ -

8, max = 3(0.8)(320)(2.28804)
4w(0.062)’(0.5)

= 72,764 psi

= 94,500 pij
AISI 410 at 350°F
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. —.5-. ‘.5 —.--- 

___________

- .s — - . _

F.S. — = 1.299

-: ~~32O#

MC (O.5)(320)(0.115)e I i (2.125)(0.230)’
12

8539 psi

— 11.1

1. 2 

~~~~~~

2

2.1

Br ace
0.

~~0

a — 11995 psi F.S. = ~~~~~~~ = 7~9 2 . 4—

Reaction of above moment on end plate

Roark Table X, case 5

4 r0 — 0.750

a — 2 . 0  
_ _ _ _  

•
1

- :4240 

~~~~~~ [(0.75) ±~~ 7(2)~’ 
1.25

240
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5. m.. - 4Tt,TU [ i  + 
(M +1 ) log (2)~,~~ 

]
~~~~

= 
3(71.4)(2. 1) 

+ 
(2)(2 —0.75)

4,(0.125)’(O.75) 
og 0.424(2)

— 7357.7 psi

F.S. — ~~~ -~~ - =  12.84

30. 2O7_- -_~~~~~~~~~~~~i 
- 

-

- - CG oI1-1 io ss
\ — I I \ - 11.15 ~,.

OIL TANK CC ...- ‘
~~

______ 
11.85 ~

-~~~ 
I— -

~~~~

r f  3.93 12 .90
2 J ~~~~~ 11. 70
T J  7~~ 3.
I [ -

~~~~c - i Ct . ,, 
1

1 : TiTh~ ~~s.o3 
-

7 1 9 .62 -—
~ .W

8 - 1 9 .62 .5- 0 .20
-  - rw O I L CC

10 I~~~OO 

~~~~ Y ’ 5
12 

- ~~~~ ~16:7O — — /
I )  t 9 . 1 2  15 . 70 TE~~114 j 6 0 s  1$ . 5-1b:rj 

- —  

-. 9
iS (1 .3 0  lt . S 2  ib .2 0.60

L 1 .5U.~!~ .1~~1 
~~~~~

S x
Figure L.l. Oil Ta nk Center of Gravity Calculat ions
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Suckling Collapsing of Tank Due to External Pressure During Component Tests

The various part s of the oil tank can be considered complete rings .

A minimum safety factor of 4 on buckling and 3 on tensile and bending stresses.

Outer Wall /

Reference: 

Case 196, 5th Edition + .

— 
0.807(30 x 10 )(0.031)’ 411 ~~~~~J ]  ‘ (0.031)’

9 x 9.43 \f L 1—( 0.3 ) ’J (9.43)’

— 16.8697 <48 (=  1 2X  4) .~. 0.031 not thick enough

7)~iy t — O.(~2

= 16.8697 x ( 
~

-
~~

) ‘ x

q - 95.43 > 48 .~. 0.0621s 0.K.

. .SF = 4 X 1 2  X 4 = 7 . 9 5

3 X a allow = 79000 — 0.2~
’i- yield for welded 410 assy at 400°F

a allow = — 26333 psi

Forward Cone

Reference: Roark Table Xiii , — _____________

Case 4, 4th Edition 4 1
58°

PR (12)(7 .5) I ,S1 = COS a — (2)(0.062) cos 58

- 384.6 psi O.K.
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For Axial End Support

s, = i~ 
[ 

4’~~2( 1— ,*) 

~/~:~: + 
_ _ _ _ _ _  = 0.20040 psi

For Tangential End Support

~~‘ 
5- 

t cos a (0.062)(cos 58°) = 2739 psi O.K. for 410 SST

Reference : Roark Table XIII

Case 3, 4th Edition :1

Rear Cone 4,5

S1 = 2(0 062) ~~~~ ~~~° 
~ ~~~~~~~~~~~~~ 

6.4

= 328 pei

For Axial End Support

8, = 12 [ 4/~~~.7) \J 2((L062) cos ;8° +

= 12 (—6 30 + 99.373) = 12 ( — 531.4)

= —6376.9 psi

For Tangential End Support

8, = PR 12 x 6.4 
= 1402 psi

243 
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APPENDIX N
HIGH-SPEED DRIVE TRAIN ANALYSIS

JT9D Gears Used in Compar tmental Lub System (Check Gears for Rig Condition)

For Slowest Gear (Pump )

Act ually I 4? Pip

(a) T - 63 025 - 63.025 in. -th

Idler T — = 36.43 in. -lb

(small gear and large gear)

T/S Gear T - 63,025(10) 23.6 in. -tb

(b) Forc. on Gear

W — 2T
D

Pump Gear

W = j ~J~3J- — 32.159 lb

Idler

w 2(36 4) 
— 31.652 lb

T/S Gear

w — = 16. 183 lb

(C) Pitch Line Velocity ( V )  — 0.262 (0) (N) ff irnin

Pump and Idler (small )

V — 0.262 (3.918)(10.000) — 10,265 ft/mm

Idler (la r ge) and T,~ H Gear

V — 0.262(4.50)(17,000) = 20,043 ftj min
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(d) Minimum Effective Faci Width - 
-

F - ~L X 1 0’(W)(mg+1) —

sin 20D(Sj ’ mg

For Pump — Small Idler

F - 21 X 10’(32.159)(2.704) 
- 0 036- !.. 889 4sin (45)(2.3)(136,000)’(1.704) - ‘ F

For Idler — Towershaft

F - 21 )( 10’(35.43)(2.543) 
- not. ~~~~~ -sin 45(4.5)(136,500)’(l.543) — 

~~~~~~~~ ‘ F 
—

Actual F — O.I7O nij n

( w 0.06V IF (C) + WJ 
+ w 

—

‘ 0.06V + [F (C) + W 1½

For Pump Gear

w 0.05(10,265) [0.021(890) + 32.16] 6~ 0.05(10,265) + [(0.021)(890) + 32.161W + 32.1

— 50.15 + 32.159

= 82.3 lb

(f) ~~~~.‘~~~~~ -— 3 9 1 9 . 6

At = 3920, P5 = 8.3 D.P. Actually is 11.7391, so is OK.

At R = 0.031, K 1.3

(g) For Pump Gear K — 0.075 (5905 prIntout)

(h) W. = 0.667(63,000)(0.170)(o.075)

= 412.2 � Wd = 82.3

(I) N/A
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Ii) W. — 0.667 x 130,000(0.170)(0.075) 
= 850 425

850.425 � 1.5 W~ — 123.45

(k) N 0 T5 (— 0)

Wave Washers (s~~ Figure M-1)

-- 

~o.4~~~±o.::

J 
i _ _

______ 
__J 2.23 1±0.001 0.403±0.003 1 3.215~~~0.0O 5

3.157e+O.0o3~~~~~~~~ 

— -  
_____  L 1

~I - 

0.4634±0.00 1

- j ~
Figure M.1. Idler Shaft Wavewasher Gap

Idler Shaft

50 + 75 1b
OD I .65 max
ID 1.25 min

Use 2 — Associated Springs
P/N W1621-o19

Bevel Gear

75 -‘- lOO Ib
OD = 2.830 max
ID 2.2 min

Associated Spring
P/N W2816-o3o
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65 tb~~.1 in. -85 lb/~

- -~~~ - X 0.1 = 0.13077 Deflection

0.197 — 0.13077 = 0.0662 Installed Height

Need 0.0715 gap for spring pre- load

Gap = 0.0715

2.295
3.1578 0.403
+ Gap + X

3.229 3.229

X=0.53 1

Calculation of Wave washer Deflection

Reference: Mechanical Spring s
The William D. Gibsor -

-

p93 —

1/f E b t ’N
P 1.94 D’

b = 1.621 — 1.261 
= 0.18

D = 1.621 ± 1.261 
= 1.44 1

P = 3 2

t=0 .0185

N = 3

E = 3 0 x 1 0 ’

1/f — 16.963

f=0.05895

Installed Height = 0.112 — 0.05895 = 0.053
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—.---—-.... -.. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _

~~~~~~~~~~~~~~~~~~~ 
,,
,
~~~—Shim:Use 0.031

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -

~~~~ ({ 
— 

10.6~
33± 0

~
001

/ / / I I 1 ‘TTI — -

‘ 
- 2.976

1._ ) 
I 2,972

2.8803 ±0.008

1.600 ± 0.001

-0.475±0.002 ±0.010

1 — 0 . 5 5 5±0 . 0 0 1

-;.4o3±o.oo3 ~~~~_

F igure M-2. Towers haft Wavewasher Gap
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Installed Height for 2 wavewashers in series

= 0.053 + washer thickness
- - 

= 0.053 + 0.0185 0 0715

This provides a 64 lb pre -load .

PIPE SUPPORT FLANGE STRUCTURAL ANALYSIS

1

_ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~

Section A-A
I
~

Figure M.3. Pipe Support Flange Structural Analysis

T = 63,000

T = Torque in.-lb

hp = total horse power = 5 (high for safety)

rpm = pump speed = 10,000 rpm

T = 63,000 io xm = 31.5 in. -Th

FT — Tangential load = -
~~~ 

= 

~~~~~~~ 

= 18.53 lb
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R = 1.7 in.

F, — tan 4 (18.52)

4 — pressure angle — 280

F, Tan 28° (18.53) 9.85 lb

F, 
~J 

(9.85)’ + (18.53)’ = 20.98 lb

~.Mo about plane B-t3

‘ii ~ Mo = — 4.7 (F ,) + 4.5 (FT)
= —4.7 (9.85) + 4.5 (18.53)
= 37.O9 in. -lb

Moment /in, of beam = 37.09/10 = 3.709 in lb/in.

_____________ s - Mc 3.709(0.03) (12)
__________________ — 

1 (1) (0.06)’
L0,060 

S = 6181 psi

Flange Material — AMS 5616

Yield 2 percent allowable = 105,000

SF — 105,000 _ 1696181
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APPENDIX N
OIL JET SIZING

~P =

- - 
.~~~~

= 45 pai

W = 1 Ibm/mm = Ibm/sec = flow per jet

p = 57.9 lbm/ft ’

ft Ibmgc = 32.2 Ib, see’

K = 1.5 + 1 = 1.5 + 0.06 = 1.56

— 
KW ’ 1.56 (1/60)’

A — p.~P2g~ (57.9) (45) (2 X 32.2)

— 
1.56 (144)

— 60’ (57.9) (45) (64.4)

A = 0.0006098 in~ =

D = 0.0278 (too small)

Must use upstream jet to reduce ~P over individual jets

3”/M in . 

~
Si8

22:!:psi!::IcII~~~~1~1j:I:::

L 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i.-- - - - - - ~~~~~~~~~~~~~~~~~~~~~ - 5.~~~~~~ ~~~~~~~~~~~~~~~~~~~~ -~~~~~~~ -—



——-5 -  -— - , _ _ 5’., ~~~~~~~~~~~~~
_ 5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---—----_--—

_5
~~~~~

_ 5 ’
~~~~ 

5’---—
-

Jet ( 1) W 1 — 3 lb/mm — lb/see; W, — lb/sec

22.5 psi

p — 57.9 lbm/ft’

f t - I b mgc — 32.2 Ib,-aec ’

K 1 — 1 . 5 4 0 + 0 . 0 3 8 ( 4 ) — I . 6 5 2

K, 1.5 + 0.55 (.038) (1) — 2.088

KW’ 1.652 (1/20)’Jet ( I )  A 1 — p4P2gc 57.9 (22.5) (2 )( 32.2) (1/144)

- 0.(XX)0070886

A 1 - !~~~
‘
. — 0.0026624

- ~[0.O0338995 = 0.06822 in.

Jet 12) A,’ — A1’ ~~~~~~~ ( -~i4~~~ ) — A1’ (1/3 ) (1.3362) — 0.0000031584

A — 0.0017772 —

DI - v’ 0.0022628112 — 0.047589 — D, - D, — 1),
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APPENDIX 0
- DATA LOG FOR COMPARTMENTAL

LUBRICATION SYSTEM 50-HR
ENDURANCE TEST

This appendix contains all of the data recorded durin g the 50-hr endurance test of the
Compartmental Lubrication System Rig .

‘I
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E
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APPENDIX P
SYSTEM SAFETY ANALYSIS REPORT

This appendiz contains the System Safety Analysis Report which documents the safety
analysis performed during the design and fabrication of the test hardware. This report is included
as a part of the final report as specified in paragraph 7.0 of the Statement of Work (Section F of
Contract F33615-75-C-2075).

290

_ - - .-

~

- - — - ~ - - -—- _ -~~~~-- ——- _ _ . _ _
- . _



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

COMPARTMENTAL LUBR ICAT ION
SYSTE M PROGRAM

SYSTEM SAFETY ANALYSIS REP ORT

i

S1
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~~~~~~~~

Prepared Under Contract F33615—75-C-2075
For

Air Force Aero Propulsion Laboratory
Air Force Sya tema Coianand
United States Air Force
Wrigh t-Patterson AFB , Ohio 45433

Prepared by I9~~. 1f~.-sá~ Approved by ~ Ø7 /.SI.r~~D R. Smith E. M. Beverly
Program Manager

PRATT& WHITNEY AIRCRAFT GROUP
Government Products DivIsion West PRIm Beiich floilda 33402
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~

C(*IPARTMEN1’AL LUBRI CATION SYSTEM PR(X RAN

SY STEM SAFE TY ANALYS IS RE Ik)RT

This System Sa fe ty  Ana lys t s  Report identifies and describes the

system and con~ onent m a l t u n c t ion modes of the system test rig (Rig No.

F34024 ) for the Con~ art men tal Lubrication System Program. System fea-

tures and procedures which wi l l be emp loyed to prevent damage to the

hardwar e or injury to test  personne l are listed . This report s at is f ies

the requirements of paragraph 7 of the contract (F336 l5-75-C -2075) and

was conducted in accordance wit h paragraph 5 .8. 2 .1  of MIL-STD-882 .

Attach me nt A prov ides the Preliminary Ha zard Ana lysis for the

system rig har dwar e at both the system and component level. A br ie f

description of eac h column of the Preliminary Hazard Ana lysis form is

as fol lows :

Column 1. Hazard - This column lists the applicab le malfunction

mode (s) for the component . Al l  recognised

hazard modes for th. component are listed and

each is a bas ic condition analyzed in columns

2 through 6.

Column 2.  Operation Phase - This column lists the operationa l

phases in which * malfunction constitutes a

hazard .

Column 3.  Ef fect (s ) - The e f fec t (s )  of the compo nents abnormal

condi tion  on its operation is shown.
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CoLumn 4. Hazard Class - The hazard mode is classified in accord-

ance with HIL-STD-882.

Class I - Nsgligible

C lass 1! - Marginal

Class III  - Critica l

Class IV - Catastrophic

Column 5. Hazard Control - This column is used to list system fea-

tures and/or procedures that may be em-

ployed to control hazard ous condit ions .

Column 6. Remarks - This column includes additiona l informa-

t ion needed to clar i fy or ver if y

information in the other columns .

Reconsuendations to impr ove system safety

are also provided in this column .

Attachment B l ists the precautions which are taken at the t est

facilities to prevent damage to the system rig and to prevent injury to

test personnel. A flow schematic for the system rig is shown on Figure

1. System and component layout drawings used for this ana lysis are as

follows :

L-232724 Compartmenta l Lubrication System Rig

L-231899 Compartmental Lubrication System Oil Tank

L-231893 Compartmental Lubrtcatfon System Oil Pump
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ATTAC I~~€NT B

COMPARTMENTAL LU BRICAT ION SYSTE M TE ST FACILITY SAFETY REV IEW

1. The rig area is weather protected by a roof and is ope n on tvo si des ,

with restricted access .

2 . Stand personne l are inside an air conditioned control roa n separated

~rom the rig area by an 8” concrete wall , containing a blast resis-

tant v iewing wind ow .

3. Test area p iping systems are designed in accorda nce with the

American nationa l standard cod e for pressure piping , ANSI B31.3-

1973 , “Petroleum R e f i nery Piping , Division A. ”

4.  Test area tubing systems are designed in accordan ce with MIL-F-5509-C,

“Military Spec. Fittings , Flared Tube , Flu id Connection.”

5. Va lves , flanges and gaskets are designed in accordance with ANS I

B16 .5 , “Steep Pipe Flanges and Flanged Fittings .”

6. Fire pro tec t ion  is prov ided by three separate systems .

A. Water spray fixed system , designed in accordance with NFPA No. 15,

which can be activated manually by stand personnel.

B. Dry powder “Ansul” system for f i re  ins ide the test chamber,

activa ted manually by stand personnel.

C. Stand personne l can also activate a steam system for fire control

when conditions require add itional protection.

7. The rotating drive systems are protected by over-speed sensors.

Lubricating oil low level warning, over-temperature warning systems,

variable speed coup l ing water level ind icator and water pressure

warning signals . A water outlet over temperature sensor will shut

down the drive motor .
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8. The rotating drive systems are equipped with vibration indicators

which are monitored by stand personnel inside the control room.

9. Piping, tubing and pressure vessels are protected by ASME approve d

pressure relief valves set to relieveat l0~, above the system

operati ng pressures. These valve s dump to safe disposal systems.

10. Electrical installation is in accordance with NFPA 70, the

National Electric Code .
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