
A*n’AOkl 375 SOUTHWEST RESEARCH INST SAN ANTONIO TEX DEPT Off FLUI—ETC FIG 1/3
A CRITICA L SURVEY AND ANALYSIS OF AIRCRAFT SPLINt FAILURES. (U)
AUG 71 H I.. VA LTIERRA. R D BROWN, P N KU NOOIS6 70 C 2156

IPCLASSIFIED SWRI—RS—5 7*

_

_  

m u
U I  _

tiI 
_ _

UE1TJ

~

oso~nr___ 
_ _ _

a S~~~~j



r 

aoir
0

A CRITICAL SURVEY AND ANALYSIS‘I OF AIRCRAFT SPLINE FAILURES
a In Support of

NAVAL ANALYTICAL REWORK PROGRAM

FINAL REPORT
Contract N00156- 70-C-2 156

I

M. 1. Va lt ierra
R. D. Brown

P. M. Ku

It
to

~~~~ Naval Air Eng ineering Center
Department of the INavy

Philadelphia, Pennsy lvania 19112
Du~~.

U... August 18, 1971
— =

~~ ~~ SOUTH W ES T R E S E A R C H  I N S T I T U T E
1 Ij ~~~Y’ S AN A N T O NI O HO US T O N

[~~iSTRIBU TÔñ~r~~~~~
• 

0 

Approved for puH c r
— 

Distribution Ut t . ~ ;

~~~~~~~ ~~• ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~— •~~~~~~~~~~~~ • • •k 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

•_
~~~~~~~~

•
~~~~~0_ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0—~ -0~~



SE CURITY CLASSIFL.AT IO N OF THIS PAGE (I~~en Data Enhitid) 
____________________________________

D~~D1In T E~~~~’’,~ 1 D A r ~~~ READ INSTR UC TI ON S
I~~~ UY ~JI% U UU’...U IR I~ U P. U UUfl UP.UI- BEFORE COMPLETING FORM

I REPORT NUMBER 2. GOVT ACCESS~O ~~~~~ NUMU*—

Sw}~I—21 5~ ~ _______________________________
4. T~~ LT ren~~ubrnro~~~~———~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5. TYPE OF REPO~~~~~ PEmo D COVER~~~

~ ritical Survey and Analysis of Aircraf t Spline / ~ esearch ~‘ep~~~t. . 4w ’
‘
~
-

~~~~
‘ Failures~ - ~~~~~~~~~~~ I ~~~~~~~~~~~~~~~~~~

- .-~~ - .— --. 
B. ~~LMPy~~~~~1’~~RG. R~~PORt ~~~MSER

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -
~~ ~~~~~~~ 

i td  76’—J / i~,r, 
~ 4

7.. M~TP Rf~~~ 
--- P 

/ ,—
~~~~

. ---~~~~~~~~MWER(.)

/~ 
N. L.,~Ialtierra

. / ( / .  N00156—70’—C—2156
~~~. ~~~~~~~~~~~~~~~~~~ ..~~~~ ~~~~~
P..~~~.KuB~ PERFORMING QBSAWZATION NAME AND ADDRESS IC. PROGRAM ELEMENT. PROJECT . TASK

AR EA & WO RK UNIT NUM BE RS
Southwest Research Institute . .-~ -

San Antonio , TX 78228 ~ .., 
(7 

62760N/53—532/403

I I .  CONTROLLING OFFICE NAME AND ADDRESS ______________

Naval Weapons Engineering Support Activity (ESA—l].i )~~~ Aug~~ t 1~ 7l
Wash. Navy Yard , Wash ington, DC 20374 I 

225
14. MONITORING AGENCY NAME ~~.AQPRESS(i ( different from Confroilin~ OffIce) 15. SECURITY CLA SS. (of thi. report)

1~ncl~ ssif ied
Sane as 11. ~~~~~~~~~~~~~~~~~~ 

5. O E C L A S S I F I C A T IO N/ D OW N G R A D I N G

IS. DISTRIBUTION STATEMENT (of 11,1. Report)

Approve d fo r  pub l i c  release; di s t ribu t i on  u n l i mit e d . 
_______

j ~~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~ (of the abetr.ct entered in Btock 20, if different from Report)

Approved for  public release , d is t r ibut ion  unlimited .

IS. SUPPLEMENTARY NOTES

19. KEY WORD S (Continue on revere. aide if neceee.ry end Identify by block number)

• .~ Aircraf t Spline Failures
Airc ra f t  Accessories
Mechanical Power Transmission
Sp line Lubrication
20. ~ Ps~ RACT (Continue on reverie side if nece.a.zy end Identify by block number)

.
~The objectives of this program were: (1) to pe r fo rm a survey an~ ana1v s i~

of the cu r ren t  technology in the design and maintenance of a ir c r a c t ~n l in e s ,
(2) to emphasize reduced main tenance, extended life, and ~~‘p rove ’ r e l i a b i l i ty ,
(3) to identify improvement programs for early reductIon o f n~~i.ntenance
p roblems , and (4) to f o r e ca st  t echno logy  gaps f o r  l o n g—r a ng e  r e d u c t ion  of
maintenance problems. .

I,

DD ~~~~ 1473 EDITION OF I NOV 65 IS OBSOLETE

S/N 0 102- LF-01 4 - 660 ,l Unclassif ied
i ,

.-
~ _j 1/ ~~ - SECURITY CLASSIFICATION OF THIS PAGE (W),.n Dale gnler.d)

~ 

~~~ ~~~~~
.. ::.~~ . ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



F1 - . - - --

~~

- — — — 

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

Ur !c’LAss1~rn
SECURITY CLASSIFICA ’I ON OF THIS PAGE (Wham D.t. Entered) 

-

L ~ I

-~20. Survey forms were developed to identify specific sp u m e  problem areas.
Visits were made to seven Naval Air Rework Facilities, two Naval Air Stations ,
two Air Force Bases , ARADM.AC, two commercial airlines , five eq uipment manu-
fac turers , and three lubricant manufacturers in an effort to collect all
relevant available information. Based upon the information thus obtained ,
supplemented by the findings from cons iderable research and development work
conduc ted at SWR I over the pas t eight years an overall analysis of the pro-
blem of aircraf t spline fa ilures and their possible means of mit igation was
then made.

A total o~ Qi spline problem areas were identif ied by the following:
NAVAIREWORKFAC(s): 55; Air Force: 20~ ARADMAC: 12; commercial airlines :
1; and equipment manufacturers: 3. The spline problem areas identif ied
by the NAVAIREWORKFAC personnel are associated with 40 and 70 percent of
the Navy ’s fixed and rotary wing aricraf t types , respectively. They repre-
sent 45 percent of the Navy’s aircraf t types , based on the 3~ aircraf t
listing.

S N 0102- LF .014-6601
li~’CLASS~r r— r)

SE CURITY CLASSIFICATION OF THIS PAGE(W1,.n Date Entered) 

~~~~~~~~~ ~ •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



F --

~~

--._-

~~~

-. —— - -

~~~~

--- - -

~~~~

-

~~~~~

--

~~

--

~~~~ 

-

~~~~~

- -

~~~~~~~~

, -

~~~~~~~

- . ---.. ----

~~~ 

- --- -

~~~~~~

\\\~~~~\ \ .
Repor t  No . RS-574

S O U T H W E S T  R E S E A R C H  I N S T I T U T E
8500 Culebra Road , San Antonio , Texas 78Z2 8

Depar tment  of Fluids and Lubrication Technology

A CRITICAL SURVEY AND ANA LYSIS
OF AIRCRAF T SPLINE FAILURES

In Support Of
NAVAL ANALYTICA L REWORK PROGRAM

FINAL REPORT
Contract  N00 156-70-C-2156

M. L. Valt ie r ra
R. 11 Brown

P. M. Ku

to

Naval Air Eng ineering Center
Depar t ment of the Navy

Philadelphia , Pennsylvania 191 l~

D D~~.
August 18 , 1971

[pS .H!~ 8 19’fl

UL~ Li

nussi a ~ /

IllS ~Nt i ~ict IN 
APPROVED:

I5c 5th SICIISI fl - -/7 i-i’. /L~~
P. M. Ku , Director
Depar tment  of Fluids and

‘

~~~~~~

‘

~~

‘

~~~ 

CflD ES Lubrication Technology
‘ ~7 . ~~~

[~~ISTRIBUTION STAT~~ - -

Approved loi public r~ i~~i -,
—- 

Distribution Ui:~~.~it~
_
~

S 4I~~k ~~~~~~~~~~~~~~~~~~~~~~~~ 
a 

~~ ~
. ~~~~ .5. . ~ ..~~. 

. - ~S .  •. —

-~~~~~~~~~~~~ — 



FOREWORD

This r e p o r t  was  p r e p a r e d  at  S o u t h w e s t  R e s e a r c h  I n s t i t u t e
u n d e r  Cont rac t  N 0 0 15 6 - 7 0 - C -2 1 56 , and c ov er s  v~ork  p er f o r m e d
dur ing  the pe r iod  of June  24 , 1970 to A ug u st  18 , 1 9 7 1.  The w o r k
was  conduc t ed  in suppor t  of the  Anal y t ica l  R e w o r k  P r ogr a m  of th e
Naval  Air  Sy s t ems  Command , Wash ing ton  D. C. , under  AIRTASK
W R - l - 5 0 6 0 , App l ica t ion  of New and I m p r o v e d  M a ter i a ls  and
P r o c e s s e s  in s u p p o r t  of the Anal y t i ca l  R e w o r k  P r o g r a m .  T ec h n i c a l
gu idance  was  p rov ided  by the Naval  A i r  Deve lopment  Cen te r ,
W a r m i n s te r , Pennsy lvania .

The a u t h o r s  deep ly a p pr e c i a t e  the a s s i s t a n c e  r e n d e r e d  in
va r iou s w a y s  t h r o u g hout  the p r og r a m  b y Mr .  A. J. K o u r y  of the
Naval  Air  Sy s t e m s  Command;  M e s s r s .  M. J. D e v i ne , L. Stal l ings ,
and E. Jewel l  of the  A e r o n a u t i c a l  M a t e r i a l s  L a b o r a t o r y ,  Naval Ai r
Deve lopmen t  Cen te r ;  Mr .  E. 3. D e e m e r , Naval  A i r  Sy s t e m s
Command R e p r e sen t a t i v e  At lan t ic , and Mr .  G. E. DeLong , Nava l
Ai r  Sy s t e m s  Command R e p r e s e n t a t i v e  P a c i f i c .  A c k nowl e d g .~ cr t
is f u r t h e r ex tended  to the fo l lowing  Naval  Ai r  R ew o r k  F a ci nt ic s
p e r s o n n e l  f or  t h e i r  a s s i s t a n c e  and c o o per a t i o n :  M e s s r s .  L. S.
B e r c e gea y  ( C h e r r y  Po in t ) ,  J. Cahil l  ( N o r f o l k ) , E. L. D o n a l ds o n
( J a c k s o n v i l l e ) ,  H. Katz  (Quonse t  Point) , R . 3. Palk ( N or t h  I s l a n d ) ,
A. W. T u c k e r  (Alameda) , and H. Y e sn e s  (Pensaco la ) , as we l l  as
the i r  co11ea~~ues  too n u mer o u s  to m e n t i o n  ind iv idua l ly.

Ap p r e c i a t i o n  is due Lt. Cdr .  J. F. J a g g ar d , Naval  A i r
Station , Corpus  C h r i s t i , Texas ;  Lt. Cdr.  B u r c h f i e l d , Naval  A i r
Station , K ingsvi l l e , Texas ;  and M e s s r s .  S. H. B o ber g  and 3. D.
Wi l son  and Colonel L. Jones , J r .  , of ARADMAC,  N a v a l  A i r  Sta t ion ,
Corpus Chr i s t i , Texas.

A s s i s t a n c e  was  p r o v i d e d  b y M e s s r s .  3. W .  H ol l aw ay ,
S. Madr id , J r .  , H. Godwin , and D. G. H a r r i s  of the  S er v i c e  Eng i-
n e e r i n g  Div i s ion , Kel l y A i r  F o r c e  Base , T e x a s ;  and M e s s r s .  E. M.
H a b e rl a n d t , L. F e r r i n g e r , K. Kni g ht , and M a j o r  W.  J. Bland of
the S e r v i c e  Eng inee r ing  Divis ion , T inker  A i r  F o r c e  Base , Oklahoma.

A p p r e c i a t i o n  is a l so  due the  f o l l ow i ng  companies  fo r  t he i r
con t r i bu t ions  to th i s  p r o j e c t :  A m e r i c a n  A i r l i n e s , U n i t e d  Ai r l ines ;
A i R e s e a r c h  M anufa c t u r i n ~ Company  of Ar i z o n a , The Bendix Corpo-
r a t i o n , The B oe in ~ C o m p a n y ,  L o c k he e d  A i r c r a f t  C o r p or a t i o n ,
S u n d s t r a n d  C o r p o r a t i o n ;  C hev r o n  Oil Company ,  Shell Oil Company ,
and Texaco  J n c o r p o r , 1 t t d .
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ABSTRAC T

The objectives of this pr ogram were :  ( 1)  to p e r fo r m  a s u r v e y
and ana lysis of the c u r r e n t  technology in the des ign and maintenance
of a i r c r a f t  sp lines , (2 )  to emphasize reduced  maintenance, extended life ,
and improved reliability,  (3 )  to identif y improvement  p rograms  for  early
reduc t ion  of maintenance problems, and (4) to fo recas t  technology gaps
for  long-range  reduc t ion  of maintenance problems.

Survey fo rms  were  developed to identif y specific spline problem
areas .  Visits  were  made to seven Nava l Air  Rework Facilities, two
Nava l Ai r  Stations , two Air  Force Bases , ARADMAC , two commercial
air l ines, five equipment m a n u f a c t u r e r s, and three lubricant  m a n u f a c t u r e r s
in an effor t  to collect all relevant ava i lable information. Based upon the
informat ion  thus obtained , supplemented by the f indings  f rom considerable
research  and development work  conducted at SwRI over the past ei ght years ,
an overall analysis  of the problem of a i r c r a f t  spline f a i l u r e s  and the i r
possible means of mit i gation was then made.

A tota l of 91 sp line problem areas were iden t i f i ed  b y the fo l lowing:
NAVAIREWORKFAC(s) :  55; Air  Force:  20; ARADMAC : 12; commercial
air l ines:  1; and equipment m a n u f a c t u r e r s :  3. The sp line problem a reas
identif ied b y the NA VAIREWORKFAC personnel are  associa ted  with 40 and
70 percent  of the Navy ’ s f ixed and ro tary  wing a i r c r a f t  types , r e s p e c t i v e ly.
They r e p r e s e n t  45 pe rcen t  of the Navy ’ s a i r c r a f t  types , based  on the 3M
ai rc ra f t  l is t ing.

With respect  to the problem a r e a s , the main conclus ions  a r e  as
follows:

1. Splines located inside the eng ine or gearbox gene ra l ly ex-
hibit minimal wear .  These splines usual ly operate  at medium to heavy
loads. Fu r the rmore , they are  enclosed within the eng ine or gearbox
envelope and general ly receive intermit tent  or cont inuous oil l ub r i ca t ion .

2. Sp lines located in the a i r f r ame  genera l ly exhibit minimal
to mode rate wea r .  These sp liries are u se d  in app lications such as f l a p  and

• slat a c t u a t o r s , e levator  t r im ac tua to r s , landing gea r s , and o thers .  For
the most pa rt , these splines are grease-lubricated , and they experience
intermittent operation at light to medium loads.

3. Interface splines which connect two components have pro-
vided the m a j o r i t y of the wear  problems on both f ixed  and ro ta ry  wing air-
c ra f t .  These sp lines a r c  u s u a l l y g r e a s e- l u b r i c a t e d, and experience
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con tinuou s operation at m o d e r a t e  to heavy loads at hi g h ro ta t iona l  speeds.

In order to r e d u ce  m a i n t e n a n c e, extend l i fe , and improve  relia -
bility of the interface spli nes , which represe nt by far the most critical
problem a rea , it is recommended that the following immediate improve-
ment  p r o g r a m s  in the r ework  area  be cons idered  by the Naval Ai r  Sys tems
Command: (1) misalignment  control , (2) improved liaison be tween  organi-
za t ions , (3) lubr ica t ion  of he l i cop te r  main ro tor  mas t , (4) g r e a s e  select ion ,
(5) more frequent r e lub r i ca t ion , (6) more thoroug h cleaning , (7) reverse

sp lines in gea rbox , and (8) u t i l izat ion of the spu m e  muff.

In the domain of technology gaps for  l o n g - r a n g e  improvement, it
is recommended  that  the Naval Air  Systems Command cons ider  the follow ing:
In the r e w o r k  area :  ( I )  improved misalignment  m e a s u r e m e n t, (2) i m p r o v e d
m i s a l ignment  con t ro l , (3) improved wear  m e a s u r e m e n t, and (4) improved
rejection criteria. In the r e s e a r c h  and development  a rea :  ( 1)  improved
design s tandards , (2) improved spline materials , (3) inves t igation of plas tic
and metal l ic  su r face  coating s , (4) investigation of expendable bol t -on -

splines , (5) i nves t igation of expendable spline muffs , and (6) improved
lubricants.
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1. INTRODUCTION

A. P r o g r a m  Obj e c t i v e s

The objec t ives  of this p rogram were :  (1) to conduct  a su rvey
and anal ys i s  of the c u rr en t  technology in the desi gn and maintenance  of
a i r c r a f t  sp l ines , (2) to emp hasize reduced maintenance , extended l ife ,
and im proved re l iab i l i ty ,  (3) to identif y improvement  prog rams  for
early reduction of maintenance p roblems , and (4) to f o r e c a s t  technology
gaps for  l o n g - r a n g e  reduct ion of maintenance problems.

B. Genera l  Approach

The gene ra l  approach used in this su rvey  consisted of collecting
information re la t ive  to sp li ne fa i lure  problems from sources  including
seven Naval Air Rework Facili t ies , two Naval Air Stations , two Air
Force Bases , ARADMA C, two commercia l  a ir l ines , five equi pment
m a n u f a c t u r e rs , and th ree  lubr icant  m a n u f a c t u r e r s . Much of the infor-
mat ion was  collected during a vis i t  to each of the organiza t ions ;  but
additional i n fo rma t ion  was also collected by other means of communica-
tions and from othe r sources recommended by the personnel v i s i t e d

Most of the information was  el ici ted b y mean s of survey  ques t i onnair t  s
des i gned b y Sw RI , with additional in format ion  being obtained from appro-
pr i a t e  spec i f i ca t i ons, r e p o r t s , e t c .  , dr awing heav ily upon the r e s e a r c h
and deve lopment work  per formed by Sw RI in the past ei ght y e a r s , all
under Navy contracts  or subeon t rac t s .  An anal ys is  was made , w h i c h

led to a cr i tical  appra isa l  of the s t a t e- o f - t h e - a r t .  Finally,  recommen-
dat ions were  p re sen ted  re la t ing  to immedia te  improvement p r o g r a m s  in
the reworl~ area , as well as long-rang

e technology gaps in the rework

area  and in the r e s e a r c h  and development area.

Specific requirements of the c o n tr a c t  w o r k  statement are given
a below :

1. Results of all tri ps made and discussions held.

2. A bibliograp hy w ith abstracts of significant technical

r e p o r t s , deve lopmen t  p r o je c t s , and com ponent improvement  p r o g r a m s
which are specifically cited by the personnel visited.

3. A com pilation and c o m p ar i s o n  of des ign , ma te r i a l s , c t (  . ,

r ega r d i n g  ope ra t ing  f ie ld  resu l t s  at NAVA IREW ORKFAC(s) .  Spline con-

fi gura tion , operat i ng env i ronmen t , and lubr ica t ion  wil l  be included.



4. A summary  review of si gn i f i can t  f ie ld f a i l u r e  r ep or t s
made av a i lable b y the Navy and commercial  vendors  and m a n u f a c t u r e r s
w i t h  special  emp hasis  to re late such f a i l u r e s  to p r e sen t  desi gn tech-
n i ques  or technolog y gaps.

5. A c r i t i ca l  review of all informat ion  collected concluding
w i t h  a s t a t e m e n t  of the s t a te - o f - t h e - a r t .

6. Recommendat ions  that will guide AMD (p) and Naval Air
Sys t ems  Command Headquar te r s  in identif y ing component improvement
p r o g r a m s  which  wi ll lead to earl y reduction of specif ic  maintenance
prob lems , extend spline wear  life , and a lso fo recas t i ng  needed r e s e a r c h
p r o g r a m s  w h i c h  will  provide  f u t u r e  long- range  reduction s in maintenance
r e q u i r e m e n t s .

C. A i r c r a f t  Splines

A l a rge  number and var ie ty  of sp lines are  used in a modern a i r -
cra ft.  For example , in the s ing le-en g ine A-4  a i r c r a f t  shown in Figu re  1 ,
there are 174 spl ine connections , excluding those locate d inside accesso-
ries such as accessory gearboxe s, fuel pumps , cameras , and instruments.
This count was obtained by examination of the Il l u s t r a t e d  Parts Break-
downs of the NAVAIR 9 1-4OAVC-4-2 , -3 , -4 , -5 , -6 , -7 , -8 , and -9. The
number  of sp line connec tion s used  in eig ht gener al ca tegor ies  of app li-
cat ions are  as f o l l o w s :

Eng ine : 36 H
Air Frame: 16
Landing and Arresting Gear: 37
Flight Control: 34
Ejection and Cockp it Equi pment: 28
Power Control: 10

• Guns: 10
Em e r g e n cy Elec t r ical Power: 3
Total 174

These spl ines are  normal ly associa ted  with three a reas  during a PAR ,
as il lust ra ted  in Table 1. The th ree  areas  are :  a i r c r a f t  a cces so r i e s ,
eng ine a c c e s s o r i e s , and en g ine s and eng ine components , each having

• var ious inspection periods.

In a mul t i - eng ine a i r c r af t , t he number  of sp line connect ions  can
easi l y exceed 200 or more.  

~~~~~~~~~
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NO. OF
LOCATION SPLINES

£ E N G I N E  36 -\

• AIR FRAME 16 /
• LAND .& ARR. GEAR 

- 
37 / -

V FLIGHT CONTROL 34

~~ EJ.8 COCKPIT EQUIP. 28 J ~~~~ 
-

~ POWER CONTROL 10 (~~~~
-
~i
’ -: - -

o GUNS ~o \.~I ~~~o EMERG. ELEC. POWER 3 r
T OTAL 174

4/ ~‘r V/ ‘/ U

t~~~ ~77

/~ 
/~~ ,

/c~ .-_ - 2 i/  ~~~~

/
- 

~~~~~~~~~~~~~~
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•

1

- 
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FIGURE 1. LOCATION OF SPLINE CONNECTIONS ON THE A - 4  A I R C R A F T
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As w i l l  be shown la ter , the majority of sp line wear problems
encountered in the field have been with interface sp lin es tha t conn ect —

the eng ine or accessory gearbox to accessories such as starters ,
generators , hydra uli c pumps , fu el pumps , etc. These splines all
e x p e r i e n c e  e i t h er  cont in uou s or f requen t  operation at substant ia l
ro ta t iona l  speeds and torques .  They also must  contend wi th  less
f avo rab l e  l ub r i ca t i on  as a rule. Many of the other sp lines in the a i r -
c ra f t  w h i c h  do not exhibi t  seriou s wear  problems are usual ly sub jec ted
to combinat ion s of low speeds , lig ht loads , and in termit tent  operation.
Some of t he s e  enjoy very  favorab le lubrication.
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II. FACTORS AFFECTING SPLINE LIFE

Toothed sp lines are  used to t ransmit  power or d r i v e  a c c e s s o r ie s ,
w h e r e  space and wei g ht a re  of para mount impor tance .  Althoug h m a n y
a l t e rna t i ve  means of d r ives  can be cited and are indeed used in o ther
si tuat ions , none can compare w i t h  splines in t e r m s  of compactness  and
lig ht we ig ht . Splines a re  re la t ivel y low in ini t ia l  cost; hu t  not n e ce s s a r i l y
in overall  cost when maintenance  and rep lacements  arc  also cons ide red .

Sp lines can and are  normal l y expected  to accommodate  a small
amoun t of m i sa l ignment , which  ma y be the r e su l t  of desi gn , ins ta l la t ion ,
or dy namic operat ing conditions.  However , if the misa l ignmen t  is lar ge ,
then the resul t ing  osc i l la tory ,  f r e t t i n g - t ype of wea r  will  be exces s ive .
In the in te res t s  of reduced maintenance , ex tended li f e , and inc reased
rel iabi l i ty , there  is no question tha t  special  a t tent ion should be d i r e c t e d
toward  misa l ignment control.  With adequate misal ignmen t  control  th roug h
caref ul desi gn and insta llation , the burden  on ma te r i a l  se lec t ion , lubr i -
cant select ion , lubr ica t ion  t echn ique , ot her aspec ts  of desi g n d e t a i l s , and
vir tua l ly all aspects  of the maintenance p rocess  is g rea t l y eased.  With-
out it , al l these  o the r s  can onl y hel p to re lieve a fundamenta l l y d i f f i cu l t
problem.

The f ac to r s  which af fec t  the life of sp line c onnection s may be

C divided into four broad categories :  desi gn , operat ing var iab les , lubri-
cation , and instal lat ion and maintenance.  These f ac to r s  wil l  be b r i e f l y
cons idered  in this chapter  in genera l  ter ms , and re f e r r e d  to again  more
specif ically late r when d i scuss ing  the c u r r e n t  p r a c t i c e s .  Al thoug h the

• prob lem of sp line we ar i.s cer tainl y n ot new , m u c h  of the  s y s t e m a t i c
in f or m at ion on sp l ine w e a r  and its mit i gat ion in the open l i t e r a t u r e  has
been the wor k at SwRI in the past  ei g ht y e a r s .  The SwRI r e su l t s  are
br ie f l y s u m m a r i z e d  in Appendix A , so as not to b r e a k  the cont inui t y of
the text. However , f r equen t  r e f e r e n c e s  will  be made to it throug hout
this r epor t .

A. Design

The most  important  group  of f a c t o r s  a f f e c t i ng  sp ine ~~ea r  a r e
• those relat ing to desi gn. The decisions made at the desi gn s tage a f fec t

near l y all of the other  s u b s e q u e n t  f a c t o r s .  Further , the cost of recti-
fying any poor design decisions may be very high once a desi gn has b een
put into se rv ice .
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1. Desi gn Standards

Many of the design factors relating to aircraft splines
a r e  specified in such military standards as AND and MS. In addition ,
va r ious indus trial design standards such as SAE, AS, ANSI, and ISO
are used. The standards of interest are related to the eng ine , acces-
so ry gea rbox , accessories , and to other spline connections used
t h r o ug hout an a i r c r a f t .  The main pu rpose  of the standards is to pro-
vide a design criteria for the designer to i n s u r e  p rope r  opera t ion  of
the m a t ing sp line connect ion.  The major  f a c t o r s  re la t ing  to desi gn
wil l  be dis cussed b riefl y at this time. However , the adequacy or
mu tua l  compat ibi l i ty  of the exisLng s t anda rds—par t i cu la r ly AND and
MS—will be discussed later when considering the c u r r e n t  des i gn
prac t i ce .

2. Sp l ine Geometry

Spline geome t ry , for  the purpose of this r epo r t , is
considered to include tooth form and proportions. Aircraft splines
are  gene rally of the involute forrr and have straight nonhelical teeth.
Some smaller splines with straight-sided teeth were encountered in
the survey; but the number of these was small compared to the number
of sp lines with involute teeth. Most splines encountered had straight -

involu te tee th; but  some crowned splines a re  also used.  Crowned
splines a re  genera l l y regarded  to be more  tolerant  of misal ignment
and a f f o r d  be t t e r  access  of lubr ican t  to the tooth surface than do strai~ ht
involute  sp lines.

Th e c ombination of p i tch d iameter , number  of tee th , and
length of engagement  should be such that the shear  s t r eng th  of the teeth
wi ll be equal to or gr e a t e r  than tha t  of the shaft. The height of spline
t ee th  is generally less than that of gears of corresponding tooth form
and size.  In a i r c r a f t  sp lines , tooth hei g ht is genera l ly in the range of —

1/2  to 2 / 3  that of corresponding gear  teeth , wi th  1/2  tooth hei g ht being
pr edominant in la ter desi gns.

Three types of f i t s  a re  used in sp lines:  side fit , major
diameter fit , and minor diamete r fit. Side fit is called for in AND and
MS standards; hence is the type most frequently encountered in aircraft
splines.

The effect of a numb er of the geometry factors is dis-

cussed in Appendix A. C
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3. Ha rdness

The h a r d n e s s  of the male  and female splines can be a
very si g n i f i ca n t  f a c t o r  in the  l ife of the spline connection.  Splines
a re  no rma l ly t h r o u g h - h a r d e n e d  or c a s e - h a r d e n e d  depending upon the
speci f ica t ions  in the desi gn s tandards  or the option of the sp line or
component  m a n u f a c t u r e r .  I nc reasing  the ha rdnes s  of ei the r the male
or female  sp line wil l  usual l y allow tha t  p a r t  to operate longer  than
the softer mating splin e. In selecting the hardness of the splines ,

particular attention should be g iv en , among other factors, to the ease of
of sp line rep lacement .

4 . Surface Texture

S u r f a c e  t ex tu re  can a f f e c t  the rate  of spline w e a r  for
s e v e r a l  r easons .  Wi th  roug her  s u r f a c e s , s t r e s s e s  at p rominen t
a s p e r i t i e s  may become hi g h , promoting adhes ive  wea r  and possibly
also fatigue failure s. However , the roug her su r f aces  do have the
advantage of providing greate r grease reservoir capacity and numer-

ous passageways for grease flow , thereby enhancing lub rication and
wear  li f e (Appendix A). Thus it is evident that optimum sur face
tex ture  may exist for various combinations of lubr icat ing and operat ing
pa ram eters . S u rf a c e  texture encompasses both the average surface
roug hness and the details of the surface irregularities.

5. Mater ia ls

The selection of sp line ma ter ials is a ve ry important
f a c t o r  in the l ife of a spline connection (Appendix A).  Since some
sp line wear  is inevi table , cons idera t ion  m u s t  be g iven in the  m a t e r i a l
selection stage as to which splined part, the male or female , should
rece ive the most w e a r .  Var ious  s teels  have been used  r a t h e r  exten-
sively, but b e r y llium copper and ti tanium alloys a r e  also used  in some
desi gns for aircraft components at the discretion of the designer.
However , the AND and MS de — .i gn standa r ds do not specif y sp line
materials.

6 . Coatings

Spline wear  may be p r on ouncedly or subs tan t ia l l y reduced
b y the use  of su i t ab le  meta l l ic  or p las t ic  coatings on the sp line t ee th
(Appendix A).  Coating s are , how ever , not specif ied in the AND and
MS desi gn standa rds.

-- 
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7 . M isali gnmL -nt

.-\s alread y mentioned , misalignment is probably the

,O s e  ol e a r l y sp l i ne  f a i l u r e s .  Misa l ign m e n t  of m a t i n g  sp l i n e s

pr oduct-s C . - e V e r d l  a d v e r s e  effects on the overall performance of the

co mpont -r ~~s i nvolved. First , misalignment greatly acc elerates spline

~ e or , i s  ~t ca u s e s  i n c rea s e d  local con tac t  s t r e s s  and a lso  r e l at i v e

s l m d l f c m ot i o n  (A ppend ix  A).  Second , if the  misa l ig n me n t  is too

~ r u a t  v. i t h  r e s p e c t  to the chordal clearance between the m a t i n g  t e e t h ,

inter~erence v~ ill r e s u l t .  Thi rd , e x c e s s i v e  misa l ignment  may impose
loads and stresses in addition to those resulting from the transmitted

t o r q ue , ~‘ hich then r e s u l t  in over loading of b e ar i n g s or some o the r
p a r t s .  In g en e r a l , however , even if the  misa l ignment  is not s e r i o us

enoug h to cause  tooth i n t e r f er e n c e  or o ther  components  f r o m  over-
l oad ing ,  i ts de t r imen ta l  e f f ec t  on w e a r  a lone may be s u f f i c i e n t  to
w a r r a n t  s e r ious  concern .

As emphas ized  ea r l i e r , adequate misalig n me n t  con t ro l
eases  the  en t i r e  problem of sp line f a i lu re  and ma in t enance .  Much
should and can be done at the design s tage to ensure  adequate  ali gn-
ment  in the ori g inal equipment  and in the i n t e r changeab i l i t y  of sub-
sequ en t replacements.

B. Operating Variables

Spline connections can be subjected to a variety of operating

var iab les  including speed , torqu e , tooth engagement, t e m p e r a t u r e ,
envi ronment, and contaminants. A significant change in any of these

• variables can affect the life of a sp line connect ion.

1. Speed

In the major i ty  of a i r c r a f t  sp line app l i ca t ions, the com-
• pon ents and accessories are subjected to a variety of speed ranges.
• Inc reased speed would be expected to result in increased wear due to

- - 
the i n c r e a s e  in re la t ive  sliding motion between  the tooth surfaces.

Increased speed would also increase dynam ic loads due to any sys tem
imbalance , resul t ing  in i n c r e a s e d  tooth loading.

The operat ing speed range is no rmall y no t within  the
control of the designer. In a sense , the penalty of high ope ra ting spe ed
must  be accepted. However , fo r  hi gh - s p e e d  opera t ion  espec ia l ly ,
special  a t t en t ion  should  be g iven o ther  design deta i l s  so as to g ive the

sp line a be t te r  chance for survival. These factors include , in par t ic ular ,

a c c u r a t e  alignment , r educed  tooth loading , and ca re fu l component

bala ncing .

— 
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Torque

Torque , like speed , is a desi gn requ i rement  imposed
by the app l ica t ion and is not unde r the desi gner ’ s cont rol . However ,
a knowled ge of the ef fec t  of to rque  on sp line l ife can be very  hel p ful.
A n increase in tooth loading has bee n found to acce l e r a t e  sp line wea r
(A ppendix A).  Thus , f o r  a g iven sp line desi gn , an inc rease  in the
transmitted torqu e i n c r e a s e s  the tooth loading and acce l e ra t e s  sp line
w e a r .  What  is wi th in  the control  of the desi gner  is that , w h e r e  a hi gh
imposed torque is requi red , he should be sure  to so propor t ion  the
sp line as to keep the tooth loading within acceptab le l imi ts .  In hi g h-
torque app lications , as in hig h-speed app lications , special a t tent ion
to design details may reap rich dividends.

3. Tooth Engagement

The engagement  of a sp line connection should be such
that  one of the sp lines is completely engaged w i t h  the ma t ing  sp l ine.
Par t i a l  engagement  of mating splines wil l  c r e a t e  a hi g her  tooth loading
s i tua t ion , t h e r e by acce le ra t ing  wear  in the sp line connec t ion .  As w o r n
spline p a r t s  a re  rep laced on components , p rov i s ions  should  be made
so tha t  the same sp liri e engagement  is obtained in o rde r  to e n s u r e  that
n e a r l y the  same tooth loading is p r e s e n t .

4. Temperature

C 
Temperature effects can aggravate spline w ea r by (1)

th ermal disp lacements causing misalignments  and in ter f e r e n c e , (2) hi g h
tempera ture promotes  de te r iora t ion  of the lubr icant  and de te r io ra t ion
of the e l a s tomer  seals wh ich  may 1e essen t i a l  fo r  l u b r i ca n t  r e t en t ion ,
and (3) low t e m p e r a t u r e  th ickens  th - lu b r i c a n t  and thus impedes its f low.
The t h e r m a l  disp lacement  problem is d i r ec t ly the respons ib i l i ty  of the
desi gner .  The other two problems influence lubricant  and elastomer
se lec t ion .

5. Envi ronment

Airc raft splines may operate in a i r , oil , or fuel  environ-
ments .  In gene ra l , lub r i ca t ion  is mos t  f a v o r a b l e  and wea r  the least

• bothersome when the sp line ope rates in the lubr icat ing oil or hydraul ic
fluid (Appendix A). Since je t  fuels  are poor “lubr icants ” , the y do not
provide much  prot ection , and the more  hi ghl y re fi ned the fue l is , the
less lub r i ca t ion  it provides  (Appendix A) .

LP~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ • ~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~--~~~~~-- ---  - -~.-
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By f a r  the  i~r e a te st  n u m b e r  of spli ne s used  in an air-
c r a f t  opera te  in the a i r  e n v i r o n me n t .  Such sp lincs  ar e  normal ly
l u b r i c a t e d  wi th  a g r e a s e , p r i m a r i ly in the i n t e r e s t s  of s i m p l i c i t y  and

4 convenience .  P roper  gr e a s e  se lec t ion is impor tant . The des i g ne r
should also keep in mind that  exposu re  of a g r e as e - l u b ri c a t e d  sp line
connect ion to fuel  may nega te  the benef ic i al  e f f e c t  of som e bes t  sp line
gr e a s e s  (A ppendix A). For  such appl icat ions , it may  be w i s e  to c on-
s ide r  o ther  design or lubricat ion a l t e rna t ives .

6. Contaminants

In g r ea sed  splines especially ,  the wea r  d e b r i s  g e n e r a t e d
f rom the w e a r i n g  of mating sp line tee th  will usual ly remain  wi th in  the
spline connect ion.  Such debris  will  be in the fo rm of me ta l l i c  par t i c les
and iron oxides , wh ich  genera l ly acce le ra te  w e a r  (A ppendix A). Other
contaminants may include dust , salt wa te r , fuel , e tc .  , depending upon
the app lication. Excess ive  exposure to such contaminants  should be
avoided by proper  sealing .

In the event  that the sp line connection is not thoroug hl y

C
- cleaned between r e lub r i cat ion  in terva ls, grease  c a r r y o v e r  conta ining

part ic les  and oxides is possible .  This contamination c a r r y o v e r  can
indeed af fec t  the life of the sp line connection.

C. Lubricat ion

I .  Mechanism of Spline W e a r

As d i scussed  in g r ea t e r  detail  in Appendix  A , the  f r e t t i n g
type of w e a r  p rocess  as exper ienced in splines comp rises a period of

neg li g ible wear  known as an “induct ion period” , fol lowed by a per iod  of
rap id w e a r  in which  the wear  rate  is essent ia l ly l inear .  The induct ion
per iod  has been es tabl ished to be chemical in c h a r a c t e r  and may be
enhanced  b y use  of suitable ant ioxidants  or co r ros ion  inhib i tors .  The
rap id w e a r  per iod is essent ia l ly mechanica l  in c h a r a c t e r , and the w e a r
ra te  is i n f luenced  more  by mate r i a l s  and s u r f a c e  t r e a t m e n t s  and the
r e l a t i v e  amount  of sl iding (i . e. , misalignment  or hig h speed) than by
e i t h e r  the l u b r i c a n t  or the o the r  operat ing va r iab les .  To m i n i mi z e  total

• wear , it is of course  des i rab le  to emp loy lubr ican t s  of long induct ion
period .

Fi gure  2 p or t r a y s  the behav ior  d e s c r i b e d .  Case B in
this fi gu r e  show s the w e a r  behavior  in dry a i r  w i t h o u t  any l u b r i c a n t
p r e s e n t .  In this case , w e a r  commences  immedia te ly upon the s t a r t  of
osc i l la tory  motion , and proceeds  at a l inear  r a t e .  Case A i l l u s t r a t e s
t he behavior  with  a noninduct ion-p er iod  grease , wh ich also g ives imrnedi-
ate and a l inear  ra te  of wea r , but the ra te  of wear  is noticeabl y ,  thoug h

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ .. o ! ’.~~ ~~~~~ A - - -  - - . - - 
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onl y slig htl y ,  hi gher than the un lubr ica ted  case.  This is because  the
gr e a s e  tends to retain the w e a r  debr i s  in the con tac t  zone , w h i c h
oxidizes or pa r t i a l ly oxid izes  to form ha rd  oxides and cause a b r a s i v e
w e a r .

W i t h  an induct ion-per iod g r e a s e , as i l lus t ra ted  by Case
C, t he r e  is f i r s t  an induction per iod of neg li g ible w e a r .  A f t e r  the
chemical  cons t i tuen t s  in the f ixed amount  of gr e a s e  a re  used  up,  t h e r e
fol lows a per iod of rap id wear , with a wea r  ra te  s imilar  to that  of Case
A (non induc t ion-per iod  gr e a s e s ) .  It has been found that if at the end of
the induction per iod , the used  gr e a s e  is removed and the sp lines c leaned
and r echa rged  wi th  f r e s h  induct ion-per iod  grease , the per iod  of neg lig ible
w e a r  will  repeat .  In other  words , wi th  cont inued rep len ishments  of f r e s h
induct ion-per iod  g r e as e , neg lig ib le wear  will continue to be obtained.

If the sp lines a re  lubr ica ted  wi th  a f ixed and l imi ted
amount  of a noninhibited oil (no induction per iod) , the w e a r  behav ior
would be as i l lus t ra ted  by Case D. Without  an induct ion per iod , v .ear
commences immediately upon the s ta r t  of relative motion. However ,
in this case , the wea r  ra te , while  a lso  l inear , is v e r y  low b e c a u s e  the
p r e s e n c e  of the liquid tends  to hel p c a r r y  the w e a r  debr i s  away f r o m
the contact  zone. Futher , p r e sence  of oil tends to min imize  the oxida-
tion of the w e a r  debr i s .  However , a f t e r  the liquid has been “pushed

• away ” f rom the contact  zone by the repeated osci l la tory motion , t h e r e
is no more  lub r i can t  p r e s e n t  and hence  a period of rap id w e a r  ensues ,
much  as in the un lubr ica ted  case.

If the f ixed  and l imited amount  of the li quid l u b r i c a n t
contain s su i tab le  addi t ives  to provide an induction per iod , then the
behav io r  would be as shown by Case E. There  wil l  f i r s t  be a per iod
of neg lig ible wea r .  A f t e r  the chemical  cons t i tuents  in the  oil are
consumed, a pe r iod  of appreciable  wea r  will  take p lace.  The w e a r  ra te
is s imilar  to that of Case D since the liquid tends to c a r r y  the w e a r  debr is

4
. away f rom the w e a r  zone and also minimizes  wea r  debris  oxidation. On

the other  hand , if the liquid supply is large , or if the oil lubr icat ion is
cont inuous , then neg lig ible we ar will continue.

Sol id-f i lm lubr ican t s  have been found to behave s imi la r ly
to the unlubr i ca ted  case (Case B). Solid f i lms  a re  g e n e r a l ly v e r y  th in
and provide  a lmost  no p ro tec t ion  aga ins t  w e a r  under  t hese  condi t ions .
However , the loose wea r  debris will move away f rom the contac t  zone ,
b e c a u s e  t h e r e  is no g r e a s e  to re ta in  them t h e r e .

2. Lubricants

Most  a i r c r a f t  sp lines opera te  in the a i r  e n v i r o n m e n t  and
• they ar e  usually g r e as e - l u b r i c a t e d  fo r  convenience and sys tem simpl i c i t y .

--  -
t, 
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As m e n t i o n e d  in the  p r e ced i n g  se t  t o n i , greases of long i n d u c t i o n  p e r i o d
are obviousl y desirable for s uc h  app l i .. i t t u l i s .

In some cases , a n o r m a l l y i~r & - a s e - 1 u b r i c a t e d  sp line may
be exposed to fue l  ( fo r  example , the sp l ine  \A h i ch  d r i v e s  the fuel  pump
may be exposed to the fue l  due to d e f e c t i v e  f u e l - s i d e  s ea l ) ,  and the e f f e c t
can be v e r y  de t r imen ta l .  In s u c h  i n s t ances , if no o t h e r  a l t e rna t ive  is
p r e s e n t , it may  be w i s e  to se lec t  a g r e a s e  of less  so lub il i ty  to fue l  so
tha t the v~ ear  when  exposed to fue l  would be less  ex c e s s i v e— b y pay ing
a penalty in accep t ing  a s h o r t e r  induct ion  pe r iod .

As ment ioned in the p reced ing  sect ion , liquid l ub r i can t s
can g r e a t ly con tro l  spline w e a r .  However , this method does in t roduce
sy s t e m  comp lexi ty and we i ght p rob lems , and mus t  be weig hed ve ry
ca re fu l ly in the desi gn s tage as to i ts overall  feas ib i l i ty .

As ment ioned in the preced ing  sect ion , so l id - f i lm lubri-
cants  are  not e f f e c t i v e  in sp line app licat ions.

3. Lubrication Methods

A i r c r a f t  sp line connections are  usually l ub r i ca t ed  wi th
a g r e a s e  or liquid lubr icant  since sol id-f i lm lubr ican ts  have not p roven
to be v e ry  e ff e c t i v e  in mitigating sp line w e a r  (Appendix A).  The lubri-
cating methods  used may be divided into three  categories, namely:
dry  pad , mis t , and wet  pad. The dry pad spline connection can be
opera ted  wi th  or wi thout  a g rease , resul t ing in spline wea r  behavior
s imilar  to that i l lus t ra ted  in Case A , B , or C of Figure  2. The mis t

— 
(oil mis t )  and we t  pad a re  usually associated with the eng ine a c c e s s o r y
gearbox  sp lines and are oil lubr ica ted, resul t ing  in sp line w e a r  s imilar
to Case D or E of Fig u r e  2. It is evident that the lubr ica t ion  method
se lec ted  could control  the e f fec t ive  l ife of a spline connect ion.  The
dry  pad is usually the simplest  method since no elaborate lubr ica t ion
sys tem is r equ i r ed , althoug h it may not be as e f fec t ive  as mis t  or

- 
- 

wet  pad. In many cases , the location of the spline connect ion on the
a i r c r a f t  wi l l  d ic ta te  the type of lubr ica t ing  method to be used in the
i n t e r e s t  of space and wei g ht considera t ions .

4. Lubr ica t ion  Interval

The i n t e r v a l  of lubr ica t ion  (or “ re lubr ica t ion” , as it is
f requent l y ca lled ) is of conce rn pr imarily wi th  g fe a s e - lubr ica ted
sp lines. Ideally ,  it is des i rab le  to rep lace the used  gr e a s e  in a sp line
with  f r e s h  g r ea s e  b e f o r e  the induction per iod of the g rea se  is used  up.
In any case , in c r i t i ca l  sp line connect ions , f r e q u e n t  r e lubr i ca t ion  mus t
be considered good po l icy .

-~~ 
- - 
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5. Access ib i l i t y  for  Relubr ica t ion

In the re lubrica t ion  process , it is impor tant  to c lean
the sp line connect ion thoroug hl y to p r e v e n t  used  grease  and contam-
inant c a r r y o v e r .  However , this may be more  easily said than done ,
because  the sp lines may not be readily access ib le  fo r  c leaning .  This
aspect  of the problem will be d iscussed  f ur t h e r  l a t e r .  Suff ice  it to
say he re , a cces s ib i l i t y  is a problem that  can be handled wi th  f o r e s i g ht
in the  design s tage .  A number  of a l t e rna t ives , e i ther  to i m p r o v e
access ib i l i ty  or to s idestep the problem , will be d i scussed  l a t e r .

D. Installation and Maintenance

The p rac t i ces  employed dur ing the installation and main tenance
at var ious Navy main tenance  levels can have an e f f ec t  on the l i fe  of a
spline connection. These include cleaning,  re lubr ica t ion, and align-
ment  problems.

I .  Operational Level (Squadron)

At the operat ional  level p e r f or m e d  at the squadrons ,
the genera l  p ract i ce  is to rep lace accesso r i e s  such as fuel  pumps ,
hyd rau l i c  pumps , s t a r t e r s , g en e r a t o r s , etc.  At this level  ind iv idua l
sp lines are general ly not rep laced. In the event of sp line f a i l u r e  fo r
any cause , the ent ire  component or acc esso ry would be rep lac ed and

C the  c ie fec t ive  unit  sent td e i ther  an in te rmedia te  or depot level  mainten-
ance fac i l i ty  fo r  r ework .

One potent ial  source  of t rouble may be e n c o u n t e r e d  m o re
f r equen t ly at the squadron level than e l sewhere :  Dur ing  instal la t ion of
heavy acce s so r i e s, t he re  is the danger  of damage to the f lange  or

p ilot ing s u r f a c e  on the mounting pads , and shaf t s  or splines may be
ben t  or de fo rmed  at local ized a reas  due to support ing the a c c e s s o r y
w e i g ht on the sp line shaft  p r ior  to engagement  of the p iloting s u r f a c e s
and s e c u r i n g  of clamp ing devices .  Damages of the type j u s t  ment ioned

• can resu l t  in inc reased  spline misal ignment  and hence accele ra t e  w e a r .
The p rob lem can be gr e a t l y reduced  by the use  of sling s , ho i s t s  or
other devices  to support  and guide the a c c e s s o r y  into place.

Another  f ac to r  of impor tance  at the operational  level is
the cleaning and re lubr i ca t ion  of sp lines w h e n e v er  a c c e s s o r i e s  a r e
removed and rep laced. If these  two tasks  a r e  not p e r f o r m e d  ca r e f u l l y ,
w e a r  debr i s  and used  gr e a s e  may be c a r r i e d  over  into the new sp linc

connec t ion .  Female sp lines , by v ir tue  of the i r  desi gn , a r e  d i f f i c u l t  to

clean un less  adequate br u s h e s  a re  used  to r emove the w e a r  d e br i s ,
oxid i s , and grease residue. Some female splines are rather long in 
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r e l a t i o n  to the p i tch  d i a m e t e r  mak ing  it even  m o r e  d i f f i c u l t  to v i s u a l l y
i n s p e c t  and clean the sp line t e e t h . Male sp lines  a re  no rma l ly e a si e r
to in spec t  and should also be t h o r o ug hl y c leaned  p r i o r  to r e lub r i c a t i o n .

2 . In te rmedia te  Level  (Squadron or Commercia l)

In te rmedia te  level  main tenance  is p e r f o r m e d  mostly
a t  the  squadron level , or by a commerc i a l  c o n t r a c t o r .  At the inter-
m e d i a t e  level  of ma in tenance, a c c e s s o r i e s  a r e  d i sassembled, insp ected ,
r e w o r k e d  if n e c e s s a ry ,  and then r e a s s e m b l e d .  Hence addit ional f ac to r s
wh ich  may  a f f e c t  sp line w e a r  a r e  p re sen t .  Several f a c t o r s  relate to
inspec t ion  p r a c t i c e s .  These  include the type and magnitude of the wear
re jec t ion  c r i t e r i a  app lied to the splines and the methods of measu r ing
sp line w e a r .

Rep lacement fac tors  include a var ie t y of f ac to r s  which
can have si gn i f i can t  e f f e c t s  on sp line w e a r .  F requen t ly,  rep l ica tes  of the
orig inal pa r t s  a re  not available and it is n e c e s s a r y  to subs t i tu te  new
pa r t s  of d i f f e r e n t  design , to le rances , or ma te r i a l s ;  or else  the w o r n
pa r t  may be r e w o r k e d  in some manner  to r e s t o r e  it to a useable  con-
di t ion.  Un le s s  care is taken , the subst i tu te  par t s  or r e w o r k e d  pa r t s
may a d v e r s e ly con t r ibu te  to to lerance  s tackups or misali gnment s , and
may r e su l t  in combinations of mating ma te r i a l s  that a r e  not compatible .

One p r a c t i c e  in pa r t i cula r  which  can agg rava t e  sp line
w e a r  is the use  of a w o r n  spline wi th  e i ther  a new spline or a w o r n
sp line.  This pract ice  can r e su l t  in unusual tooth loading s both as to
local ized magni tude or location and may the re fo re  acce le ra te  wear .
The p r a c t i c e  resu l t s  because  rep lacement  par t s  a re  e i ther  in shor t
supp ly or a re  expensive , hence splines are reused so long as the wear

r e j ec t ion  c r i t e r i a  a re  not exceeded.  Other  r easons  fo r  the p rac t i ce  a r e
the f a c t  that sp l i n e-c o n n e c t e d  components are  often overhauled  at dif-
f e r e n t  fac i l i t i es. Many a c c e s s o r i e s  such as s t a r t e r s , g e n e r a t o r s ,
hy d r a u l i c  pumps , et c. , are  rep laced as a unit at the opera t ional  level
of ma in tenance .  Thus at overhau l  faci l i t ies  whe re  a i r c r a f t  are  nea r ly
completel y disassembled and reassembled , components a r e  not matched

C up w i t h  the component  wi th  which  they w e r e  ori g inally connected.  In
other  words , to e n s u r e  complete and compatible i n t e r changeab i l i t y ,  the
allowable t o l e r ances—par t i cu l a r ly those  hav ing  to do wi th  misal ig nm e n t

or tooth i n t e r f e r e n c e — s h o u l d  be examined ca re fu l ly.

3. Depot Level (NAVAIREWORKFAC or Commercia l)

The depot level  is the hi ghes t  level of maintenance,
w h i c h  func t i on  is normal ly p e r f or m e d  at a NAVAIRWORKFAC, but some-
t i m e s  also b y a commerc ia l  con t r ac to r .  The w o r k  involves d i s a s sembly,
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i n s p ect i o n , an d  rebuildin g of a c c e S s o r i e s , c o r n p o n t -x i t s , and coiri p le t i -

a i r c r a f t .  I - f en ce , t he  m a i n t e n a n ce  fa c t o r s  e n c o u n t e red  i n c l u de  all of
those  e n c o u n t e r e d  at the  lower  l eve l s  of m a i n t e n a n ce . In addi t ion ,
at depot  l e ve l , c o n s i d e r a b l e  r e w o r k i n g  of pa r ts  may  he  p e r f o r m e d ,
e s pec i a l l y ~ hen p a r t s  a r e  in sho r t  supp ly.  Occas iona ll y ,  ne~ p a r t s

are manufactured at the NAVAIREWORKFAC(S).

4. New and Used Splines

The widel y used  m a i nt e n a n ce  p r a c t i c e  of reusinC sp l i n es
in combina t ion  w i t h  new or o t h e r  used  sp lines  may have  an a d v e rse
e f f e c t  on the l i fe  of both sp l ines involved in a connec t ion . W h e n  w o r n
and new sp l ine  s ur f a c e s  come into contac t , the load may be bo rne
ini t ia l ly by a r e la t ive l y small a rea , thus  r e s u l t i n g  in e x c e s s i v e  contac t
p r e s s u r es  and a hi g h r a t e  of w e a r .  Dur ing the per iod  of hi g h w e a r
r a t e , w e a r  d e b r i s  a re  f or m e d  and these  in t u r n  may ser v e  as a b r a s i v e s
to p romote  a d d i t i o n a l  w e a r .  W h e r e  two new , p r o p e r ly shaped , sp l ined
s u r f a c e s  come into con tac t , the load is m o r e  u n i f o r ml y d i s t r i b u t e d  m d ,
a l s o , the  amoun t  of wear necessary to p rov ide  good c o n f o r m i t y  is mu c h
less  than  is the case  w h e r e  an u n w o r n  and a w o r n  sp line s u r f a ce  a re  in

con tac t .  The r euse  of sli g htl y w o r n  sp lines is d i c t a t ed  b y econorn 1~
c o n s i d e r a t i o n s ;  but  i n di s c r i m i n a t e  use  of w o r n  sp l ines  m ay  not be

• ec o n o m i c a l  as i t  a p p e ar s  at  f i r s t  g lance .

Even  g r e a t e r  w e a r  a c c e l e r a t i o n  may  r e s u l t  if the reused
w o r n  sp l i nes  a r e  i m p r o per l y c l eaned  thu s p e rm i t t i n g  c a r r y o v e r  of u s~~- G

Crease and ~ ear  d e b r i s  into the new sp line  connec  Lion .

Cleaning and Lu b r i c a t i o n

The e s s e n t i a l  l ub r i c a t i o n - r e l a t e d  t a sks  in the  i n s t a l l a t i o n

of a spline co n n e c t i o n  c o n s i s t  of a s s u ri ng  tha t  both  s p l i n e s  ar c  c l ean ;
i t  a l l  c l o s u r e s , s e a l s  and othe r l u b r i c a n t  r e t e n t i o n  c i t - v i c e s  a r e  pro-

p - rl y installed; and that lubricant of th~ proper type and amount is

dr )t)liecl . It ‘.~. ould be d e s i r a b l e  if the  same l u b r i c a n t  is u s e d  at in st a l la -
Lion and at  s u b s e q u en t  r e l u b r i c a t i o n s .

The l u b r i c a t i o n -r e l a t e d  t a s k s  a r e  equal ly i m p o r t a n t  in
bo th  i n s t a l l a t i o n  and ma i n t e n a n c e  o p e r a t i o n s .  W h e r e  c o m p o n e n t s  ar c

r e m o v e d  or d i s a s s e m b le d  s u f f i c i e n t l y to p er m i t  c l e a n i n g  of t b ’. sp l i n e s ,

t h e  t~~ sk s  a r t  the same as at  the i n s t a l l a t i o n .  H ow e ver , in  m a n y  c as t S

sp l i n t s  a re  r c lu h r i c a t c d  in l o c a t i o n s  w h e r e  c le a n i n g  is more d itficul t

t h a n  at i n s t a l l a t i o n  or ov e r h a u l  f a c i l i t ie s .

~~~~~~~~~~~~~~~~~~~~~~ -
~~~
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As ment ioned  e a r l i er , the a c c e s s i b i l i t y  of one or both
of the sp l ines  may hamper  the cleaning and r e lub r i ca t i on .  Small w e a r
debr i s  par t i c les  l e f t  be tween  the male and female  sp line tee th  can
s h o r t e n  the e f f e c t i v e  life of the spline connect ion.

6. Misal i gnment

The impor tance  of obtaining the bes t  poss ib le  al i gnment
be tween  two mating sp lines has been repeatedly emphas ized  in the
preceding p a r a gr a p hs . The alignment  may be desc r ibed  in t e r m s  of
la tera l  alignment and angular  alignment.  Lateral  alignment  r e f e r s  to
the concent r ic i ty  be tween the mating sp lines.  Angular  alig n m e n t  r e f e rs
to the angula r  or ienta t ion between the mating sp lines. E x c e s s i v e  mis-
alignment  in e i ther  sense wil l  a f f ec t  the tooth loading , thus leading to
excess ive  w e a r , p itting , or even fat igue breakage .

As mentioned previously,  design plays an impor tan t
role in control l ing misal ignment .  The design to l e rances  should be
such as to avoid excess ive  stackup e r r o r s .  No e f fo r t  should be s p a r e d
at the design stag e to e n s u r e  that each sp line is lined up v~ith the
component to which  it is a t tached , and f u r t h e r  to e n s u r e  that  the tv.. o
mating sp lines a re  l ined up when the two components  a re  put t o g e t he r
at l eas t  in the initial installation.

Misalignment  becomes a problem in the m a i n t e na n i
sequence  mainly because  of the necess i ty  of in terchang ing p a r t s  or
a c c e s s o r i e s .  Since serv ic ing  of d i f f e r e n t  a cces so r i e s  or c o m p o n e n t s
c u r r e n t ly fal l  unde r  the j u r i sd i c t i on  of d i f f er en t  s e rv i ce  g r o u p s or
organizations , the b e s t  that each such organiza t ion  can do is to  see
that  the sp line a t tached to the a c c e s s o r y  or component is p r o p e r l y
aligned.  Even so , the method of measur ing  misalignment  is of ten
inadequate , even at the highes t  maintenance level , to ensu re  tha t a
p roper  job is done. Moreove r , as the j u r i sd i c t i on  for  d i f f e r e nt  corn-

• ponents is c u r r e n t ly divided , there  is no real assurance  that  two
separa te ly serv iced  components , when assembled  togethe r , wi l l  r e su l t
in satisfactory alignment  of the ma ting splines.

L~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1111:.
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III. INFORMATION SOURCES

A. V i s i t s

V i s i t s  w e re  m a d e  to sev e n  Naval  Air R e w o r k  F a c i l i t i e s , two
Ai r F o r e ’ . -  Depots , one A r m y  A e r o n a u t i c a l  Depot  Ma in t enance  Cen te r ,
t \V o commei~~i~~l a i r l i n e s , two a i r f r a m e  m a n u f a c t u r e r s, t h r e e  acces-
s o ry  m a n u f a c t u r e r s, two l u b r i c a n t  m a n u f a c t u r e r s  (in addi t ion , r e p r e s e n-
tatives ol one l u b r i c a n t  m a n u f a c t u r e r  v i s i t ed  SwRI) , and two Naval  A i r
S t a t i o n s  as shown in Table 2. A v i s i t  was a lso  made to NADC ea r l y in
the  p r og r a m .  Two v i s i t s  w e r e  made to NASC wi th  the  las t  one be ing  an
i n f o r m a l  p r e s e n t a t i o n  to N avy , A i r  Fo rce , and Army p e r s o n n e l  sum-
marizin~ the  r e s u l t s  and r e c o m m e n d a t i o ns of the  s u r v e y  p r o g r a m .

At  each  p lace  v i s i t ed , p e r s o n n e l  cognizant  of a i r c r a f t  sp line
w e a r  p r o b l e m s  w e r e  i n t e r v i e w e d  to col lect  the n e c e s s a ry  i n f o r m a t i o n .
T h e s e  inc luded  eng i n e e r s , t e c h n i c i a n s , and shop pe r sonne l .  For
examp le , at  the N A V AIRE W O R K F A C ( s) ,  p e r s o n n e l  w e r e  c o n t a c ted  in
the Aeronautical Eng i n e e r i n g  and Qual i ty  A s s u r a n c e  D e p a r t m e n t s .
Dur ing  the  course  of a v i sit , shop areas w e r e  toured  and a pp r o p r i a t e
shop foremen and personnel were contacted.

N e a r l y all of the m a j or  sp line p rob lem a reas  v~ cr c  v e r i f i e d
w i th  the Quali ty Assurance Department. This department, along ‘~~ it h
the Produc t ion  Planning Group , provided i n f o r m a t i o n  on the r ep la e r n c n t

C r a t e  or u s a g e  of the  spec i f i c sp line components .  This i n f o r m a t i o n  can
be obtained v. i th the IR/ 6 R  U s a g e  Summary ent i t led  “E i g ht Q u a r t e r s
T h r o ug h F o u r t h  Q u a r t e r , FY 1970” . This is a compu te r i zed  l i s t i n g  of
the  u s age  of ind iv idua l  component  pa r t s .

Some NAVAIREWORKFAC(s) maintained a Master Usage File
(\IUSF) for aircraft parts tabulated for a one-year period. In the major- —

i t y  of c a se s , the  u s age  or rep lacement  factor was based on these corn-
p u t er  listin i~s; how ever , in some cases , it was e s t i m a t e d  b y NAV A I R E W O R -
FA C  personnel.

B. S u r v e y  Form s

A la r i ~e p o r t i o n  of the in fo rmat ion  was  co l lec ted  by means  of
three questionnaire forms.

1. Aircraf t Spline Survey Form

The mos t  impor t an t  of t hese , the A i r c r a f t  Sp line S u r v e y
F o r m  i l l u s t r a t e d  in Table 3 , was  used  at al l  f a c i l i t i e s  except  the l u b r i c a n t

- -;
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TABLE 2. FACILITIES VISITED DURING SURVEY

Type of No. of
Facility Facility Days Visit Dates

Naval Alameda 3 2 5 -2 7  Jan. 1971
Air Cherry Point 2 25-26 Feb 1971
Rework  Jacksonville 3 29-30 Sep, 1 Oct 1970
Facility Norfolk 3 2, 5, 6 Oct 1970

North Island 3 19-21 Jan 1971
Pensacola 3 12-14 Aug 1970
Quonset Point 4 7-9, 12 Oct 1970

Air Force Kelly 3 13 Jul , 18 Aug , 25 Nov 1970
Tinker 3 17-19 Nov 1970

A rmy ARADMA C 3 27 -28  Aug , 16 Nov 1970

Airlines American 1 20 Nov 1970
United 1 1 Feb 1971

Spline and AiResearch 1 18 Jan 1971
Accessory Bendix 1 22 Jul 1970
Manufacturer Sundstrand 1 30 Mar 1971

Navy NADC 1 24 Jul 1970
NASC 2 21 May 1970, 17 June 1971

NAS Corpus Christi 1 18 Sep 1970
Kingsville 1 17 Sep 1970

Air f rame  Lockheed 1 22 Jan 1971
Manufacturer Boeing 1 2 Feb 1971

Lubricant  Chevron 1 29 Jan 71
Manufacturer Shell* 1 4 Feb 1971

Texaco 1 23 Jul 1970

*Shell representatives visited SwRI -

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ :. 
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T A E -ILE I. AIRCRAFT SPLI~~E S U R V E Y  FORM

s .o n ta ~ t :  S u r v . y  b y M. L. V a l t i , - r r a
Southw ~- st  R e s e a r c h  I n s t i t u t e

Or ’.~ i n i i , i t i n :  8500 Cu lebra  Road
San A n t o n i o , Texas  78228

Tel e p h o ne :  
______________________________ 

Phone :  5 1 2 - -  - n 84 -200 0
D a t e  Co n i p l e o - d -  

— __________________________________

A i r : r a t t __________________________________ Eng ine _________________________________________

FAILED OR REJECTED SPLINE CONNECT IONS
A c c e s s o r y  N.~rn’.-
.A c : es s o ry  Pa rt  N u m b e r
A t c e s s o r y  M a n u f a c t u r e r
Spline Loca t ion  

________________________

Sp l ine  De s c r ipt ion Male  Female
Desi gn S t anda rd
Par t  Number
Drawing Number
Manufacturer
Diametral Pitch
N u m b e r  of Tee th  

________________________

Spline Length , in.
Pitch Diameter , in. 

_________________________

Pressure  Ang le , deg. 
______________________ —

Tooth Form
Class of Fi t
Type of F it
M a t e r i a l  

________________________ — -_______________________

Heat T rea tmen t
Core Hardness , R~ ______________________ _______________________

Case Hardness , R c 
____________________ ________________

• Case Thickness , in. 
____________________ _____________________

M a c h i n i n g  M ethod 
_______________________ ________________________

Coating and Thickness 
______________________ _______________________

Surface  Roug hness  
________________________ ________________________

Opera t ing  Cond i t i ons  
_______________________ _______________________

• Cons tan t  Speed , rpm 
_______________________ _______________________

Variable Speed Range , rpm 
________________________ ________________________

A n g u l a r  Misali gnment , de g. 
________________________ ________________________

Late ra l  Misal ignment , in.
Axial Engagement, % 

_______________________ ___________—________

Opera t ing  Torque  Range , in- lb  
_____________________ _____________________

Spline Temperature Range , °F 
_______________________ _______________________

Sp line Env i ronment , Air , Fuel , etc.
Salt W a t e r  Exposure  

____________________ ___________________

-- ~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~i: ~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 14



T A B L E  A~R ( H  A F T  SP I .  N i .  s: R V E Y  F O P M  ‘Can’  d~

Lu b r i c~u t i o n  Male  Fema le
A pp licable LUb .  Sp e c i f i c a t i o n  _____________________________ _____________________________
L u b r i c a n t
L u b r i c a n t  Supp l ier
L u b r i~ t i t a n  Intt ~r v al , h r .
Lob r i~ -‘ n i  f l ow  R a t e
Lub r n t i  in~ M~ - th o d

Sp line  F a i l u r e  H i s t o r y
U s a g e ;  Rep l a c e m e n t  Rate , ~ o __________ _______________________ — ________________________

A c c e s s o r y  0. H. Per iod , h r .
Sp line  0. H. Pe r iod , h r .  

_______________________ ______________________

A c c e ss o r y  Fa i lu  r es  per  y r .  _____________________________ _____________________________
A c c e s s o r y  Mean Life , h r .
Sp line  F a i l u r e s  ( U R )  per  yr . 

_________________________ ________________________

Sp line Mean Life , h r .
Sp line Fa i lu re  Category

Tooth ~% ear  
__________________________ __________________________

W e a r  Debr i s , D escribe  
______________________

Tooth F r a c t u r e
S h a f t  F r a c t u re
Al lowab le  Sp line W e a r , in. 0. H. ;S q. 0. H. ;Sq.
W e a r  M e a s u r i ng  Equi pment

Corrective Recommendat ions  
_________________________ ________________________

C u r re nt

Proposed

Items Supp lied to SwRI 
________________________

A c c e s s o r y  A s s y .  D r a w i n g  
_________________________ ________________________

Spline Drawing 
__________________________ __________________________

Sp line Lub. I n s t r u c t i o n s
Sp line Inspec t ion  I n s t r u c t i o n s
Worn  Spt ines  

_______________________ ______________________

Comments

Page 2 of 2

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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m a nu f a c t u r e r s .  This fo rm i d e n t i f i e s  the p e r s o n  and o rg a n i z a ti o n
r e p o r t i ng  the sp line wea r  p rob lem , the a i r c r a f t , sp line l o c a t i o n ,
d e t a i l s  of sp line pa r a m e t e r s  such  as g e o m e t ry ,  m a t e r i a l, h a r d n e s s ,
s u r f a c e  f i n i sh , etc.  ; opera t ing  cond i t ions , l ub r i ca t i on  pa r t i cula  rs ,
sp line f a i l u r e  h i st o r y  inc lud ing  replacement  ra te , w e a r  d e s c r ip t ion ,
sp line wea r r ej ec t ion  c r i t e r i a , and w e a r  m ea s u r i n g  equi pment :  and
c u r r e n t  and proposed methods for  c o r r e c t i ng  or miti gat ing sp line
w e a r .  Whereve r possible , the foregoing information was collected
at the time of the visit . However , in many cases , all of the infor-
mat ion  was not readi ly avai lable  and was collected b y means  of sub-
sequen t  commun ica t i ons .  For  examp le , in many cases , d r awings
of problem splines w e r e  provided  by the personnel  v i s i t e d .  Spline
detai ls  w e re  then ex t r ac t ed  f r om  the d rawings  by SwRI pe r sonne l .
In qu i t e  a few cases , only the drawing n u m b e r s  w e r e  provided at  the
t ime of the vis i t  and the d rawings  w e r e  obtained t h r o u g h  other  s ou r c e s
including DCASO , San Antonio;  NADC , Philadelphia ; Kelly AFB , San
Antonio ; and AVSCOM , St. Louis .

Information on ope rating conditions and lubricating
pa r t i c u l a r s  was genera l ly obta ined f rom the cognizan t  e ng i n e e r i n g
personnel and in a few cases from appropriate documents such as
NAVAIR Spec i f i ca t ions , A i r  Force  T. 0. ( s ) ,  Mi l i ta ry  Standards ,
Overhaul Manuals , e tc .

— 2. Lubr i can t  M a n u f ac t u r e r s  Su rvey  Form

The l u b r i ca n t  m a n u f a c t u r e r s  su r v ey  fo rm , shown in Table
4 , was u s e d  in the m e e t i ng s  wi th  personnel  of lubricant  m a n u f a c t u r e r s.
The i n f o r ma t i o n  r e q u e s t e d  in this t h r e e -p a r t  f o rm  cons i s t ed  of ( a )  gen-

• eral recommendations as to sp line de’~ign and mater ia ls, s u r f a c e  f i n i s h ,
and lub r i ca t ing  prac t ices  that would  r educe  sp line wea r , and t e s t  methods
f o r  evaluat ing spline lubr i can t s ; (b )  de sc r i ption of c u r r e n t  sp line lubri-
can t s:  ( c )  s ug g e s t e d  components of sp line g rease  lubr ican ts .  As will
be ev ident  in the sec t ion  on Lubr ica t ion , this f o r m  proved to be too
de t a i l ed .  For p r o p r i e t a ry  and other  reasons , onl y one of the l u b r i c a n t
m a n u f a c t u r e r s  contac ted  comp leted this f o rm .

3. S~~u a d r o n  Maintenance Prac t i ces  S u r ve y  Form

Ea r ly in the s ur v e y ,  it became evident that one source
of wea r aggrava t ion  mi ght be incomp lete cleaning of the sp lines when
a c c e s s o r i e s  w e re  rep laced in the field . Unless  c a r e f u l ly cleaned , old
g r e a s e  a n d/ o r  wea r  deb r i s  could be i n troduced  into the new connect ion .
t h u s  gr e a t l y accele rat ing wea r .  In o r d e r  to obta in  addit ional  informat ion

.i.A ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -..~~~~ ,‘• ~~~~~~~~ , . ., 
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TABLE 4. LUBRICANT MANUFACTURERS SURVEY FORM

A. General  Recommendations
B. Cur ren t  Lubricants Suitable for Splines
C. Sug g es ted  Components of Spli n e G rease  Lubr i cant

Contact: 
— 

Survey by M. L. Valt ierra
Tit le: 

— 
Southwest Re search Inst i tute

Organiza t ion:___________________________ 8500 Culebra Road
Add ress :______________________________ San Antonio , Texas 78228
________________________________________ Phone: 512-- -684-2000
Telephone:_______________________________
Date Comp leted:_______________________

A. GENERA L RECOMMENDA T IONS

1. Spline design recommendations that would enhance lubricant  e f f e c t i v e n e s s :

2. Lubricat ion techni ques or practices that would improve sp line per formance :

3. Importance of spline mater ials:

4 . Importance of mater ial  hardness:

“ I
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TABLE 4. LUBRICANT MANUFACTURERS SURVEY FORM (Cont ’d)

5. Importance of surface finish:

6. Effectiveness of spline coatings (platings , reaction f i l m s , pol ymers , bonded

solid lubricants) and/or compatibility of the coatings with sp line lubr icants :

7. Importance of clearance:

8. Effects  of contaminants (dus t , sea wa ter , chemica ls , othe rs ) :

9. Test  methods used  to evaluate sp line lu b r i c a n ts :

10. What sp line data and operating conditions do you require in order to formu-
late a g rea se  fo r  a par t icu la r app lication:

11 . Advantages or disadvantages of oil lubrication of splines:
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TABLE 4. LUBRICANT MANUFACTURERS SURVEY FORM (C ont ’d)

B . CU R R E N T  LUBR i CA NTS SUITABLE FOR SPLIN ES

Lubricant  Descr ip t ion  Lubr icant  Data
Manufac tu re r ’ s Ident if icat ion 
Type (Grease,  Oil , Solid f ilm , etc ) 

_______________________ ___________________________
Mili tary or Other Specif icat ions . 

________________________ ____________________________

Base Stock 

Thickener  Type 
____________________ ________________________

Addit ives 
_____________________ _________________________

Othe r Components 
_____________________

Lubr icant  Proper t ies
API Gravi ty  
F lash Point 

_____________________ ________________________

Fire Point 
_____________________ _________________________

• Pour Point 
Viscos i ty  at 100°F 

_____________________ ________________________

Viscosi ty  at 2 10°F  
_____________________ _________________________

V iscos i ty Index 
_____________________ _________________________k. Acid No 
____________________  _______________________

Base No 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

In t e r f ac i a l  Tension 
Copper Corrosion 
Steel Corrosion 
D ropping Point , (mm ) 

__________________ _________________________
W or k ed Pene t ra t ion  
Bomb Oxidation , P r e s s u r e  Drop

in 100 hrs , in psi (max) 
_____________________

W a t e r  Res i s t ance  at 100°F ,
pe rcen t  g r e a s e  loss b y wt (max) .
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TABLE 4. LUBRI CANT MANUFACTURERS SURVEY FORM ( Cont ’d)

Lubr icant  P rope r t i e s  - ( Cont ’d ) Lubr i can t  Data
Evapora t ion  at 2 5 0° F  (max) 

____________________ ________________________

Oil Separa t ion  at 2 10 ° F  (max) 
___________________  ______________________

Low T e m p e r a t u r e  Torque
( ind ica te  temp. ) 
S tar t ing Torque , g -c m  

___________________

Running  Torque , g-cm 
________________________

Load W e a r  Index (mm ) 
____________________ ________________________

W o r k e d  Stabi l i t y (max)  
__________________  _____________________

Hig h T e m p e r a t u r e  P e r f o r m a n c e
at 250°F  (mm ) 

______________________ 
__________________________

Run on Steel  W e a r  
______________________ 

__________________________

Rust Preventive Properties 

Spline W e a r  P e r f o r m a n c e
Tes t  A ppara tus  

_____________________ ________________________

W e a r  P e r f o r m a n c e  in A i r ,
des cr ibe  

_______________________ 
___________________________

W e a r  P e r f o r m a n c e  in Fuel ,
de scr ib e 

_______________________ 
___________________________
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TABLE 4. LUBRI CANT MANUFACTURERS SURVEY FORM ( Cont ’d)

C. SUGGESTED COMPONENTS OF SPLINE GREASE LUBRI CANT

Operating Conditions: In Ai r  In Fuel
Speed , rpm 2000 4000 2000 4000
Contact, Stress , psi 1000 5000 1000 5000
T e m p e r a t u r e, °F 200 300 200 200

Check Those Components You Conside r Necessa ry  For A Grease  Used To Lubricate
Splines Unde r  The Indicate d Conditions

Lubricant Com ponent 
_________ _________ _________ _________

Base Stock 

Thickening A gen t  
________ ________ ________

Oxida t ion- Inh ib i to r  
_________ _________ _________

Corros ion  Inhibitor  
_________ _________ _________

Dete rgen t  
Dispe r san t  

Rust  Inhibitor  
_________ _________ _________ _________

Oiliness Agent 
_________ _________ _________

Ext reme  P r e s s u r e  (EP) 
Tackiness Agent 

_________ _________ _________ _________

Antiwear 
Solid Lubr icants  ( f i l l e r s )  
M etal Deac t iva tors  

_________ _________ _________

Alkal ine  Agent  
_________ _________ _________ _________

~ 
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w i t h  • e g a r d  to t h i s  p r o b l e m , the Squadron M a i n ten a n ce  P r a c t i c e s
Form (see  Table 5) was  p r e p a r e d  and submi t t ed  to the  A t l a n t i c
N A V A I R E W O R K F A C  R e p r e s e n t a t i v e  who in t u r n  s u b m i t t e d  this  to
COMNAVAIRLANT and COMNAVAIRPA C fo r  approval  and s u b se  -
quent  d i s t r ibu t ion .  H o w e v e r , onl y one set  of r epo r t s  w er e  r e c e iv e d
f r o m  the Norfo lk  Naval  Ai r  Station.

C. Suppl emen ta ry  In fo rma t ion

In addition to the in formal  ion col lec ted  by means  of the survey
forms  jus t  descr ibed , considerable  in format ion  was obta ined f rom
othe r sources  as follows:

Spline Drawing s
NAVAIR & T. 0. Specs.
Tech. Manuals
Field Fai lure  Repor t s
Local Eng ineer ing  Specs.
Eng ineer ing  Change Proposals
Eng ineer ing Prog ram N otices
P. P. Changes & Bulletins
Technical Repo r ts
Component Improvement  Programs
Development Programs

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~)J~~~ - -. 
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IV . MAINTENANCE FUNCTIONS

A .  F a c i l i t y  Ope ra t i on

A b r i e f  d e s c r iption of the opera t ion  of the  va r ious  f a c i l i t i e s
visited follov~s:

1. Navy

As men t ioned  in Chapter  II , the ma in t enance  func t ion
in the Navy is p e r f o r m ed  at t h r e e  levels :  the ope ra t iona l  ( squadron)
level , the i n t e r m e d i a t e  ( squadron  or commerc ia l )  level , and the
depot ( N A V A I R E W O R K F A C  or c o m m e r c i a l )  level .

Typ ical of the squadron opera t ion  is i l l u s t r a t ed  by
the opera t ion  of Corpus Chr i s t i  and Kingsv i l l e  Naval  Ai r  Stat ions
v i s i t ed .  Available at the Corpus Chr i s t i  Naval  Ai r  Stat ion is a
CERFAC, which  is the hi g hest  level of main tenance  ~~ithin the inter-
media te  c l a s s i f i ca t ion  and is c o n c e r n e d  wi th  both hot and cold p o r t i o n s
of the eng ine. The re  a r e  four  t r a in ing  squadrons  at Corpus  C h r i s t i :
one employ ing T - 2 9  a i r c r a f t  and th ree  employ ing TS-2A a i r c r a f t .
V i s i t s  to Squadrons V T -2 7  and V T -2 9  revealed  no ex i s t ing  splin e
p rob lems  on the a i r c r a f t  at the o rgan i za t i ona l  level  of m a i n t e n a nc e .
Squadron V T - 2 7  v~as having d i f f i cu l ty  in obta in ing the  p r o p e r  g r L - a ~~e
and was  thus  using MIL-G-77 1  1 fo r  sp l ine  l u b r i c a t i o n . The vie” .
was  a lso  e x p r e s s e d  tha t  sp line w e a r  could be g r e a t l y r e d u c e d  if ~~~
sp lines w e r e  c a r e f u l l y c leaned and r e gr e a su d  each  t ime  the - coup l im.
was  d i s a s s e m b l e d .  F rom 600 to 900 h o u r s  w e re  ob ta ined  on f ue l

• pumps  (Pesco , Lear , Thompson) .  Seal f a i l u re s  were the  p r i n c i p a l
cause  fo r  rep lac ing  these  pumps , not  ex c e s s i v e  sp line  v~ ea r .

The AMD at Kingsvi ll e  Naval  A i r  S ta t ion  s u p p o r ts  t h e

squadrons  at K ingsv i l le , r e p a i r i n g  a c ce s s o r i e s  to  make th en i  r e a d y
for  i s sue , at  w h i c h  t ime the a c c e s s o r i e s  a r e  r e t u r n e d  t o  supp ly .

-: K ingsv i l l e  also p e r f o r ms  quick eng ine c h a n ge s ;  bu t  does not o v e r h a u l
eng in e s , w h i c h  a r e  u sua l l y sent  to the  C E R F A C  at Corpu s C h r i s ti  or
else  to one of the N A V AI R E W O R K F A C (s) .

• The N A V AIRE W O R K F A C( s )  a r e  the hi g h e s t  l e v e l  of
a i r c r a f t  m a i n t e n a n c e  in the Navy.  These  F a c i l i t i e s  d i s a s s e m b l e ,
i n s p e c t , r e p a i r , r e w o r k , and r e s t o r e  all  co m p o n e n t s  of a i r c ra f t  to
a usable  s ta te .  Each N A V A I RE W O R K FA C  has c e r t a in  a i r c r a f t  or
a i r c r a f t  components  v~h ich  it r e w o r k s .  T h e r e  is some over 1appin ~
of r e spons ib i l i t i e s , tha t  is , a g iven ai r c r a f t  or component  may be

Ip - _~~~~~~~
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r e~c o r k e d  at  m or e  than  one N A V A I RE W O R K F A C .  A l s o , the
N A V A I R E W  O R K F A C (s)  may  a u t h or i z e -  i n ter m e d i a t e  l eve l  m a i n t e n a n c e
f a c i l i t i e s  or commerc ia l  f a c i l i t i e s  to re\’. ork certain components.

During v i s i t s  to the  N A V AI R E W O R K F A C ( s ) ,  the
princi pal contacts were w i t h  pe r sonne l  of the- A i r f r a m e, P o w e r -
p lant , A i r c r a f t  A c c e s s or i e s , Eng ine A c c e s s o r i e s , Avion ics , and

Materials Laboratory divisions of the Department of A e r o n a u t i c a l
Eng i n e e r i n g  and a l so  wi th  p e r s o n ne l  of the Qual i ty  A s s u r a n c e
D e p a r t m e n t .  A l so , at each N A V AIR E W O R K FA C , the shop a r e a s
p e r t i n e n t  to the a i r cr a f t  sp line p rob lems  w e re  v i s i t ed  and it w a s
poss ib le  to obse rve  main tenance  o per a t i o n  and to talk wi th  shop
personne l  cogn izan t  of the spline p rob lems .

2. Ai r  Fo rce

The o r ga n i z a t i o n  s t r u c t u r e  at the Air  Force  Depots
(Kell y and Tinker  Air  F o r c e  Bases)  is essent ia l ly the same.  The
p r i n c ipal contac ts  at each base  w e r e  personnel  in the Serv ice
Eng ineering Division of the Directorate of Ma te r i a l  Management .
These divisions are divided into nine b r a n c h e s .  Detai led infor-
mation r e g a r d i n g  sp line w e a r  p roblems  was  obtained p r inc ipall y

• f r o m  contacts  in the Mechanical ’. Propulsion , and Electronic s
Branches.

3. ARADMA C

The A r m y  Aeronau t i ca l  Depot Main tenance  Cen te r
(A R A D M A C) is involved in sus ta in ing  second and th i r d  g e n e r a t i o n
h e l i c o p t e r s , and its p r i n c ipal role is reclaiming these helicopters.
At ARADMAC,  p e r s o nn e l  w e r e  contacted in the fol lowing b r a n c h e s :
A i r f r a m e , A c c e s s o r i e s , Power Plant , Special  P r o j e c ts , and Tech-
nical Data Catalog ing and Standardization Branch of the Army Sys tems
Command Eng inee r ing  Suppor t  Division.  The b r a n c h  ch i e f s  w e r e
c o n t a c t e d  f i r s t , and de ta i led  in format ion  r ega rd ing  spec i f i c  i nf o r -
m a t i o n  v~as  p r o v i d e d  by eng inee r s  in the A c c e s s or i e s  B r a n c h  (the
o n l y br -in ch reporting sp line w e a r  p r o b l e ms ) .  Those shop a r e a s
r i  s i r -  to the  p r o b l e m  a r e a s  w e r e  also v is i ted , and supp l e m e n t a r y
ifl~~~r n stlofl \‘..ts o b t a i n e d  f r o m  the shop f o r e m e n .

-4 - Cornn ier c ia l  A i r l i n e- s

f l i ~ - A mer i c a n  Air l ine - s Main tenance  and Eng ineer ing
Cen t e r  s t  Tulsa , Oklahoma , has the respons ib i l i ty  f or m ainta ining
7 U 7 , 7~~7 , 747 , and BA 0-400 commerc i a l  a i r c r a f t .  The gene ra l

—
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o p e r a t i o n a l  p h i lo sop h y is to condi t ion , m o n i t o r , and m a i n t a i n .
Each  a i r c r a f t  r e c e i ve s  Major  Base- Checks at Tulsa , and F ie ld
Base Checks  at v a r i o u s  a i r p o r t s .  P e r s o n n e l  w e r e  con t ac t ed  in
A i r c r a f t  Sy s t e m s  Eng i n e e r i ng ,  Power  Plant , Eng ine A c c e s s o r i e s ,
and Materials Laboratory .

P e r s o n n e l  at A m e r i c a n  Ai r l i nes  advised  that  they
w e r e  not  a w a r e  of any c u r r e n t  sp line p rob lem a r e a s .  Some p rob lems
had e x i s t e d  in the pas t ;  howeve r , they w e r e  r emed ied  b y var iou s
m e a n s , inc luding  c o r r e c t i ng  misal ignment , g r e a s e  r e t en t ion  boot ,
b e t t e r  l u b r i c a n t s , and carefu l  ma in tenance .

The United Airlines Maintenance Base at San Fran-
cis co , California , has the re spons ibili ty for maintenance of the DC-8,
720 , 727 , 737 , and 747 commerc i a l  a i r c r a f t .  Pe r sonne l  in the
Eng i n e e r i ng  S tanda rds  and Methods Section w e r e  contacted.  P r io r
to the  v i s i t  t h e y  had co l l ec t ed  sp line w e a r  and r e l a t ed  in fo rma t ion
f r o m  p e r s o n n e l  c o g n i z a n t  of hy d r a u l i c s , eng ine , eng ine a c c e s s o r i e s ,
and a i r f r a m e s . A c c o r d i ng  to Uni ted  personnel , the re is no pa rt icular
t ime  t h a t  an a i r c r a f t  eng ine comes  in and is comp letel y ove rhau led .
At  a p p r o x i m a t e ly 6000 h o u r s  ( exc lud ing  the J T - 9 D  eng ine on the 747) ,
the eng ine ~oes throug h an eng ine heavy ma in tenance  (EHM),  at
w h i c h  t i m e  it  is r e w o r k e d  at the  “ b u r n e r  sec t ion ” onl y. I n f o r m a t i o n
~‘. as  c o l l ec t e d  pertaining to three sp line w e a r  p rob lems , g r e a s e s
and othe r l u b r i c a n t s  used  b y Unit ed  Ai r l ines , ge n e r a t o r  sp line lubr i -
can ts  used  b y ten  d i f f e r e n t  a i r l ines , we t  pads fo r  new a i r c r a f t , sp l ine
V. e a r  m e a s u r i n g  d e v ic e s , and informat ion re la t ing  to overhau l , c h e c k ,
and en ~~ine  heavy mai ntenance periods on c u r r e n t  UAL a i r c r a f t .

5. Air Frame Manufacturers

The Boeing  Company is engaged p r i m a r i ly in bui lding
a i r c r a f t  for  c o m m e r c i a l  a i r l i n e s .  At p r e s e n t , they a r e  not fabri-
cating any Air Force or Navy aircraft. Also , no eng ines a r e  ove r-
hauled  at the Seattle locat ion.  The eng ine package  is f u r n i s h e d  to
Boeing b y the eng ine - m a n u f a c tu r e r .  The alig n m e n t  of sp l ines , d r ive
pads , and accessories such as starters , generators , and hydraulic
pumps  is not  checked by Boeing .  The a i r c r a f t  m a n u f a c t u r e r  depends

-
~ upon the m a n u f a c t u r e r  of the  gearbox  and the  ind iv idua l  a c c e s s o r i e s

• for  the  c o r r e c t  ali gnm en t of the individual  a c c e s s o r i e s .

Boeing personnel  w e r e  contacted in the fo l lowing  a r e a s :
s t r u c tu re s  technology ,  ma te r i a ls , eng ine sys t . -m re l i ab i l i t y ,  desi gn
standa r ds , mec hanism desi gn , and b e a r i n g s .  No spec i f i c  sp line  V . e a r
problems w e r e  col lected at Boeing;  however , re lated i n f o r m a t i o n  was
obta ined on the 1969 A e r o s p a c e  Fluid Power  Confe rence , sp liri e des i gn

L~~
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s p e c i f i c a t i o n s , a i r l i n e  v e r s u s  Navy main tenance , sp line l u b r i c a t i o n ,
w e t  spline connections , 737 and 747 flap ~ roblem areas , and hydrau l i c
pumps .

The p r i m a r y  func t ion  of the Lockheed A i r c r a f t  Cor-
pora t ion  is to supply a completed a i r c r a f t  to the cus tomer .  The
fuse l age , w ing s , and tai l  sect ion are  designed  and build in a c c o r d a n c e
with Lockheed’s specifications. The power plant is provided by an
eng ine manufacturer in accordance with Lockheed’s drawing enve-
lopes . In most ca ses , Rohr  A i r c r a f t  of Chula Vis ta , Cal ifornia , or
perhaps  All ison A i r c r a f t  Divis ion of General  Motors  will  usual ly
manufacture the gearbox and obtain the accessories from various
a c c e s s o ry  m a n u f a c t ur e r s .  In the design of the gearbox pad config-
urations , Rohr or Allison will  ut i l ize  the des ign r equ i r emen t s  set
fo rth in the AND s tandards .  The eng ine m a n u f a c t u r e r  will  coord ina te
wi th  the a cce s so ry  m a n u f a c t u r e r s  to a s s u r e  that the spline connections
are properly made for the various accessories. According to Lock-
heed personnel , the alignment of accessory drive pade , accessory
f langes , and sp lines is not checked by Lockheed.

No information on speci f ic  sp line problems was  col-
lec ted  at Lockheed; howeve r , re la ted in format ion  was obtained on
P-3 a i r c r a f t  s t a r t e r , g e n e r a t o r , eng ine dr iven  c o m p r e s s o r , hy d r a u l i c
pump,  AH-56 hel icopter  t ransmiss ion, AH - 56 he l icopter  GE T64
eng ine , Allison CIP , T -56 A - l 4  eng ine , gea rbox , and i n t e r f a c e  sp line
desi gn , S-3A new Navy a i r c r a f t , and S-3A we t  sp line designs .

6. Component M a n u f a c t u r e r s

The Fluid Power Division of Bendix Corporation , Utica ,
Ne~’. York , manufacturers three types of components involving spline
connections to engine or gearbox; these are turbine starters , hydraulic
p u m p s , and shaf t  power .  The Bendix s t a r t e r s  at tach di rec t ly to the
en C ln e -  gearbox , rang e in ou tpu t  f r o m  25 to 1200 hp, and a re  powered
b y e i t he r  a f u e l - a i r  b u r n e r  or hi g h p r e s s u r e  a i r .  S t a r t e r s  fo r  mili-
t a r y  app l ica t ions  use spline connect ions m a n u f a c t u r e d  in acco rdance
w i t h  AND 20002.  Personne l  conce rned  wi th  shaf t  power  indicated
t h ey  had no c u r r e n t  spline w e a r  p rob lems .

Bendix personnel  e x p r e s s e d  the op inion tha t  since the
AND s t anda rds  dic ta te  the desi gn , they do not have s u f f i c i e n t  contol
over  the desi gn of the male and female  spline connect ions .  Fur ther -
m o r e , b e c a u s e  of the i n t e r f a c e  sp line s i tua t ion , w h a t  con t ro l  they do
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-- have - ove r  d e s i gn p a r a me t e r s  can be e x e r c i s e d  on onl y one s ide of the

sp line connec t ion , t ha t  is , wi t h  the  a c c es s o r y .

A i R es ea r c h  M a n u f a c t u r i n g  Company located  at Phoenix ,

Ar i zona , p roduces  a i r c r a f t  components  of t h r e e  d i f f e r e n t  ca t eg or i e s :

propulsion  eng ines ;  aux i l i a ry  eng ine s y s t e m s  w h i c h  include gas t ur b i n e

power  and gas tu rb ine  c o m p re s s o r  power  un i t s ;  and contro l  s y s t e m s

which  inc lude  a ir c r a f t  va lves , f lap ac tua tors , constant  speed dr ives ,

wheel  lower ing  s y st e m s , and t h r u s t  r e v e r s e r s.  Cu rr en t  r e s e a r c h

and deve lopment  pr o g r a m s  include in ternal  sp line connect ions  for  fuel

pumps .

B. Technical  Details

Dur ing  the cour se  of the p rogram , informal  t r ip  r e p o r t s  w e r e

submit ted to NADC regard ing  informat ion col lected dur ing t h -  ‘;t s i ts .

These letter reports served as the in formal  r e po r t s  r equ i r ed  u y  the

work  s ta tement ;  but  wil l  not be pr e sen t ed  h e r e  in thei r  ori g inal f o r m

in the i n t e r e s t  of space.

A summary  of sp line w e a r  r e s e a r c h  conducted  at S~’.RI  in

the past  ei g ht yea r s  is p r e s e nt e d  in Appendix A. This append ix  mc lud e - s

- - informat ion on the mechanism of sp line w e a r  wi th  data on the  e f f e c t s

of gr e a s e s , s o l i d — f i l m s , fue ls , misal ignment , sp line  too th  load , sur-

face  roug hness , tooth pitch , tooth crow n , sp line m a t e r i a ls , p l a s t i c

coating s , and meta l l i c  coatings.

A summary of all a i r c r a f t  sp line su rvey  r e s u l t s  a re  given in

• Appendix B. Included is detailed information reLating to sp line p rob lem

a r e a s  and some t r o u b l e - f r ee  sp line connect ions  r epor t ed  by Navy and

other o rgan iza t ions .  Also included is in fo rmat ion  on sp line h i s t o r y ,

w e a r  m e a s u r e me n t , r e j ec t ion  c r i t er i a , and c o r r e c t i v e  recommenda-

tion s by the Navy and other  organizat ions .

• •
~ Appendix  C s u m m a r i z e s  the detai led in format ion  prov ided  b y

the l u br i c a n t  m a n u f ac t u r e r s  contacted , including gene ra l  r e c o m me n -
- - da tions , current greases recommended for sp lin e opera tion , and

s ug ge s t e d  componen ts  f o r  sp line g r e a s e s .  —

Append ix  D p rov ides  i n forma t ion  on the squadron ma intenance

p r a c t i c e s  f o r m s  r e ce i v e d  re la ting to the fol lowing a i r c r a f t :  E -ZA ,

E-2B, H-46, H-3 , and F-4-B/-J.

Append ix  E s u m ma r i z e s  the s tatus  of c u r r e nt  improvement

p ro g r a m s  on the  fol lowing  eng ines:  J T - 3 D , J T - 8D , J T - 9 D , 3-4 8 , 3-57 ,

3-65 , 3 - 71 , 3-79,  J- 85 , R - l 82 0 , TF- 39, T- 53 , T-56 , T-58 , and T-76 .
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In fo rmat ion  is also included on the s e l f - a l igning 30 kva CSD , and
the SST shaf t  power .

Final ly ,  r ecommenda t ions  submit ted to NASC by SwRI d u r i n g
the course  of this p rogram are reproduced  in Appendix F. These
a re  re la ted  to misal ignment  of i n t e r f ace  spline c onnect ions , improved
liaison between Navy organiza t ions , and pitting damage on the upper
sp line connect ions on the main rotor mas t  on the U H -l  he l i cop t e r s .

In addition to these  detailed information, all re levant  ma te r i a l
has been in tegra ted  and discussed in appropr ia te  port ions  in the main
bod y of this repor t .

f 4 ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘%. .. 4  34. ., . 
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V. A I R C R A FT  SPLINE F A I L U R E  PROBLEM A R E A S

A. Overal l

A total  of 91 sp line problem a reas  w e r e  i d e n t i f i e d  and a r e
p r e s e n te d  in Table 6 by p rob lem area  and the fa c i l i t y  ~ t w h i c h  the

problem was r e p o r t e d . The table includes r e p o r t s  f rom all spl ine

u s e r - s  and m a n u f a c tu r e r s  contac ted , except  the two Naval  A i r  Stat ions
which  did not r epor t .

The sp line problem areas  iden t i f i ed  b y Naval  A i r  R ew o r k

Fac i l i t i es  pe r sonnel  a r e  associa ted  wi th  40 and 70 p e r c e n t  of the

Navy ’ s fixed and ro t a ry  wing a i r c r a f t  types , r e s p e c t i v e ly. They rep-
r e sen t  45 pe r cen t  of the Navy ’ s a i r c r a f t  types , based  on the  3M air-
c r a f t  l is t ing which includes  essent ia l ly all of the ac t ive  a i r c r a f t .

The g r e a t e s t  number  of sp line problem a reas  is a ssoc ia ted  wi th

gene -~a tor s  and a l t e rna tor s  (16) .  fuel  pumps ( 1 5 —i n c l u d i n g  8 i n t e r f a c e

sp line problems and 7 spline problems inside the fuel  pump) , CSD
units  (11—including  9 in t e r f ace  spline problems and 2 sp line p r o b l e m s
inside the CSD) , followed by hydraulic  pumps (10) , and s t a r t e r s  ( 10 ) .

These speci f ic  problem areas  a f f e ct , as ment ioned above , 45 p e r c e n t  of

of the Navy ’ s a i r c r a f t .

F u r t h e r  examination of Table 6 indicates that  the major  sp lin .~
problem areas  are  re la ted  to the i n t e r f a c e  sp lines a s soc i a t ed  wi th  air-

c raft  eng ine accessory gearbox and specific accessories.

• B. Fixed Wing Aircraft

As prev ious l y mentioned 40 p e r ce n t  of the sp line problems
encoun t e r ed  in this su rvey  per ta in  to fixed wing a i r c r a f t , wi th the

m a j o r i t y  re la t ing to i n t e r f ace  sp line connections at the eng ine g e a r -

box accesso ry location . These problems will be discussed later under

the p a r t i c u l a r  a c c e ss o r y  problem area .

Splines  located in the a i r f r a m e  genera l ly exhib i ted  minimal  to
mode ra t e  w e a r .  These sp l ines are  used in app l ica t ions  as noted by
a s t e r i s k s  in Table 1. The ma jo r i ty  are  g r e a s e - l u b r i c a t e d  and experi-
ence  i n t e r m i t t e n t, li g ht to medium loads.  Some may be used  to opera te
wi th in  a few d e g r e e s  of ro ta t ion , wh i l e  o the r s  may  be desi gned to trans-
mit  loads having no r e l a t i v e  motion be tween  the ma t ing  sp lines (or ser-
ra t ions)  as in a f lap bell  c rank .  Many small  sp l ines are  loca ted  wi th in
i n s t r u m e n t s  and camera  dr ives  t r ansmi t t i ng  very  l i t t l e  power at rela-
t ive l y low speeds , and a r e  not  cons idered  to be sp line problem a r e a s .
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1. F laps  and Slats

Pe rhaps  the mos t  h e a v i l y loaded non in t c -r f ace -  sp l ine
c o n n e c t i o n s  a r e  t hose  u t i l i z ed  to ope ra te  the  t r a i l i ng  ed ge f l aps  and
the- leading ed ge f l aps  called s l a t s .  The A-6 a i r c r a f t , f o r  examp le- ,
u t i l i z e d  a “ t r a c k  s y s tem ” emp loy ing sev e - r a l  g e a r b o xe s  loca ted  w i t h i n
each of the  ~ ings.  In be tween  the gearboxes , v a r i o u s  l e n g t h s  of
t o rque  rods are  connec ted  to s c rew a c t u a t o r s  b y m ea n s  of sp line  c on-
nec t ion s and u n i v e r s a l  j o in t s  to p rovide  ope ra t i on  of the f l aps  and
s l a t s .  T her e  are- a conside rable n u m ber  of sp lines in th is  a rea  w i th
the m a j o r i t y  of the  connect ions  being gr e a s e  l u b r i c a t e d .

Som e a i r c r a f t  m a n u fa c t u r e r s  u t i l i z e  a l t e r n o t ’ -  rr- .- r l n s

fo r  con t ro l l i ng  f laps  and slats by the u s e  of cab i t - s  and p u l l e y s  t i i e r - -b y

e l imina t ing  a l a rge  number  of sp line c o n n e c t i o n s .  O th e r s  u se  a h i n g e
and hy d rau l i c  sys tem for  opera t ion  of the f l aps  and s l a t s .

A m e r i c a n  Ai r l i nes  eng i n e e r s  r e p o r t e d  no pr o b l e - m s  V. i th
707 , 727 , and 747 a i r c r a f t  wh ich  all u t il i ze  sp l ine  c o r . n , - c t i o t - 1 ,  un the

t r a i l i ng  ed ge f lap.  The flaps a re  ac tua t ed  b y m e a i L s  of r - i e s  I n c  m o t o r

driven “ sc rew jacks ’ . The 707 and 727 u t i l i z e  a h y d r a u l i c  cy l i n c l  r on

the l e ad ing -edge slat  w i thou t  sp line connec t ions  while the  7 - I T  u t i l i z e s

a pneumatic gearbox rack and track system.

In format ion  obtained f r o m  The Boeing Company i n d ic ot e d

a s e v e r e  sp line w e a r  problem on the f lap  d r ive  sys t em at some l o c a t i o n s

betwe en the torque rods and gearbox sp line connections on the 737 and

747 a i r c r a f t . This sp line connect ion is normal ly o v e r h a ul e d  at 12 , 000

fli ght hours  with per iod ic  lubr ica t ion  a f t e r  a p p ro x i m a t e ly 6 , 000 f l i g ht

hours  us ing  a MIL-G-23827  gr e a s e .  Eng inee r s  f e l t  that  the p roblem
had been solved in the 737 a i r c r a f t  by improv ing  ali gnmen t  be tween  the

mating p a r t s ;  however , the p rob lem appea r s  to st i l l  be p r e s e n t  in the

747 a i r c r a f t .  The base ma te r i a l  of both  of the sp l ine  connec t ion s ~v a s

r e p o r t e d  to be AISI 4340 s tee l  f o r  the u n c r ow n e d  sp l ines .  Tes t  s t and

r e s u l t s  indicate  that by coating the male  and f ema le  sp line s with a pro-
p r i e t a r y  gas ni tr ide coating used  with g rease  r e d u c e d  V.-ear f o r  sp lines
opera t ing  wi th  a misalignment  of 3 deg ree s .

2. Propel ler  Hub (Alameda)

Onl y one sp line problem was  r e p o r t e d  r e l a t i n g  to p r o p e l l e r

hubs (Survey  Fo rm No. 208).  The va r i ab le  p i tch p rope l l er  is use- d on a

T- 5 6- A 8  eng ine on an E -2 / C - 2  a i r c r a f t,  and sp l ines  a r e  used  in v a r y i n g

the  p rope l l e r  p i tch.  The sp line connec t ion  ro t at e s  up to 90 d e gr e e s ,

depend ing  upon the amount  of p i tch  s e l e c t e d .  It is suspec t ed  tha t the
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subsequent propeller hub cracking is due to some type of fatigue
f a i l u r e  a t t r i b u t e d  to o ve r s t r e s  sing of the connect ion .  W o r n  splines
were unavailable for examination.

C. Rotary Wing Aircraft

Approximately 15 percent of Navy aircraft types are helicopters.
Seventy percent of the major spline problem areas reported in this
s u r v e y  a re  related to helicopter  dry  pad designs .  The major i ty  of
t h e se  problems a re  located at the in te r face  connections on combining
gearboxes or transmissions and will be discussed under the specific
acce5sory.

Spline problems located in areas other than the gearbox-
a c c eC s o r y  a rea  include the ones l is ted below :

A ircraft Engine Survey Form No. Facility

U H - J B , UF{- l C
UH-ID , UH-1E
UH-~ F UH-l-I T-53 135 , 146 , 147 ARADMA C

UH- l T-53 145 ARADMA C

UH-IA , UH-1B,
UH-1C, UH-1D T-53 142 ARADMAC

CH-47 T-55 136, 137 ARADMA C

• UH-l T-53 144 ARADMA C

UH-53 T-64 239 North Island

1. Main Rotor  Mast  (ARADMAC)

The main rotor mast (Bell P/N 204-011-450) used on
UH-1B , C, D, E, F, and H helicopters is reported by ARADMAC to
require 50 percent replacement due to pitting damage experienced on
the t h r ee  upper  splin e connections , i. e. , splines A , B, and C shown

• in Figure 3 (Survey Form Nos. 135, 146, 147). Each main rotor mast
costs approximately $590, exclusive of labor cost. This main rotor
mast is used on a vast majority of the helicopters overhauled at
ARADMAC; in addition , similar pitting problems have been experienced
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-
- Spline A

~~~ Spline B

Spline C

- -

Spline D

F ~

I Main Transmission 
-

FIGURE 3. LOCATION OF SPLINES ON MAIN ROTOR MAST
OF U H - l  SERIES HELICOPTERS
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o~ Bell P / N s  .~0 4- 0 l0 -4 l 0  and  2 0 9 - 0 10-4 50  which  a r c  u s e d  on o t h e r  U H - l
and A H -l  s e r i e s  h e l i cop t e r s .  Spline D located in the  t r a n s m i s s i o n  is
o i l - l u b r i c a t e d  and has not been a s e r io u s  m a i n t e n a n c e  p r o b l e m .

The main  ro to r  m a s t  is f ab r i ca t ed  of AISI 4340 (AMS 641 5)
steel , and the sp lines a r e  not p lated or  coated by the m a n u f a c t u r e r .
D u r i n g  ove rhau l s  at  ARADMAC , sp line B is c a d m i u m - plated in accor-
danc e wi th  SEQ No. U H - l - T O  2 l l B .  Sp lines A , B , and C located out-
side the t r a n s m i s s i o n  have shown p i t t ing damage , with sp line B exhibi t ing
the g r e a t e s t  damage .  Spline s inspec ted  at ARADMA C are  re jec ted  when
the p it depth exceeds 0. 010 inch as m e a s u r e d  b y a needle -pointed dial indi-
ca to r .  Pi ts  of less depth a re  removed b y b las t ing  with d ry  g lass beads .

D u r i n g  ove rhauls  at ARADMAC , a M I L - C -1l 7 9 6  c o r r o si o n -
preventive compound (only) is applied to spline s A and B, while a MIL-G-
25537 g r e a s e  is app lied to sp line C in accordance  with Chapter  8, Main
and Tail Ro to r  Groups , and Chapter  2 , Lubrication I n s t r u c t i o n s , respec-
tively, of TM 55- 1 5 2 0 - 2 1 0 - 2 0 .  This technical  manual  spec i f i es  that
sp lines A and B be recoated with a M I L - C - 1l 7 9 6  c o r r o s i o n - p r e v e n t i v e
compound whenever  the main mas t  a ssembly is ove rhau led .  The main
rotor  mast  assembly has an 1100-hr  o v e r h a ul  per iod , but  can be over-
haule d more frequently whenever  it has been run  at excessive speed .
TM 55- 1 52 0 - 2 10 -2 0  also specif ies  i n - s e r v i c e  r e lub r i ca t ion  of Sp line C

I 
- 

with a MIL - G - 2 5 5 3 7  g rease  at 100-hr  intervals . These i n s t r u c ti o n s  specif y
hand-application of the g rease , which is not a d i f f i cu l t  ope ration.

In this ins tance , it should be noted that neithe r the MIL-C-
11796 corrosion-preventive compound nor the MIL-G-25337 grease  is a
good sp line lub r i can t .  Conside ration should be given to rep lacing them
with a M I L - G-2 1 l6 4  or a M I L -G -8 13 22  g rease .  F u r t h e r , it is bel ieved
that more  f r e q u e n t  r e lubr ica t ion  of these problem sp lines should be
considered.

2. Shaft  to 42 Degree Gearbox (ARADMAC)

r 
Power  is d i r e c t e d  f r o m  the main tr a n s m i s s i o n  to a 42

d e g r e e  gea rbox , then to a 90 degree gearbox , and to the helicopter tail

r o t o r .  Info rmat ion obtained f r o m  ARADMAC (Survey  Form No. 145)
ind ica t e s  a low u s a g e  of 15 p e r c e n t  on both of the mating spl ines .  R e d u c i n g

• the u s a g e  below 1 5 p e r c e n t  may be d i f f i cu l t .  The ma te r i al  of both spline s
is AMS 6260 w i t h  the same case and co re  h a r d n e s s  spec i f i ed .

______ 4’
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3. ~o Degree  Tai l  Shaf t  (ARADMA C)

The 90 degree  s h a f t  r ece ive s i t s  power f r o m  the 42 de-
g r e e  g e a r b ox. The sp l ines in q u e s t i o n  ( S u r v ey  Form No.  142) have a

~ 0 p e r c e n t  u sage , ope ra t ing  fo r  2000-3000  hour s , which is qui te  good
for a spline connection operating at a calculated 2560 psi  tooth load.
ARAI)MAC engineers propose to utilize corrosion and wear resistant
coat ing s on t he mat ing  s u r f a c e s  in an a t tempt  to extend the life eve n
f u r t h e r .

4. Eng ine Shaft to T r a n s m i s s i o n  (ARADMA C)

The shaf t  f r o m  the T -5 5  engine gearbox  to the t ransmis-
sion on the CH-47 hel icopter  is lubr ica ted  with a MIL- L-2 3699 oil
(Survey Form No. 136). Similar materials are used for the mating
connections , namely, AISI 9310 s teel  p roduc ing  usage  rates of 10 and
60 pe rcen t  fo r  the male and female  sp lines , respect ive ly. S u r v e y  Fo rm
No. 1 37 reported a similar usage of 5 and 50 percent f o r  the male and
female spline s , r e spec t ive ly. It v~as stated that wear is often on the
backside of the spline teeth. The splines are lubricated with MIL-L-
23699 oil.

The dr ive shaft  a s s e m b ly on the U H - l  he l i cop te r  ( S u r v e y
Form No.  144) utilized a spline connection on the accessory, Bell
P /N  204- 040-010-7.  This sp line connect ion is lubr ica ted  with FSN 9 150-
9 26 - 19 6 9  g r e a s e .  It is suspec ted  that  the major  f a c t o r  r e l a t ing  to a usage
of 40 and 80 pe rcen t , r e spec t ive ly, f o r  the ma le and female sp line s is
d i rec t ly related to the loss of g rease  at the boot seal. It is recommended
that adequate g rease  retention techniques  be ut i l ized.

5. Eng ine to Gearbox (No r th Island)

• -  One problem area was reported fo r  an input  p inion shaf t
- on a T-64  eng ine used on an H - 5 3  he l icopter .  This pinion shaf t  is located

between the engine and the gearbox and rotate s at about 13 ,600 rpm . The
spline connection is lubricated with MIL-G-3545 grease. No corrective
action was reported for the spline connection.

D. Auxiliary Power Units (AiResearch, Bendix, Navy)

Auxi l i a ry  power sys tems  a r e  used  on a i r c r a f t  to supp ly electrical
power for operation of air conditioning, electrical circuits , and some
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Ic c t r ie  — h y d r a u l i c  sy s te - ms  . A typ ical u n i t  15 c o mp r i s e d  of a to  rbin-
and c o m p r e s s o r  d r i v i ng  a g e a r b o x  t h r o u g h ~i h ig h speed  s h a f t .  Sp line s s

re u s u a l l y cr o~ u i t - c l , u n lu b r i c a te -d , and ope .r at e  in an oil  vapor  env i ron -
men t .  The g e a r b o x , s imi l a r  to an a i r c r a f t  e n g ine a c c e s s o r y  g e a r b o x
has v a r i o u s  i n t e r f a c e  connec t ion s fo r  the  fu e l p u m p ,  oil p u m p ,  gener -
a to r , e tc .  Many des i gns dr i v e  up to about s ix  a c c e s s o ri e s .  Most  of
the  a c c e s s o r ie s  o p e r a te  at low spe-ed , and no sp l ine  p r o b l e m s  w e r e
r ep o r t e d .

The- m aj o r  p r o b l e m  in the  APU ’ s can be r e l a t e d  to the- hi g h speed
o p e r a t i o n  (40 , 000 to 60 , 000 rpm) , and to the l a r g e -  o v e r h a n g ing m a s s  at
t h e  t u r b i n e  s ide  of the u n i t .  Due to th i s  m a s s , a b e n d i ng  a c t i o n  is

t r eated  in the qu i l l  s h a f t  o p e r a t i n g  t h r o ug h the t u r b i n e  i m p e l l e r  up to

the  c o m p r e s s o r  impe l le - r .  The A i R e s e a r c h  des i gn u t i l i zed  a 7 - i n c h  long
shaft to conne-c t  the- c o m p r e s s o r - t ur b i n e  to the hi gh speed pinion. The
h ig h sp eed  of the - s y s t e m  wi th  the o v e rh a ng ing m a s s  allow s the sp line
c o n n e c t i o n  at  the - co m p r e s s o r  side to de s c r i b e  a path of a c i r c l e  having

-t d i sp l a c e m e n t  of abou t  0. 010 to 0 . 0 1 2  inches .  In o r d e r  to a c c e p t  th i s
m i sa l i g n m e n t , A i R e s e a r c h  c rowns  tha t  sp lin e connect ion  (Survey  Fo rm
N os . 160 and 162) .  In g e n e r a l , mos t  of the sp line connec t ions  fo r  t he
APU’  s V. i l l  l a s t  U~~ to about  3000 hour s  and a re  normally not l u b r i c a t e d :

3. 
hoV. i V i  r , the  c o n n e c t i o n  is an oil vapor e n v i r o n m e n t .

The Bendix  C o r p or a t i o n  f u r n i s h e s  u n i t s  up to a b o u t  1 5 kva

~ i t l i  a ( I n s t r u c t i o n  s im i l a r  to the A i R ese a r c h  un i t s .  For c o m mer c i a l
app l i c a t i o n s , the  APU ’ s a r e  usual ly accompanied  b y a w a r r a n t y  fo r
3000 , ~,000 , or  i n c r e m e n t s  up to 10 , 000 h o u r s .  No w a r r a n t i e s  a rc  pro-

vid -d n m i l i t a ry  u n i t s .

A l a m e d a  eng i n e e r s  r e p o r t e d  ( S u r v e y  Form No. 212 . ) p r o b l e m s
it h  -n  A i R e s e a r e h  APU c o m pr e - s s o r  whee l  and ma ting  sp line sha f t .  The

r t C (  e s s o r y  has  a s c h & - d u l e d  o v e r h a u l  at 3000 h o u r s .  It w a s  r e p o r t e d  t h a t

t h e  ( U f l  ~ r - s  so r  v~ h ee l  shou ld  have- an i n t e r f e r e n c e  f i t  wi th  the  m a t i n g

s h- f t .  The 0. H. m a n u al  (NAVAIR 0 3 - 1 O SC A - l4 )  does not spec i f y any
- • 

Sp tIfle wear l i m i t s .  V i s u a l  r e j e c t i o n  is used .  No re jec t ion  c r i t e r i a  a re
specified.

E. Power Plan t  (Navy ,  Kell y)

A typ ical  power  p lan t  has ove- r 36 sp l i n e  c o n n e c t i o n s, m a ny  of

t h e s e  are-  f i xe d  and a r e  u s e d  to t r a n s m i t  p ow e r  w i t h  e s s e n t i a l ly no move-

rru-nt between the m a t i n g  sp lin es.  Some sp lines  used  wi th in  the - eng ine

move ax ia l l y as the-  t e m p e r a t u r e  of the e-ngin e  c h a n g e s .

The m a j o r  c o n sen s u s  of NAV .- \I R E W O R K F A C  p o w e r p lant  p e r s o n n e l

is t h a t  sp l i n es  V. i t h i r i  t he  engine  o p e r i t e  s a t i s f ac t o r i l y.  Many hi g h speed
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par ts wi thin the eng ine have manda tory re tirem ent tim es , therefore ,

i nc r ea s ing  the sp line l ife may not be n e c e s s a r y  so long as the  spl ines
w i l l  ope ra t e  p roper ly up to the scheduled  r e t i r e m e n t  t imes  spec i f i ed .

1. Compressor Section (Jacksonville)

One problem is related to a P ra t t  & W h i t n e y  3-52 eng ine
(Survey Form No. 189). This spline connection is located wi th in  the
eng ine at the cool “C” sect ion.  Normal ly,  the sp line in this a rea  wil l
operate properly up to about 2000 hours before it needs replacement
or rework. The spline can be reworked in accordance with PPC No.
95 (Appendix E, Item 5b) which specifies that a section of the hub be
machined off and a spl ine-s leeve  be used to rep lace the w o r n  sp line.
The connection is pinned in eight places. It was es t imated  that the sp line
connection operates at 250°F. The spline connection is lubricated with

M I L-L -2 3699 oil.

2. Scavenge Pump (North Island)

Another spline problem is related to a No. 3 scavenge oil

pump located within a 3-79 eng ine used on the F -4  a i r c ra f t  ( S u r v e y  F o r m
No. 231). This drive consists of a 6-inch long f lexible  shaf t incorpo-

ra t ing  sp lines at both ends , one c rowned  and one unc rowned .

Excess ive  bending can cause pe rmanen t  d e f o r m a t i o n  in
the f lex ib le  shaf t .  Sometimes uncrowned  sp lines  exhibi t  e x c e s s i v e  w e a r ,
however , it is d i f f i cu l t  for  NAVAIREWORKFAC per sonne l  to say w h i c h
is the exact cause for rejection , excess ive  wea r or ex ce ss ive  b e n d i n g .

The fit be tween  the mating n o n c r o w n e d  splines is r e l a t i v e ly ti g ht , w h i c h
‘ in this case is acceptable since the flexible shaft is incorporated to

accep t  the major i ty  of the apparent  misal ignment  imposed on the sp line
connect ion .  The hi ghly crowned  sp line on the o the r  end of the f l ex ib le
sha f t  was  r e p o r t e d  to operate  sa t i s fac to r i ly. The sp line connec t ion
operates  at about 300-350°F .

3. Compressor Disk Assembly (Kell y)

Kelly personnel provided information describing that
manufacturers recommended improvement programs (Appendix E,

Items ila and llb) for alievating spline wear in two a reas  of the TF-39

eng ine on C — S  a i r c r a f t  (Survey  Form Nos.  234 and 235).  These  recommen-
dations w e r e  made follow ing eng ine t e s t s  and gea rbox  dynamomete r  t es t s  in
which  exces s ive  sp line w e a r  was  exhibi ted .  One problem area  involved the

sp u rted a d a p t e r  f o r  the s tage 2 c o mpr e s s o r  disk assembly. The recom-
menda t ions  involved a less s t i f f  dup lex ball b e a r i n g ,  a sea l  for  r e t a in ing
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oil in the  sp line mesh , and an e n l a r g e d  oil nozz le  to double-  oil flow to
the spline. The second problem are- a involved  the  inlet  gea rbox
h o r i z o n t a l  and radial shaft  sp lines. The recommenda t ions  (which
have- been imp lemented)  consis t  of addit ional  oil j e t s  to p o s i t i v e ly
l u b r i c a t e  the sp l ines  and inc reas ing  the ha rdness  of the h o r i z o n t a l  sha f t
sp line - .

F. Shaft Power (Kelly, Quonset Point, North Island)

Shaft  power , as the name implies , t r ansmi t s  power  f rom the
e’ng ine (usual ly f rom an ang le dr ive)  to the eng ine a c c e s s o r y  gea rbox .
This desi gn is ex te rna l  to the eng ine and is used  on some eng ines which
do not provide  power d i rec t ly f rom the eng ine to the gearbox.  The
Bendix Corporat ion is the major  supplier of two basic  types:

1 . Diaphragms and Splines

A hollow Teflon-coated telescoping splined s h a f t  having
m u l t ip le diaphragms  (type of universa l  jo in t )  is a t tached to e i t h e r  end of
the sha f t. A female sp line is a t tached to each of the diap hragm ends .
One end mates with a dog-bone spline on the eng ine and the o ther  m a t i n g
w i t h  another  dog-bone sp line at the gearbox. In a few instances , this
s h a f t  power  is used  to t r a n s m i t  power to the CSD a c c e ss o ry  (Survey  Form
No. 204) .  The B-52 , F - l ol , KC- 13 5  and other  a i r c r a f t  u t i l ize  the
diap h r ag m - s pline design.  Only one shaf t  per  eng ine is r e q u i r e d .  S-ix
sp line problem areas  w e r e  repor ted  re la t ing  to shaf t  power  as noted below:

Aircraft Engine Survey Form Nos. Facility

S2 -E 1B  R-1820  204 Nor th  Island
S 2 - D ,  S2-E , S 2 - EIB  R- 1820  187 Quonset  Point
T-38 J-85  112 , 236 , 237 , 245 Kell y

2. Diaphragm s and Flanges

The othe r design used  el iminates  the sp lin e connect ions
completely by incorporating multiple diap hragms  wi th  a f langed  connect ion

-~ a t t a c h e d  to the diaph r ag ms  at each end of the shaft .  One end of the f lange
connec t ion  bol ts  onto a mating f lange connection at the eng ine locat ion and
a similar one at the gearbox location. Some designs still maintain the
t e l e s c o ping f e a t u r e  for  a s s e m b ly and removal  pu rposes .  Bendix p roposed
to use  th is  desi gn on the F - I S , F - 14  (N avy) ,  SST , and D- 1 a i r c r a f t .  It
was  r e p o r t e d  tha t  some of t hese  splines wil l  opera te  up to 16 , 000 rpm.
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G. G e t rb o x - A c i . e - s s o r i c s

The- engine - a c c e s s o ry  d r iv e  g -a rbox  is u s u a l l y loca ted  b e n e a t h
th e  - n g ine - and is d r i v e n  e i t h e r  b y s h a f t  power  or d i r e-c t l y f r o m  V. i th i rt
the engine. The gear l ) Ox  is no rma l ly des i gned  to d r i v e  the- fo l lowing
a c ce s s o r i e s :  g e n e r a t o r  or g e n e r a t o r s , c o n s t a n t - sp e e d  d r i v e , s t a r t e - r ,
f ue l  p u m p ,  fuel con t ro l , h y d r a u l i c  pumps , tachomete r , g e n e r a t o r ,
and one or m o r e  oil pu m ps.  The two a c c e s s o r i e s  c r i t i c a l  f o r  f l i g ht
a r e  the fuel an d  hy d r a u l i c  pumps .  The a c c e s s o r i e s  a rc -  a t t a c h e d  to the
g - t r box b y m e a n s  of a b r e e ch - lock , f lange-  connec t ion s , or M a r m a n - type~
c l a m p s  a ith some-  m e a n s  of a l i g n m e n t  as s p e c i f i e d  in the  AND and MS
s t a n d a rd s . In e s s e n t i a l l y all of the  eases  s tud i ed , none of the fem a l e~
sp l i n t - s on the  g e a r b o x  can be r emoved  w i t h o u t  d i s a s s e m b l i ng  th e-  en t i r e -
gearbox. Consequently, the ove rhau l  t ime of the g e a r b o x  could  be con-
troll ed by the  l i f e -  of the- fema le  i n t e r f a c e  sp l ines.  Since the m a j o r i ty
of the  sp line-  p rob lems  found in th is  su rvey  a r e  r e l a t e d  to the-  a c c e s s o ry
and gearbox , each  of the a c c e s s o r i e s  wil l  be d i s c u s s e d .

1. S t a r t e r  (Ai r  Fo rce,  A r m y ,  Navy)

T h e r e  a r e  t h r e e  types  of s t a r t e r s , namely: a i r  ( fu e l  o r
c a r t r i d ge- a c tua t ed ) , e l e c t r i c , and hy d rau l i c  s t a r t e r s .  Combina t ion
s t a r t e r - g e n e r a t o r s  a r e  also u sed . The ma jo r  s t a r t e r  m a n u f a c t u r e - rs
are  A i R es ea r c h , Bendix , and Hamilton Standards. The s t a r te -r s
usua l ly opera te  fo r  15 to 45 seconds  during which time the eng ine
is s t a r t e d . The speed of opera t ion  is usua l ly f rom 0-8000 rpm. S t a r t e rs
a r e - u sua ll y sp lined into a g ea r b o x  and u t i l i z e  some type of d i sen g a g i n ~
m e c h a n i s m  to d i s c o n n e c t  the s t a r t e r  ro ta t ion  f rom the g e a r b o x  once- the-
eng ine has s t a r t e d .  Two types  a re  used:

a. A u t o m a t i c - d i s e ngag ing ge a r - ty pe
b. Sprag ove r runn ing  c lu t ch

The a u t o m a t i c - d i s e n g a ging g e a r - t y p e  is i l l u s t r a t e d  in
1 i g e t r c  4. In t h i s  d e s i gn , the male spline on the s t a r t e r  is bol ted  d i r e c t l y
in t o  t h e -  f e m a l e -  sp line  of the- g ea rbox , t h e r e b y ensur ing  tha t  no
relative- motion is ob ta ined  be tween  the male and female  sp lines , t hus
m i n i m i z i ng  or e l im ina t i ng  the  pos s ib i l i t y  of sp line w e a r  at the g e a r b o x .
Bendix  s t a r t e r s  u t i l i z i n g  th i s  desi gn a re  u s e d  on the  follow ing a i r c r a f t :

3 -52  3-64 3- 7 5 T F - 3 0
3-65  3- 7 9  T F - 4 1

J -5 7 J -7 3  T-56
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The- p r i n c ip a l  advantage-  of t h i s  des i gn is t ha t  a l te r  the
e n g i n e  has s t a r u -d , t h e - r e - is com p l e t e -  d i s e - ng ag e men t  f r o m  the -  eng ine
of nearl y a l l  of the  r o t a t i o n a l  mass  of the s t a r t e r . Thu s , d u r i n g  e n g ine
o p e r a t i o n , onl y a ~-er y l i g ht  load is t r a n s m i t t e d  throug h the  b o l t - o n  sp l ines .  -

The Sprag  o v e rr u n n i ng  c lu t ch  desi gn ( conven t iona l  male
and female-  sp l ine connec t i on )  has a g re -a t e r  ro ta t iona l  mass  a t t a c h e d  to
the  sp line connect ion , and is s u b j e c t e d  c a i n t e r m i t t e n t  and pa r ti a l  engage-
men t  of c lu tch  f i ng e r s  du r ing  eng ine- ope ra t ion .  The ge a r - t y p e  desi gn is
more  expens ive  than the Sprag des i gn ;  however , it is c o n s i d e re d  to be the
b e t t e r  of the two desi g ns .

S t a r t e r s , in gene ra l , a re  desi gned fo r  the fo l lowing duty:

Start Cyclei Engine Hours

Milita ry 1200 1000
Commercia l  5000 5000

In m o s t  cases , s ince  the s t a r t  t imes  a r e  v e r y  sho r t , the
sp lines  do not have the oppor tun i ty to w e a r  du r ing  tha t t ime.  A l so , in

3. 
many cases , the eng ine will  d r ive  the sp lines on the s t a r t e r  ( du r i n g  f l i g ht )
caus ing  the splines to w e a r  on the opposi te  s ides  of the t ee th .  The d e b r i s
f o r m a t i o n  f rom the w e a r  on the oppos i te  side of the  t ee th  can r e d u c e  t h e

e f f e c t i v e  l i fe  of the sp line connect ion .

Ten m a j o r  s t a r t e r  spline problem a reas  r e p o r t e d  in th i s
s u r v e y  a re  l i s ted  below:

Spline
S u r v e y  Tooth
Form Load,

A i r c r a f t  Eng ine No. Faci l i ty  psi

A 4 -E , A4-F  J-52 173 Jacksonvi l le  NA
F-4  3-79  197 T inker  NA
F-9  3-48 122 Pensacola  NA
H - ZC , H-46  T-5 8 205 , 228  N o r t h  Is land NA
P-3 , P-3A , C- 130 T-56  177 N o r f o l k  NA

209 Alameda 3950
U H - I B , U H - I C , U H - I D , T-53 129 * ARADMAC 185
U H - I F , U H - IH  132* ARADMAC 2 05

133* ARADMA C 115

S t a r t e r - g e n e r a t o r s
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Half of the spline problem a reas  r epo r t ed  a r e  s t a r t e r s
utilized on helicopters.

2. Hydraulic pump (Navy, Air Force)

The hydraulic pump is considered to be a critical item
fo r  f l i g ht.  Two types of hydraulic pumps are  used , namely,  the elec-
trically driven hydraulic pump and the gearbox driven pump. The d cc-
t r i ca l ly dr iven hy drau l ic  pump is usual ly remote  f ro m  the eng ine and
was not reported to have excessive sp line wear.

Ten d i f f e r e n t  sp line p rob lems  w e r e  r epo r t ed  re la t ing  to
h y d rau l i c  pumps d r iven  throug h the gea rbox , six of wh ich  a re  re la ted
to he l i cop t e r s .  Hydraul ic  pumps a re  m a n u f a c t u r e d  b y A m e r i c a n  Brake
Shoe , New York  Air  Brake , and V icke r s , w i th  the major i ty  of sp line
prob lem a reas  re la ted  to the New York Air  Brake hy draul ic  pumps.

The hy draul ic  pump usually i nco rpo ra t e s  a wobble plate
design actuat ing severa l  small p istons which  pump the h aulic f luid.
It was  repor ted  tha t this design produces  uneven loads on the s u pp o r t
bear ing  and the sp line connection due to the va ry ing loads t r a n s m i t t e d
to the wobble p late f rom the pistons.  The major i t y of sp line connec t ions

• b e t w e e n  the hydrau l i c  pump and the gearbox ut i l ize a “dog-bone” sp line.
This may be desc r ibed  as a shor t  2- in shaft  having a spline on e i t h e r
end , wi th  one end engag ing into the hy draul ic  pump and the other  end into
the female  gearbox spline. The tabulation below i l lus t ra tes  the hy draul ic
pump spline problems identif ied in this survey:

A i r c r a f t  Eng ine Survey Form No . Faci l i ty

A -4  J -6 5  174 Jacksonvil le
A - S  3-79 172 Jacksonvi l le
H-2 T-58 202 , 241 , 242 North Island
H-3 T-58 186 Quonset Point
H- 53  T-64 193 Tin k e r
H - 5 3 T-64 240 North Island
S-Z R-l820 123 Pensacola
T-2  J -85  117 Pensacola

From this , it is evident that  the major i ty  of p roblem areas  are  on the H-2
and H-3 hel icopters  u t i l ized  T-58 eng ines.

3. Generators-Alternators (Air Force,  Ai r l ine,  A r my ,  Navy)

1’Each aircraft eng ine has a generator driven from the engine
accessory gearbox. The generator may be either a brush or a brushless
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: t ype  w i t h  a n o r m a l  TBO of 1000 and 2000 h o u r s , r e s p e c t i v e ly. S t a r t e r -
g e ne r a t o r s  a re  also used in some app l ica t ions .  Many b r u s h  ge n e r a t o r s
a re  being conve r t ed  to the b r u s h l e s s  type to e l iminate  a rc ing  p rob lems
at  hi g h a l t i tudes .

A total of 16 sp liri e problem areas  re la ted  to g e n e ra t o r s
used  on var ious  eng ines is l is ted below :

Aircraft Engine Survey Form No. Faci l i ty

B- 5 2  TF-33 96 Kell y
C-l23K R-2800 97 Kelly
CH-46 T-62 223 Cherry Point

DC-8  J T-4  214 Uni t ed
F-8 3-57 221 Che r r y  Point
H-2C, H-3 T-58 206, 243 North Island
H - 3  T-58 185 Quonset  Point
H-46 T-58 22 0 C h e r r y  Point
P-3A T-. 56 176 Jacksonv i l l e
T-28  R - l 8 2 0 124 , 127 , 128 Pensacola
T-2A J-34  118 Pensacola
T-33 J- 85 99 Kell y
U H - 1  T - 5 3 134 ARADMA C

As noted f rom the above tabulation , the ma jo r i ty  of gener -
ator spline problems are related to helicopte rs having a T-53 or T-58

eng in e.

Lockheed eng inee r s  r epor t ed  tha t some gene ra to r  sp line
w e a r  had been exper ienced on the 60 kva Bendix g e n e r a t o r , Model No.
2 8B9S.  This g e n e r a t o r  repor tedly had a poor bear ing  support des ign
which caused the spline shaft to wobble , thereby causing exces s ive  sp line
w e a r . The bear ing  support  was  redes igned and the excess ive  sp line wea r
el iminated.

Eng ineers  also repor ted  tha t some g e n e r a t o r s  u t i l ize  an
oil cool ing system whereby oil is c i rcu la ted  th roug h the gene ra to r  to

-
~ dissipate heat. In the case of the Genera l  E l e c t r i c  genera to r , Model

2 CM6 1 used  on the A-6A a i r c r a f t , and the Bendix g e n e r a t o r , Model
28Bl87-4A used on the F-4 aircraft , oil is provided to the i n t e r f a c e  sp line
connection from within the generator throug h holes located on the gener~
ator  male sp line shaf t .  It was repor ted  that  a desi gn of th is  type p roduces
minimal spline wear on the generator interface sp line.
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4. Constant Speed Drive (Air Force, Navy)

In many g e n er a t o r  app lications , a CSD is provided
b e t w e e n  the gea rbox  and the g e n e r a t o r  to i n su re  that  the g e n e r a t o r  is
d r i ven  at a cons t an t  speed r ega rd l e s s  of eng ine rpm. This CSD is
ge- ne- rally a separate unit with an input and an output spline connec-
tion. The input sp line has a shear  section designed to p r o t e c t  the
eng ine accessory gearbox. The CSD is usually located on the main
engine accessory gearbox; however , some engines have this unit
located in f ron t  on the eng ine inline wi th  the center  line of the eng ine.
In this app l icat ion , the CSD is dr iven throug h a small gearbox.

AiResearch manufactures a combination unit  called a
cons tant  speed dr ive  s t a r t e r  (CSDS).

The CSD has the capability of disengag ing dur ing  fl i g ht
in the event  that  excess ive  t empera tures  are  gene ra t ed  wi th in  the
un i t .  In o rde r  for  this  to be accompl ished, most  m a n u f a c t u r e r s  have
provided a screw thread on the sp line shaf t  going into the gea rbox .  A
mating female screw thread device is used and rotates with the male
sp line sha f t  dur ing  normal  operat ion . When the t empera tu re  limi t  is
ex ceede d , a mechan ica l  linkage actuates  the mechan i sm and the male
sp line is backed into the CSD and out of the eng ine gearbox .  Once- the
CSD shaf t  is d i sconnec ted  in f l i g ht , it cannot be reengaged  b y the p ilot.

T h e r e  a r e  four  major  companies producing CSD uni ts
for  var ious  eng ines , namely: A iR e s e a r c h , Genera l  E l ec t r i c , Lycorning ,
and Sunds t rand , w i t h  Sundst rand providing an e s t ima ted  80 pe rcen t  of
the un i t s .  It w a s  r epor t ed  that  General  E l e c t r i c  is phasing out the con-
ventional type CSD units and manufacturing a solid state device called
the variable speed constant  f r e q u e n cy  uni t  (VESCF). This uni t  corn -
bines  the CSD and the genera to r  into one unit .

The major  spline problems associated with dry pad CSD
interface spline connections and CSD internal spline problems are listed below :

Aircraft Engine Survey Form No. Facility

A -4  3-52 170 (and Kingsvi lle  NAS) Jacksonvi l le
-~~ A-4E , A-4F  3-65 207 Alemeda

B - 52  P-3  194 , 195 Tinker
C-135 TF-33 194, 195 Tinker
F-4  J -7 9  196 , 198 Tinker
F - 4 B ,  F-4J 3-79 182 Quonset  Point
F 4  3- 7 9  225  Nor th  Island
P-3A , P -3C T-56 178 Nor fo lk
S-2D , S-2E R-l820 188 Quonset Point
S-ZE R-l820 203 North Island
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The m a j o r i t y  of p rob lem areas  cen te red  a round  the F-4  and S-2 air-
c raft. No CSD problems were reported relating to h e l i c o p t e r s .

a. Inline CSD (Navy)

Some models of the A -4  a i r c r a f t  eng ine u t i l i ze  an
inline CSD unit to which the generator is attached. This assembly is
cantilevered in front of the 3-52 engine. It was reported that vibra t ions
from the CSD unit could be a factor in accelerating spline wear.

Jacksonville reworks three CSD units which will

be re -v iewed.  The tabulation below i l l u s t r a t e s  th ree  CSD uni t s  wi th
typical designs used at the in ter face  connect ion:

Scheduled Estimated
M a n u f a c t u r e r  A i r c r a f t  Eng ine Usage Design Type OH , h r s  OH , h r s

GE A-4A, 3-65 7 Spline dog 1000 1000
A-4B , clutch
A-4 C

• Lycoming A-4E, 3-52 80 Spline-spline 2000 200
A-4 F , 3-65 ( dog bone)
R A-5 C ,
A - 7

Sundstrand A-7A TF-30 0 Muff -snap  ring 2000 2000
dog clutch

The problem of the Lycoming CSD was f i r s t  dis-
covered  at the Kingsville NAS and then at the Jacksonvil le  NAVAIREWORK-
FAC. It was repor ted  by the Lycoming rep resen ta t ive  at the Kingsv i lle
NAS that the CSD is removed every 120 hours of operation to examine the

splines for excessive wear. In several instances , after the splines at the

CSD interface have accumulated excessive wear , the CSD must be forced
off the f ron t  of the eng ine for  removal by means of a pu l l e r .  The excess ive-
amount of oxide formation within the spline connection makes it very difficult

- -
~ to separa te  the mating connection.

.~.
. A f t e r  examination of a number  of the dog bone type

spline connections at Jacksonville and Kingsville on the Lycoming CSD
units , it became apparent that different amounts of tooth engagement can

be expected for this sp u m e  connection. The axial location of the dog bone

is normally located by means of a snap ring . If the dogborie is installed

improperly (which is possible by virtue of this design), the spline would

engage further into the CSD unit. Also , if the bottoming spacer is not

p laced  into the mating female  spline connection (in the CSD) , the dog bone

sp line could engage even f u r t h e r  into the CSD unit  t he reby providing less
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a r e -a of con tac t  in the  interface connection introducing highe r tooth
load s and p r e s u m a b ly ac c e l e r a t e d  w e a r .

Lycoming has proposed to incorporate  a muff

dc - s i g n  (re -fe -ren ce Appendix E, Item 6e) to alleviate the problem. Reports

indicated that this design was used prior to the dogbone de sign.

b. CSD Wet-Pad (Commercial )

Sunds t rand  eng i n e e r s  pointed out tha t  no m a j o r

sp line- p roblems  were reported relating to constant speed drives on

c u r r e n t  commercia l  a i r c r a f t  dur ing  a r e ce n t  a i r l ine  sympos ium held

October 14-16 , 1970 , in Rockford , Illinois. Sundstrand feel s the major

r e a s o n  f o r  this is that the m a j o r i t y  of the sp lines on c o m m er c i a l  air-

c r a f t  have we t  pad sp line connec t i on s .  Other  Sunds t rand  CSD u n i t s

u t i l i z e d  on a dry  pad a r e  l u b r i c a t e d  V. ith S u n d s t r a n d’ s g r e a s e  No. 688272.

In addition , it was reported that airlines will not mix any grease used on

dry pad conf i g ur a t i o n s  as do the m i l i t a r y .

N o r t h  Is land eng inee rs r e p o r t  th a t  the -  we t  pad

d e s i g n  has reduced  the u sage  f r o m  about 35 to 2 p e r c e n t  on one Sun-

s t r a n d  CSD app l i ca t ion  used  on the F -4  a i r c r a f t  ‘ - - e f e - r e n e e -  Appendix E,

I t e m  ~~~~~~~

5 . Foe -I Pump (Ai r  Force,  Navy)

There  a re  four  major  fuel  pump m a n uf a c t u r e r s , namely:

A i R ~ s e a r c h , C h a n d l e r -E v a n s , Pesco , and TRW . The fue l  pump ,  l ike

the- hydraulic pump, is considered a critical item for flight. In most

e a s t  s , a t w o - s t a g e  hi g h p r e ss u r e  pump is utilized which is spline driven

t h r o u g h the  eng ine a c c e s s o r y  gearbox . The fuel  pump can e n c o u n t er

sp line  p rob lems  r e l a t i n g  to the sp lines operat ing in air  and in fue l  environ-

n i en t .  Sp lines  opera t ing  wi th in  the fue l  pump are  usual ly not  l ub r i ca t ed

w i t h  a g r e a s e , and m u s t  depend upon the lub r i c i ty  of the fue l  and any

surface treatments utilized on the splines themselves.

A fue l  control  is also used as a sepa ra t e  a c c e s s o r y  and

-~~ is usua l ly d r i v e n  fr o m  the engine gearbox. In some cases , the fuel

control is attached and driven from the fuel pump . Normally the spline

driven fuel control operates at low speed and torque and is not considered

a major spline problem area. Only one problem area was reported with

a fuel control spline located on APU (Survey Form No. 224).
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A total of 16 spline problem ar eas relating to the fuel

pump and the fuel control is listed below:

Aircraft Engine Survey Form No. Facility

A -4 , A-6 J -52  171 Jacksonv i l l e
A-4, A-6 3-52 213 Alemeda
B -52 , KC- 1 35 3-57 199, 200 Tinker
H-2C T-58 226, 229 , 230 North Island

F 4  J 7 9  232 Nor th  Island
F-84F J -6 5  91 Kell y
T-38 3-85 233, 238 Kelly
OV- 1OA T-.76 218, 219, 222 Cherry Point
OV-IOA T-76 161 AiResearch
APU unlc 224 Cherry Point

Approximately half of the problems encountered occur

within the fuel  pump. Only th ree  of the s ixteen problem a reas  w e r e
related to the H-ZC helicopters utilizing the T-58 engines and Pesco
fuel pumps.  Nine of the 16 problems were on Pesco f u e l  pumps.

6. Oil Pump to Hy draulic Pump (Navy)

In conventional jet eng ines , a number of oil pumps are
used within the gearb ox to supply oil to the various bea r ing loca tions
within the engine proper. Additional scavenge oil pumps loca ted
wi th in  the eng ine are  used to r e t u r n  the oil to the oil tank on the
engine. Some fixed and rotary wing aircraft utilize oil pumps which
are attached to the engine accessory gearbox. In some helicopter

• gearb oxes, the hydraulic pump is splined onto the oil pump which in
turn is attached to the combining gearbox.

Five  major spline problem areas  related to oil pumps
and connections b e t w e e n  the oil pumps and hydraulic pumps are
listed below :

- - 
A i r c r a f t  Eng ine Survey Form No. Faci l i ty

H -3  T-58 244 North Island

H-3 T-58 183 , 184 Quonset Point
RB-66 3-71 1- 80, 181 Quonset Point

The major i ty  of problem areas are  re la ted  to oil pumps
u t i l i z ed  on hel icopters .
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VI. DESIGN PRACTICE

An important group of factors affecting spline wear is that of
the des i gn p r a c t i c e s .  The decis ions  made at the des i gn s tage a f f e c t
nea r ly all the subsequen t  f a c t o r s  such as l ub r i ca t i on  and ma in t enance
p r a c t i c e s .  Also , the cost of rectifying any unfortunate design decisions
may be v e r y  hi g h once a des i gn has been put into s e rv ice .  On the basis
of known or projected operating conditions , design decisions must be
made with regard to sp lin e geomet ry  v~hich includes both tooth form and
sp line s ize , m a t e r i a l s, h a r d n e s s , s u r f a c e  f in i sh , coating s , extent  of
misa l ignment , and se lec t ion  of lubr ica t ing method and lubr i can t .  Some
of th ese design factors are specifi ed in various military and industrial
desi gn s t anda rds .

A . Desi gn Standards

There are a number of standards related to aircraft splines.
For convenience these are divided into three categories as follows:

AND Standards for Accessories and Accessory
Mounting Pads. These are older design standards
in w h i c h  lubr ica t ion method is not speci f ied .

MS Standards for Accessory Flanges and
Accessory Drive Pads. These constitute a very
recently adopted set of standards for positive
oil-lubricated splines.

Miscellaneous Standards. These are a number of
s tandards  fo r  splines or other type dr ives  for
special purposes.

1. AND and MS Standards

The AND standards have been in existence since about
1946. For a typical spline connection , two standards are required ,

• one fo r  the a c c e s s o r y  f lange and one for  the eng ine dr ive pad. The
proper combinations of standards and considerable summarized infor-
mation from the standards are given in AND 10230 ( R e f e r e n c e  Chart,
A i r c r a f t Eng ine Accessory  Drives).  Table 7 contain s information
relating to the mating engine drive , accessory flange, and other sum-
ma r i z e d  information f rom individual s tandards.  It is evident that there
is a l a rge  number  of s tandards  required fo r  the var ie ty  of sp line sizes.

The r e l evan t  f ea tu res  of the more  recent  MS standards for
positive oil-lubricated splines (wet pad) on accessories are summarized
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in I t b l e  ~~~, ‘~e hich contains i n fo rma t ion  taken f r o m  MS 3336 ( A c ce s s o ry
D r i v e s , A i r c r a f t  Eng ine- , R e - f e - r e n c e  Char t  f o r ) ,  and MS 3335 (Sp lin-
Details -Drive Pads and Accessory Flang es , Design Standard for), and
from the- individual standards . The majority of the MS standards for

the  eng ine a c c e s s o r y  g e a r b o x  w e r e  adopted in June of 1968 while the
MS s t a n d a r d s  fo r  the  m a t i n g  a c c es s o ry  f lang es and sp liries w e r e  incor -
porated in March and November of 1969.

Th e two s e t s  of s t a n d a r d s  diffe r in a number of ways —

which will be d i s c u s s e d  in the following paragraphs.

a. Tooth Geometry

Tooth  g e o me t r y  is not the same for  all p i tch dia-
mete-rs which are common to both sets of standards , as shown below :

AND Standards  MS Standards
Pi tch No . of D i a m e t r a l  P i tch  No. of D i a m e t r a l
dia , in. teeth Pitch dia , in. teeth Pitch

- 

0. 4583 11 2 4 / 4 8  0. 4583 11 2 4/ 2 8
0. 6000 12 2 0 / 4 0  0. 6000 12 2 0 / 4 0
0 . 8 0 0  16 2 0 / 3 0  0. 8000 16 2 0 / 4 0
1. 200 24 2 0/ 3 0  1. 200 24 2 0 / 4 0
1 .625  26 16/ 32 1 .62 50  26 16 /32

2. 000 32 16 /32

The major  d i f f e r ence  in tooth g eo m e t r y  is in the
diametral pitch/stub pitch ratio. The MS standards call for a 1/2 ratio
for all pitch diameters , whereas in the AND standards , both 1/2 and

2/3 ratios were used. As the above table shows , there a re  only three
p itch d i a m e t e r s  common to both sets of s tandards  that have the same
diametral pitch to stub pitch ratio. Splines of the other two pitch dia-
me te r s are not in te rchang eable betw een design standards.

b . H a r d n e s s

The two sets of standards also differ in hardness

and case depth requirements. The AND standards specify that the hard-
ness  of the male sp line will  be 55 R~ or less , and that  the female  sp line
wi l l  be 58 R c or g r e a t e r . The case depth on the male sp line is not
specified and on the female- a minimum case depth of 0 . 0 1 0 - i n,  is spec-
ified. The MS s tandards  call for  56 Rc minimum for both splines with
no case depth r equ i r emen t .

1~~
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C. Surface Finish

There is no surface texture requirement in the
AND s tandards .  The MS s tandards  call for  a s u r f a c e  t ex tu re  of 63
micro inches  on spline tooth s u r f a c e s .

d. Tooth Loads

Higher calculated tooth loads are allowed for
the MS splines than for the AND splines as shown below:

Pitch Range  of Rated Tooth Loads , *psi
dia , in. AND Stds. MS Stds.

0. 4583 47 0 - 950 320 - 3180
0. 6000 710 - 1780 290 - 14 , 520
1. 62 5  3290 600 - 9270

e. Lubr icat ion

The two Sets of s tandards  also d i f f e r  somewhat
with respec t  to lubricat ion specif icat ions. The AND standards do not
specify a lubrication method for  the sp lines. In fact , only AND 20007
states  that “Provision for  spline lubr icat ion shall be provided.  If the
form is fluid, accessible provision shall be made to prevent flow in

the event  flow is not desired.  It should be noted that all of the AND
standards listed in Table 7 (except  for  10270 and perhaps 20010 w h i c h
was not available) specif y that the accessory  should operate with a
leakage of not more  than 2cc per hour of oil from the engine into the
pilot compartment. Several of these standards also provide for positive

oil flow to the a c c e s s o r y ,  but in each case , the splines are sealed off
from this oil by a gasket. The MS standards listed in Table 8 all specify
that “positive engine oil lubrication shall be provided to the spline.

• f. Spline Misalignment

The manner in which spline misalignments a re
specified di f fer  somewhat  be tween the two sets of s tandards . Both AND
and MS standards specify the concentr ic i ty  ( la teral  misalignment)
between the engine or drive mounting pad pilot and the spline axis and
angular misalignment between spline axis and mounting pad face. In
the case of the a c c e s s o r y ,  both sets  of s tandards  specif y the lateral but
not the angular  misal ignment  between mount ing  flange pilot and the axis
of rotat ion.  In addition , each Set of standards has lateral and angular

* Calculated load on pro jec ted  area .
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misal ignment  spec i f ica t ions  pe r t a in ing  to the sp line in the  assembled
accessory. In the AND standards it is s ta ted  that  the a c c e s s o r y  mus t
operate  w i t h  specif ied la tera l  and angu la r  misa l ign m e n t s  of the dr ive
sp line; these  misal ignments  a re  in most  cases equal to or slightl y
gr e a t e r  than the misalignments  al lowed for  the sp line in the eng ine
pad. Thus , in the AND standards angular misalignment  of the a cce s so ry
sp line is not directly specified but is only i n f e r r e d .  In the MS standards
it is specified that the axis of the radially- loose spline or coup ling shall
not be laterally or angularly misaligned more than specified amounts
with  respec t  to the axis of the pilot diameter  on the a c c e s s o r y  f lange .

The maximum combined allowable misal ignment s
resulting from drive-pad and accessory-flange misalignments are given
in Tables 9 and 10 for  the AND and MS standards, r e spec t ive ly. The
maximum combined allowable la tera l  misalignment  was  taken as one-
half the sum of eng ine pad and a c c e s s o r y  misali gnments  and maximum
pad clearance.  The newer  MS standards allow slig htl y g r e a te r  c om-
bined la tera l  misalignment (0. 0085 to 0. 0090 in. ) than do the AND
standards (0. 0075 to 0. 0085 i n . ) .  The sign i f i cance  of t hese  l a t e r a l
misal ignments is perhaps bes t  unders tood in conjunction w i t h  the allow -
able chordal  c learances.  In a spline connection , if the combined  l a t e r a l
misal ignment  of the mating splines exceeds the combined chorda l
clearance in te r fe rence  will resul t .  Both sets of s t andards  allow maxi-
mum combined lateral  misalignments in excess of the minimum chordal
clearances ;  hence i n t e r f e r e n c e  in the sp line teeth would be expec ted  in
some cases.

The standards appear to be de f i c i en t  in s e v e r a l
respects. The AND standards lack surface texture requirements and
clearly defined angular misalignment  r e q u i r e m e n t s  fo r  sp lines on the
accessory. One standard , AND 10266, does not specify the allowable
la tera l  misalignment  of the sp line on the a c c e s s o r y .

The MS standards appear to be more uniform and
cons is ten t  than the AND specif icat ions , althoug h they  are lacking a case
depth requi rement .

2. Miscel laneous  AND and MS and I n d u s t r i a l  S t a n d a r ds

In addition to the AND and MS s tandards  fo r  a c c es s o r i e s
and accesso ry  drive pads which are app licable to sp lines , the-re  are
severa l  other standards for  e i ther  d i f f e ren t  types  of dr ives  or f o r  sp lines
for  special app lications. These  standards a re  l i s ted  for  r e f e r e n c e  in
Table 11.
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TAB LE 11. MISCELLANEOUS AND AND MS STANDARDS

RE LATED TO AIRCRAFT SPLINES , SERRA TIONS ,
AND OTHER DRIVES

Standard  No. Title R e m a r k s

AND 10237 Spline , se r ra t iori  Gives geometry  of nom-
inal 0. 25 0-in.  0. D.
36 tooth, straight sided
se r ra t ion  wi th  3 s e r -
ra t ions  omitted for
indexing.

AND 10264 Flange-Type XIV Ramp-type drive
A c c e s s o ry  Mounting

AND 10265 F lange-Type XV Square  d r ive
Accessory Mounting

AND 10268 Flange-Type XVIII Flange- type drive

A c c e s s o r y  Power
Input

AND 10269 Flange-Type XIX Ramp-type drive
A c c e s s o r y  Mounting

AND 20004 Drive-Type X1V Ramp-type drive
Eng ine A c c e s s o ry

AND 20005 Drive-Type XV Square drive
Eng ine Accessory

AND 20008 D r i v e - Type XVIII F l ange - type drive
Eng ine Acces so ry

AND 20009 D r i v e - Type XIX Ramp- type  dr ive
Eng ine Accessory

MS 18054 Drive Pads for A i r -  This standard super -
c r a f t  E lec t r i c  Equip- sedes AND 20002 and
ment , Circular , 5- , 20006 for  BuWEP use ‘

8- , and 10-inch w i t h  e lec t r ica l  equip-
ment

MS 33568 Drive , Square Desc r ibes  f lange details
Mounting Flang e with and tooth geomet ry  for
Involute Spline Pinion splines which serve as

pinion gears

MS 33569 Drive , Round Mounting Descr ibes  f lange details
Flange with Involute and tooth geometry for
Sp l ine -P in ion  sp lines which  serve as

p inion g e a r s

~~~~~~ - 
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There  also exis t  a s izable  number  of i n d u s t r i a l  s t anda rds

app licable to a i r c r a f t  sp lines , as shown in Table 12.

B. Mater ia l s

According  to the in format ion  obtained f rom the sp line d rawings
col lected during the su rvey ,  the vast  m a j o r i t y  of sp lines w e r e  made of
s tee l  alloys , as show n in Table 13. F i f ty - e i ght out of 61 male splines
w e r e  steel alloys (seven  of these  are  of unknown composi t ion) . F i f ty-
f ive out of 62 female sp lines w e r e  steel alloys ( t h r ee  of these  of unknown
composition). The most  f requen t ly used  spline mate r ia l  was AMS 6260
(or AISI 9310);  this alloy was  specif ied  for  12 male and 33 female sp lines.
The next mos t  f requent ly used mater ial  was  AMS 6415 (or AISI 4340)
which  was  specif ied for 15 male and four  female splines. The AMS 6260
is a low carb on alloy steel of moderate  hardenabil i ty and must  be carbu-
rized if surface hardness in excess of Rc 44 is desired. When carburized

and properly heat treated the alloy can provide a hard case and a much

softer  more  ductile core; this combinat ion of des i rable  proper ties
probably accounts  for  the popularity of AMS 6260 as a sp line mate r ia l,

par t icular ly for  female  splines. The AMS 64 15 alloy is a medium carbon

alloy s teel  with good hardenabil i ty.  It would appear to be a good choice

for  a male spline mater ia l  since with proper  temper ing  a f t e r  quenching ,
it would exhibit ha rdness  below R~ 55. It is not well suited for  f ema le

- - sp lines that must  conform to a requirement  of R c 58 minimum s u r f a c e

hardness  since R c 58 is approximately the upper  limit of hardness
poss ible  wi th  this alloy unless  it is carbur ized.

Only a small number of n o n - f e r r o u s  splines w e r e  encounte red :

one male and th ree  female splines of titanium alloys , one male and one

female  sp line of coppe r -bery llium alloys , and one female sp line of

aluminum bronze .

S C. Geometry

All available information on geome t ry  of the problem sp lines is

comp iled in Table 14. The vast  major i ty  ( 7 5  Out of 83 sp lines) of the

survey  sp lines had s t ra ight involute teeth . Six cases of crowned involute

teeth w e r e  encountered , one case of a hel ical  involute sp line , and one

case of a sp line with s t raigh t - s ided  teeth.

Among the sp lines with involute tooth form slig htl y over half (42)

had a diametral  pitch to stub pitch rat io of 1 /2 ;  35 sp lines had a ra tio  of

2 / 3 ;  one helical sp line had a 3 /7  ratio; and four  sp lines had a 1/ 1 rat io

- ~
_
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TABLE 12 . INDUSTRIAL STANDARDS FOR AIRCRAFT SPLINES
(SA E U n l e s s  O t h e r w i s e  Ind ica ted~

S t a n d a r d  Standard
No . T i t l e  No Title

AS 44 S t a r t e r , Mount ing  Pads and Dr ive s , AS 959 Dr ive- S tudded , A c c e s s o r y ,  2 . 6 5 3
Types  1, II , III . and IV BC Square , Desi gn S tandard  fo r

\S 4~ G e n e r a t o r , M o u n t i n g  Pad and Drive , AS 960 Flange A c c e s s o r y ,  2 . 653
4 Bol t  BC Square  Desi gn S tandard  for

AS 47 A Pump .  Fue l , M o u n t i n g  Pad and Drive AS 961 Dr ive-S tudded , A c c e s s o r y .  5. 000
BC Square . Desi gn Standard for

AS ~4 Ta1 - h I I n l , - t I - r  Dr ’s - o- - Type I
AS 962 Flange A c c e s s o r y .  5. 000

AS ~Y~e A T a uh o m ~- i- ~ r , Mount ing Pad and BC Square , Desi gn S tandard  for
D r i v e  - Type II

AS 963 Dr ive- S tudded . A c c e s s o r y ,  5. 000
AS 84B Splines , Invo lu te  (Full  Fil let)  BC Round , Desi gn Standard fo r

AS 468B D r i v e - A c c e s s o r y,  511 Bolt Circ le  AS 964 Flange A c c e s s o r y ,  5 000
BC Round , Desi gn Standard for

AS 469B D r i v e - A c c e s s o r y ,  811 Bolt Circle
AS 965 Dr ive-S tudded , Acces so ry ,  8. 000

AS 470B D r i v e - A c c e s s o r y ,  l o l l  Bolt Circle  BC Round , Desi gn Standard for

AS -~ ? I B  F lange-Accessory .  511 Bolt C i r c l e  AS 966 Flange A c c e s s o r y ,  8. 000
BC Round . Design S tandard  for

~.CS 4 7.~B F l a n g e-A c c e s s o r y ,  811 Bolt Circle
AS 967 Dr ive-S tudded , A cces s or y , 10. 000

AS 473B F l a n g e - A c c e s s o r y ,  1 0 ’  Bolt Circle BC Round , Desi gn Standard  for

AS 518 Drive  A c c e s s o r y  3. 000 Pilot AS 968 Flange A c c e s s o r y , 10. 000
Diame te r -QAD BC Round , Desi gn Standard f o r

AS 519 Dr ive  Accesso ry  4. 125 Pilot AS 969 D r i v e - A c c e s s o r y  5. 000 BC Round ,
Diame te r -QAD QAD , Desi gn Standard for

AS 520 Drive  A c c e s s o r y  6. 500 Pilot AS 970 D r i v e-A c c e s s o r y,  8. 000 BC Round ,
Diameter-QAD DAD , Desi gn Standard for

AS 521 Drive  Accesso ry  9. 000 Pilot AS 971 D r i v e - A c c e s s o r y  10. 000 BC Round ,
D i a m e t e r - D A D  QAD , Desi gn Standard for

AS 522 Flange Accessory  3. 000 Pilot AS 972A Sp line Details , A c c e s s o r y  Dr ives
D i a m e t e r - D A D  and Flanges

AS ~‘23 Flange Accesso ry  4. 125 Pilot ARP 179A Involute Spline Gages (30 P r e s s u r e
D i am e t er - Q A D  Ang le)

~~— °‘~~4 F l a n g e  Accesso ry  6. 500 Pilot ARP365 Drives  - Square Flange.  0 .600  PD 4
D i a met e r - Q A D  Spline A c c e s s o r y

F l a ng e  A c c e s s o r y  9. 000 Pilot B92. I Involute Sp lines & Inspec t ion  (P ro -
13,am- t e r - Q A D  1970 vide guidance & data fo r  desi gn of

(ANSI) s t r a ig ht (nonhelical  sp lines)
- 3/4  G e n e r a t o r  - 811 BC

M a I ~ 1 1- , t  R 14  Strai g ht-Sided Sp lines ( for  Cyl ind r i ca l
1955 Shaf t s ) ,  Nominal  Dimensions  in Mi l l i -

m n ~~~C .3, ’ 4 G e n -- r t O r  - 8” BC (ISO) m e t e r s  (Involute Sp line Teeth)  
PI~~~

l s - r - , f o r  - l 0 ’ B C

- r - 3 0  BC

- ~~ ~~~~~~~~~~~~ ‘
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TABLE 13. MATERIALS USED IN PROBLEM SPLINES

Male Splines Female Splines
Specified Material Navy Others Navy Others

AMS 6260 or AISI 9310 5 7 23 10
AMS 64 1 5 or AISI 4340 5 10 1 3
AISI E-4350-1 1 4 0 0
AISI 3310 4 0 0 0
AISI 4140 0 2 0 2
AIS1 4620 0 1 0 2
AMS 6470 or Nitralloy 135 mod. 2 0 1 1
AISI M SO 1 1 1 0
AMS 6475 or Nitralloy N 0 2 1 0
AMS 2485 2 0 0 0
AMS 6471 0 0 2 0
AMS 5648 or AISI 316 1 0 0 0
AMS 6265 0 0 1 0
AMS 62630 0 0 1 0
AISI H- 11 1 0 0 0
AI SI 615O 1 0 0 0
AISI M-2  0 0 1 0
AISI H-2 HS 0 0 1 0
AISI 52100 - 0 0 0 1
AISI 464O 

- 
0 0 0 1

*Nitriding Steel 1 0 0 0
*B 50TA-3 17B 1 2 0 0 0
*PM 6003 1 0 0 0
*QQ 570 2 0 0 0
*pDS 1O3O6CG 1 0 0 0
*QQ ..T_ 590 0 0 1 1
*C5OTF/ 6  0 0 0 1

**Tj t anj um AMS 4928 2 0 0 0
**Tj t anium 0 0 1 1
**Titanjum BG 42 0 0 1 1

**Copper-Bery llium 1 0 1 0
**Alumjnum Bronze 0 0 0 1
* PM 6007 1 0 0 0

Total 34 27 37 25

*Steel of uncertain material.
**Non,, .ferrous Metals.

Ip.__ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE 14. GEOMETRY OF PROBLEM SPLINES

No. of Splines
Tooth Form Navy Others

Stra ight Involute 48 27
Crowned Involute 3 3
Helical , Involute 1 0
Straight, straight-side 1 0

Tota l 53 30

Diametral Pitch/Stub Pitch

1 /2  26 16
2 / 3  24 1 1
3/ 7  1 0
1/ 1  _! -~~~

Total 52 30

Type of Fit

Side Fit 14 14
Major Diameter Fit 1 1

Total 15 15

—
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indicating th a t the y had ful l  depth teeth identical to a gear  of the same
d iame t ral  p itch.

The type of fi t  is f r equen t ly not spec i f i ed  on the sp line drawings ,
but in 28 out of 30 cases  w h er e  it was speci f ied  a side f i t  was specified
and in two cases a major  d iameter  f i t  called for .

D. Surface  Finish

Sur face  f in ish  to lerances  were  not shown on many of the spline
drawing s obtained. The f requency  with which  various s u r f a ce  f in ishes
w e r e  speci fied is shown in Table 15.

E. Coating s

Based on the available informat ion, coating s of one sor t  or
anothe r w e r e  app lied to 20 of the male and 18 of the female  survey
sp lines , as shown in Table 16. Chromium f lash  coating s ( less  than
0. 001-in, thick)  w e r e  speci f ied  in eleven instances and copper  f lash
coatings were called for in six instances.

F. Comments on Desi gn Standards

This discussion will  be confined to the AND and MS s tandards
since they are used mostly for a i r c r a f t  splines.  As shown ea r l i e r ,
the newer  MS standards cover a somewhat wider  sp line size range
than the older AND standards.  Perhaps the newer  s tandards  a re
intended to replace the older s tandards.  If so , this should be indi-
cated on the MS s tandards , and the AND standards should be wi thdrawn.

In the newer  MS standards , grooves shown in the drive pad pilot
bore  and on the a c c e s s o r y  flang e pilot diameter appear to be for  sealing
purposes , althoug h this is not so s ta ted.  The purpose  of these grooves
should be stated.

Table 17 summar izes  other speci f ic  comments on the AND and

- - 
MS standards .  With r e f er e n c e  to tooth geome t ry ,  both standards
specif y the involute fo rm , which  is of cou r se  commonly employed
and is believed to be pre fe rab le .  Both s tandards  define p itch d iameter ,
number  of t ee th , diametral pitch , etc. , covering a rang e probab ly
quite adequate for accessory  drives.  The more conservat ive diametral
p i t ch / s tub  pitch ratio of 1 /2 , as specif ied in the MS s tandards , is jud ged
to be more  p re f e r ab l e .  Nei ther  s tandard provides tooth crowning . How-
ever , for  app lications w h e r e  relat ively large  misal ignment  must  be
acce p ted , the use of crowning may have meri t  (Appendix A).
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TABLE 15 . SURFACE FINISH SPE CIFIED ON PROBLEM SPLINES

Male Splines Female Splines
Surface Finish in. Navy Others Navy Others

32 3 2 1 2

60 0 1 0 1

63 4 4 5 8

64 0 1 - -
80 - - 1 0

90 - - 2 0

100 1 0 5 0

125 2 2 5 0

130 - - 1 0

150

Total 12 10 21 11
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TABLE 16 . COATINGS SPECIFIED ON PROBLEM SPLINES

Male Splines Female Splines
Coating Navy Others Navy Others

Chromium flash 2 2 5 a
Copper f lash 2 3 1 -

MIL-L-8937 Dry Film
Lubricant 1 - 1 1

Silver f lash 
- - 0 2

Electrof ilm 0 2 - -

Nickel + Cobalt 
- - 1 i

Tin + Cadmium - - 2 0

Cadmium 2 - - -

MIL -L-460 l0  Dry Film
Lubricant o 1 - -

QQ-P-4 16 1 - - -

AMS 2410 1 - - -

AMS 2485 (Black Oxide) - - 1 0

• MIL-L-25681B Dry Film
C Lubricant I - 1 0

Microseal  100- 1 1 1 - -

Total 11 9 12 6
5, -

Br and names are cited as reported. They do not imp ly endorsement or
otherwise b y the authors.
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TABLE 17. ADEQUACY OF DESIGN STANDARDS AND CONFORMANCE
OF CURRENT PRACTICE TO AND STANDARDS

Percent AND
Comment on Conformance

AND MS Standards Navy Others

Geometry Yes Yes Requires study 78 82

Operating Variables Yes Yes Requires study 67 63

Material No No Inadequate - - - -
Surface Finish No Yes Requires study - - - -

Case Thickness Yes No Inadequate 88 100

Case Hardness: Male: S55 ~56 Requires study 50 50
Female: ~58 ~56 86 60

Core Hardness No No Inadequate - - - -

Coating No No Inadequate - - - -

Lubrication Method No Wet Pad Inadequate - - - -

Misalignment Yes Yes Inadequate - - - - 
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Both s tandards  p rov ide  in fo rma t ion  re la t ing  to such  opera t ing
va r i ab le s  as speed , to rque , and tooth e-ngagcrnent .  Broadly speak ing ,
the n e w e r  MS s t anda rds  p rov ide  fo r  a w i d e r  speed range  (3, 300-
16 , 000 rpm) than the  AND s t a n d a r d s  (2 , 400 -8 , 250 rpm).  Log icall y ,
the  speci f ied  to rque  is l ower  in the  MS s t a n d a r d s  ( 1 5 - 1 4 , 400 in. -Ib)
than in the  AND s tandards  ( 1 0 0 - 1 8 , 500 in. - ib) .  On account  of the
l a t t e r , the tooth en gagement  is slig htl y i n c rea s e d  in the MS s tandards
( 0. 48- 1. 485 in. min imum)  f r o m  the A N D  s t a n d a r d s  (0. 53-1.  18 in.
minimum). As exp la ined  p r e v i o u s ly ,  sp l int -  w e a r  is hig hl y dependent
on the tooth loading or con tac t  p r e s s u re , r a t h t - r than  the to rque  as
such . It was  shown in Tables  7 and S t h a t  the  ca lcu la ted  tooth loading
fo r  the MS s t anda rds  (up to 14 , 520 ps i )  is t o n s i dt - r ab l y hi gher  than for
the AND s tandards  (up to 3, 290 p s i ) .  Sin &- m a n y  c u r r e n t  i n t e r f a c e
splines (probably desi gned to AND stai1c~a r d s )  a r e  already experiencing
t roubles , it is apparen t  tha t  the  n l - w t - r MS s t a n d a r d s  are  inadequate .
In any case , the ent i re  problem of too th  load ing  d e s e r v e s f u r t h e r  study.

Neither the AND nor the MS s tandards  specif y a m a t e r i a l  f or
use in the male or female sp l ines.  As noted  f r o m  Table 13 , a l a rge
var ie ty  of ma te r ia l s  are  used for  the male  and female  sp lines w i t h
AMS 6260 and AMS 6415 being the ones most  commonly used.  Fu r the r ,
Appendix A show s that ma te r ia l s  such as M50 may m e r i t  c o n s i d e r a t i o n .
Since mate r ia l  select ion can have an effect on sp line l i fe , cons ide ra t i on

4 should be g iven to specif y ing ma te r i a l s  in the desi gn s t anda rds .

The AND standards do not specify surface finish. The MS
standards call for  a surface finish of 63 m i c r o i nc h e s , w h i c h  is p robab l y
quite acceptable in most cases.  However , resu l t s  p r e s e n t e d  in Appendix
A suggest  that a roug her su r face  may be benef ic ia l  in p rov id ing  a g r e a t e r
gr e a s e  holding capacity and in faci l i ta t ing grease  flow . Thus , the  prob-
lem also mer i t s  fu r the r  study.

The case thickness  of the male and female  splines is not spec-
if ied in the MS standards , while the AND standards  specif y 0 . 0 1 0  in.
minimum for  the female  spline only. The case hardness  is specif ied
in the AND standards as 55 Rc maximum for  the male sp lines and

- .5 58 Rc minimum for  the female  sp lines , while  the MS standards call
for  a minimum case hardness  of 56 R~ for  both the male and female
splines. In practice , it is more  d i f f icu l t  and costly to replace the
female splines , which  are  usually at tached to some major  component
and thus not easily access ib le .  The older AND standards appear to
accept  this fac t  by making the male splines sof te r  so that they take
most of the wear .  In this respect , it is believe d the newer  MS s tandards
r e p r e s e n t  a backward step.  Finally, core  h a r d n e s s  has re levance
par t icular ly to fatigue , and a requirement  in the s tardards  appears
desirable.

IP~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _  _ _  
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As shown in Appendix A , some plast ic  and pa r t i cu la r ly
metallic coatings can be ve ry  e f f ec t ive  in mitigat ing spline w e a r .
Cons idera t ion  should be g iven to including them in the design
s tandards .

The MS s tandards  w e r e  presumably developed to be used for
the we t  pad spline connection , while  the AND standards are  for  the
dr y pad design. However , th e AND standards do not make mention
that  the sp lines a re  to be lubricated , con sequently th e component
designer may not take lubricat ion into the design of the sp line connection.

Both the AND and MS standards specify the angular and lateral
misalignment  for  the spline connections.  The standards d i f fe r  in the
manner  in w hi ch misa lignment is prescr ibed for the male splines on
the assembled accessory. It would seem desirable for the standards
to employ the same method of p rescr ib ing the misa lignment. The
method employ ed in the MS standards is more  direc t and unders tandable
and should perhaps replace that used in the AND standards. The termi-
nology of the AND s tandards  is ambiguous and does not definitel y
specif y an allowable misal ignment of the male spline on the assembled
accessory .

Fur the rmore , as expla ined previously, the allowable misalign-
men t in both sets of s tandards is in excess of the minimum chordal
clearance; thus mechanical interference may occur in many of the
spline connections.  This situation should be studied to determine if
c learances  and misal ignments  could be a l te red  to a s su re  no i n t e r f e r e n c e
between the sp line teet h.

G. Conformance of Surveyed Splines to AND Standards

It has been shown that both the AND and the MS standards are
inadequate or require  careful  fu r the r  study in many respects.  Neverthe-

• 
- less , re gardless  of their  inadequacy, it is of in t e re s t  to examine to

what extent the surveyed splines conform to the AND standards, The
AND standards are selected for comparison because the majority of

‘
~ the spline wear  problems involved splines designed prior  to the adoption

of the MS standards , thus a comparison against the MS standards does
not seem warran ted  at this time. Fur ther , since the AND standards
a re  fo r  eng ine acces so ry  d r ives , comparison be tween  the s tandards
and splines will be confined only to splines on accessor ies .  The results  j
of th is compar i son  ar e pr esen t ed in the last two columns of Table 17.

W ith regard  to spline geomet ry ,  based on information obtained
f rom the m a n u f a c t u r e r s ’ drawing s relating to the pitch diameter and the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ - -
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diametra l pitch , it is noted that 78 and 82 percent of thc survcycd
splines conformed to the AND standards for the Navy and others ,

r e spec t ively.

The AND standards provide information relating to the following
operating variables: speed , tor que , and tooth en gagement .  Since the
spline tooth load is of ex t reme im portance in splin e opera t ion , it was
calculated based on the p ro jec ted  area for  each of the AND spec i f ica -

t ions (as noted in Table 7). Similar calculations w er e  per formed for
the specific spline problem areas and were compared. The results

are listed under operating variables in Table 17 and illustrate a 67 and

63 percen t  conformance  b y the Navy and o thers , r e spec t ive ly.

In 17 cases , the tooth loads of surveyed splines were below

that corresponding to the AND standards.  In nine cases , th e to oth

loads w e r e  excessive.  In three cases , the tooth loads were  far  in
excess  of those associated w ith the AND standards , as shown below:

Survey Spline AND Standards

Form Tooth Load , Tooth Load ,
No. Facility psi psi

183 Navy 14 , 60 0 710

186 Navy 13 , 200 710
195 Air  Force  13 , 700 267 0

In contrast, some splines had calculated tooth loads f a r  below

those associated wi th AND standards , as shown be low:

Survey Spline AND Standards

Form Tooth Load , Tooth Load ,

No. Facility psi psi.

133 ARADMAC 115 2000
170 Navy 145 2670
178 Navy 360 2670

The ve ry  low design loads cited above a re , of course , on the safe

side. It is the very  wide discrepancies , both too high and too low ,
that is surprising .

The AND standards specif y a case thickness of 0. 010 in.
minimum for  the female spliri e only. Based on information for  the
female interface spli.nes , 88 and 100 percent conformed to the stan-
dards by the Navy and o thers , respec t ive ly.

IPp ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~yW1~~ tWLm,. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The case hardness  for the male and female splines is spec-
ified in both the AND and MS standards . As noted in Table 17 , the
conformance with the AND specifications for  the male splines rate d
50 pe rcen t  for  both the Navy and others.  In general , the component
manuf ac ture r s are  making the splin es harde r than what  is spec if ie d,
presumabl y to extend the life of their splined parts. The female
spline s were  not as bad for the Navy with a conformance of 86 percent ,
whi le the others  had a 60 percent  conformance.
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VII . LUBRI CATION PRACTICE

A. Lubricants

Military specifications , such as T. 0. s and NAVAIRs, specify
the type of lubricant  to be used  for  the major i ty  of spline connections.
These lubr icants  may be divided into three categories , namely:
g reases , liquids (oils and fuels) ,  and solids,

Table 18 i l lustrates the lubricants specified by the Navy and
others for  the sp line problem areas encountered in this survey.  It
is evident that a var iety of lubricants  are  being used for  spline con-
nec t ions by both the Navy and by others .  The lubricants used are
usually specif ied b y mi l i ta ry  specif icat ion, Federal  Stock Number , or
in some cases b y specific brands. Note that brand names are cited as
reported.  They do not imply endorsement or otherwise b y the authors,

1. Greases

Greases comprise the grea tes t  variety of lubricants
used for  in te r face  splines. The most commonly used g r e as e s  are
MIL-G-2 l164 , MIL-G-3545 , Plastilube Moly No. 3 with va ry ing amounts
of MoS 2 added , and Sundstrand 688272. It was repor ted  that  the hi g her
concent ra t ions  of MoS 2 in gr e a s e s  are used for elevated t empera tu re
applications. Nonmili tary specif icat ion g reases  are  somet imes used
and are procured through the appropriate FSNs.

The Jacksonville NAVAIREWORKFAC reports that
- 

- 
‘ normally, when a par t  is reworked that is not assembled di rec t ly onto

an a i r f r a m e  or accessory gearbox , no lubricant is usually applied to
the spline. Sometimes a li ght oil may be app lied to the splines prior
to sh ipment to eng ine buildup or directly to a squadron. Several other

c NAVAIREWORKFAC(s) reported similar instances and most felt that a
grease applied to the male or f emale spline woul d be con taminated by
the time it reached its final destination. NAVAIREWORKFAC(s) repor t

• - that  it is the responsibi l i ty  of the squadrons to follow thei r  maintenance
manuals for  lubr ica t ion of the accesso ry  spline prior  to installation.
In the case of the Lycoming CSDs , the Jacksonville NAVAIREWORKFAC
r epor t ed that sometimes a light coat of Mol ykote No. 306X g rease  is
placed on the male spline before the CSD leaves the NAVAIREWORKFA C.
Perhaps the “bag-and-grease” technique used by American Airlines (see
l a t e r )  would insure that the same lubricant will be used by NAVAIREWORK-
FAC and squadron. In addition , grease  contamination would be eliminated.
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TABLE 18, LUBRI CANTS USED

By Navy

*MIL_G.. 3 545 *MIL_L-8937 MIL-L-7808 MIL- T- 5624
*M IL_ G_ 7 1 87 *MI L...L_2 5681 MIL-L-23699
*MIL_G..771 I
*M IL_ G_ 2l  164
*MIL_G.- 2 5537
*MIL_ G_ 8 1 322

*DAG 213 (Acheson Colloids) *Pj oneer 31 (Bendix)
*JH 13555 (Jack & Heintz) *Plastilub e Moly No. 3 (War ren )
*Lubriplate 630-AA (Fiske) (FSN 9150-823-8045)
*Molykote 306X (DC) *Plastilub e Moly No. 3
*Molylube 503 (Bel-Ray) (FSN 9 150-889-3516)

By Others (Additional)

*M I L_ C_ l l 7 9 6  *MIL...M_7866 MIL-L-5606
*MIL_G..23827 *MIL...L-46010

*Anderol L-786 (Tenneco) *Plastilube Moly No. 3: *688272 (Sundstr and)
• (FSN 9150-926-1969) + 3% MoS2 (FSN 9150-823-9049)

*~A~~dok 260 + 5% MoS2 *922 B8 18-2
*Mol y No. 3 (SWGO) + 50% MoS2 (Westing house )
*Mol ykote C (DC) *FSN 2 04-040-755-3
*Molykote 343 (DC) (Bell)
*Molykote 343X (DC)

A s t e r i s k s  (*) denote lubricants used for in te r face  splines.
Brand names a re  cited as repor ted .  They do not imply endorsement
or o the rwi se  by the au thors .

~ 
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N A V A I R E W O R K F A C  eng inee r s  (Su rvey  Form No. 209)
point out that in the case of an A i R e s e a r c h  s t a r t e r  on a P-3 a i r c r a f t
us ing a T-56 All ison eng ine , a va r i e ty  of gr e a s e s  can be used  as
indicated in Table 19. This par t icular  spline proble m area  has a
hig h usag e ra te  of 75 and 99 pe r cen t  for  the male and female sp l ines ,
r e s p e c t i v e ly. Obviousl y,  the mixing of gr e a s e s  is not a recommended
prac t i ce .  F ur t h e r m o r e , it is quite possible that some of the gr e a s e s
a re  not as e f f e c t i v e  as o thers  and the obsolete ones should be el iminated.
A m e r i c a n  and Uni ted  Ai r l ines  eng inee r s  r epo r t  that no g r e a s e  mixing
is al lowed on commerc ia l  a i r c r a f t .  They f u r t h e r  r e p o r t e d  that the
mixing of gr e a s e s  can be a cont r ibu t ing  f a c t o r  to acce le ra t ing  spline
wear .

In exam ining the l a rge  number  of gr e a s e s  cited in
Tables 18 and 19 , the p a r t i c u l a r  spline appl ica t ion should be b o r n e
in mind. Most i n t e r f ace  sp lines a r e  intended to opera te  in air  environ-
ment  only,  thu s gr e a s e s  of long induction per iod  in air  a r e  des i r ab le
for  such applicat ions.  On the other hand , some in t e r f ace  sp lines may
occasional ly be exposed to fuel ;  in that  case a good w e a r  l ife ~n fue l
is also des i rab le  and this may entail some compromise  on the per-
for m a n c e  in a i r .

Several  of the g r e a s es  ment ioned have been eva lua ted
at SwRI. As show n in Appendix A , MIL-G-2 1164 has the longes t
induct ion per iod  in a i r , while MIL-G-77 11 (now obso le te ),  MI L- G-2 5 5 3 7 ,
and MIL-G-25537  plus 5 pe rcen t  MoS2 have modera te  induct ion pe r iods .
M I L- G - 2 7 6 l 7  and Grease  E ( p r o p r i e t a r y )  have long we a r  l ives in fue l ;
but have no induction period and thus very poor p e r f or m a n c e  in a i r .
MIL -G - 8l 3 22  has not been tes ted  at SwRI for  spline app l ica t ion;  but
is repor ted  b y NADC to have a long induction per iod  comparable  to
M I L-G - - 2 l 16 4 .  F ur t h e r , t e s t s  on MIL-G--8 1322 in an a i r c r a f t  wing

- - f lap actuator  app lication gave excellent  r e su l t s. *

Of the var ious  mi l i ta ry  g r e a s e s  ci ted in Tables 18 and
19 , MIL-G- 3545 , MIL-G-7 187 , and M IL - G-7 7 l 1  a r e  now obsole te
and thus need not be cons idered .  Of the remaining  mi l i t ary  gr e a s e s ,
c u r r e n t ly avai lable r e s u l t s  show that M I L - G -2 l  164 (with a t e m p e r a t u r e
capabili ty up to 250°F)  and MIL-G- 8 l 3 2 2  (up to 350°F) g ive the be s t
p e r f o r m a n c e  in air .  If occasional  exposure  to fuel  is expected ,
MIL-G-2  5537 wi t h or wi thou t  5 p e r c e n t  MoS2 would r e p r e s e n t  some-
wha t  of a compromise.

*Tyler , J . C. “Pe r fo rmance  Tests on Two G r e a s e s  for  Airp lane W ing
F lap A ctuato r s ,” SwRI Rept. RS-524 (under Air Force Contract
DAS 600-69-C-0-294), October 16 , 1968. 
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TABLE 19. LUBRICANTS SPECIFIED FOR STARTER
AND GEARBOX ON P-3 AIRCRAFT

Facil i ty or Recommended Spli.ne Component Specifications and
Manufac tu re r  Lubricant  Lubricated Comments

AiResearch  Not specified Starter-male

Alemeda MIL-G-2  1164 Gearbox-female Ei ther  can be used; how -
or eve r , MIL-G-a 1164 is

MIL-G-8 1322 usually used

Alemeda Gearbox-female Generally none is used
and s tar ter-male

Allison MIL-L-2568 1 Gearbox-female NAVAIR OZB - 5DE -6-2

Allison MIL-G-8 1322 Gearbox-female NAVAIR 02B - 5DC-. 3
Use before  installing cover

Bendix Pioneer 31 or Starter-male
MIL-L-3545

Hamilton Std. MIL-G-21164 Starter-male NAVAIR 03- 1O5AA- 19

Lockheed MIL-G-21164 AiResearch , Bendix,
or Hamilton Std.
sta r te r s  -male

Squadrons MIL-G-21164 Starter-male NAVAIR O 1-75PAA-2-4.  1
(N avy) U sed f or m ost s t a r t e r s

Brand names are cited as reported. They do not imply endorsement or
othe rwise b y the authors.
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As to the  numerou s p r o p r i e t a r y  g r e a s e s  ci ted in Tables
18 and 1’) , no comments  pro or con ar e  w a r r a n t e d  he r e .  In any case ,
t he l is t  is f a r  too la rge  to manage , and an ef f ort  towar d sim pli fy ing
the l i s t  t hroug h sys temat ic  evaluations and s tardadizat ion  wi th  the
object ive of formula t ing  sui table  spec i f i ca t ions  appears  wor thwhi le .

Equall y impor tan t , deve lopment ,  of g r e a s es  w ith
bet ter  in-a i r  p e r f o r m a n c e  c ombined wi th  acceptable  in-fuel  perfor-
mance should also be considered.

As mentioned e a r l i e r , the orr imercial  air l ines do
not allow g rease  mixing . This may imp ly a compat ib i lity problem ,
which shou ld be kept in mind in the fo rmula t ion  of new spec i f ica t ions .

2. Liquids

This lubricant  ca tegory  may inc lude both oils and fue l s .
A s explained pr eviou sly,  sp lines opera t ing  in oils genera l l y p r e s e n t
little problem , while those operating in fuels  are  st il l a m a t t e r  of
concern.

The types of li quids encountered in service  are  listed
in Table 18. MIL-L-23699 and MIL-L-780 8 type oils are  usuall y
u sed b y the Navy and Air Force , respec t ive ly. These oils are  most
commonly used in the j e t  eng ines an d in en g ine accessor y gearboxes.
Splines are lubricated wi th  these oils whenever  an oil mist or wet
pa d method of spline lubricat ion is used.

Some commercial  a i r c r a f t  use MIL-L-5606 hy drau li c
f luid in fl ap sy stem gearboxes .

Splines in the je t  eng ine fuel pump may be subjec t ed
to and lubricated by MIL-T-56Z4  type jet  fuel.  The splines operating
with in  the fuel pump are  usua l ly not ot herw ise lubr ica ted due to the
possib ility of contamination.  In some cases , some type of surface

• t r ea tments  are  u sed.  Considerable work in this area is reported in
Appendix A.

3. Solids

As shown in Appendix A , sol id-fi lm lubricants provide
no pro tec t ion against  the s e v e r e  wear  conditions encountered  in splines .

B. Lubr ica t ion  Methods

Several  methods are used in lubr ica t ing sp l ine conn ect ion s in
cu r r e n t  a i r c r a f t , name ly, dr y pad , m ist , and wet  pad.

• 

,. . 
•
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1. Dry Pad

A large number of splines on current aircraft operate
in an air env ironment without  the use of any liquid lubricants .  This
ty pe of spline connection is called a dry pad. The splines on the d ry
pad a re  u sual ly lubr ica ted  wi th a g rease w ith or without the use of a
sp line su r face  t r ea tment .  The main advantage of this method is that
it does not re quire  an elaborate lubrication system , hence it is used

• extensively for  in ter face  sp lines. The grease  lubricated dry pad is
normally rel ub r i ca t ed  at cer tain int e rvals , depending upon the life
expectanc y of the spline connection and/or  the components involved.
In the event that excessive sp line wear  cannot be minimized by the
use of more  ef fec t ive  grease  and /o r  various surface t reatments , the
spline connection is somet imes converted to a mist  or wet  pad.

2. Mis t

The t e rms  mist  and wet  pad refer  to the methods used
in lubricat ing the i n t e r f a c e  splines of the eng ine accesso ry  gearbox.
The m ist method ( somet imes  r e f e r r e d  to as oil mist  or oil spra y)
consis ts  of p rov id ing  small holes in the female sp lines on the gear-
box to provide  an oil mist  to t he splines between the a c c e s s o ry and
the gearbox. Oil is ori g inally provided by the eng ine oil rec i rcula t ing
system. Usuall y,  no provisions are made to recover the oil mist  and
it is d i rected overboard,  in the event that this techn ique does not
adequatel y reduce excessive sp line wear , a wet  pad desi gn wi ll usual ly
be recommended by the acces so ry  or eng ine manufac turer .

3. Wet  Pad

The wet pad design provides positi ve oil lubr ica tion to
the spl ine connection between the gearbox and an accessory .  The high
p r e s s u r e  (perhaps 10-40 psi) oil is directed f rom the gearbox to the
sp line connection, scaveng ed back to the gearbox, and r ec i r cu la t ed  at
a very  low ra te .  In order for the conversion to be made , the accessory
male sp line is usually f i t ted w ith a sing le or double “0” ring to prevent
oil from entering the accessory. Current MS standards (MS 3325-33Z6)

• 
“ specify the gearbox and accessory pad designs for the wet pad lubrica-

t ion sys tem.

Conversion to the we t  pad system is usually ve ry costi y
when made for  only one accesso ry ,  consequently the method is only
used in severe  cases that cannot be corrected by other means . The
NATO wil l  usuall y evaluate the wet pad improvement prior to full Navy
usa ge.

-
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C. Lubricat ion Interval

The majority of the spline connect ions  used in mi l i tary  air-
cra ft  a re  lubr ica ted  at variou s in te rva ls  during maintenance  and rework
b y squadrons and NAVAIREW ORKFA C(s). The lubr icat ion in terval
was report ed to b e speci f ied by T. 0. ‘s , NAVAiR~s , PPB’s , and o the r
documents for various mil i tary a i r c r a f t .  There is no one lubricat ion
char t  il lustrat ing the lubricating intervals  for  inter face sp li ne connec-
tions on mi l i tary a i r c r a f t .

The sp line connection should be capab le of per forming properl y
so as to attain the scheduled OH time for  the par t icular  component or
accessory .  During NAVAIREWORKFAC or commercial  OH , the spline
par ts  wi ll be examined to determine if the sp line s are below the rejec-
tion cr i te r ia , and if so , if the splines can operate sa t i s fac tor i ly fo r
another  tour.  In some cases where  severe  wear  has been noted , the
lubricat ion in terva l  will  be reduced in an e f fo r t  to insure proper oper-
ation up to the next  NAVAIREWORKFAC overhaul .

Based on the l imited information reported regard ing  sp line
his tory  and the lubr icat ion interval  for  the troub 1e~~ome spline connec-
t ions , it appears  that  the spline OH period and the acces so ry  OH per iod
are  essent ia l ly the same. The TBO for the accessor ies  varied from
400 to 3000 hours wi th  the averag e being about 1250 hours.  The lubri-
cation in terva l var ied  f rom 60 to 1500* hours with  an average of 640
hours .

The OH time is usu ally di f ferent  for  each a i r c ra f t ;  in addition ,
the OH time for  each accessory  can vary.  The OH time for  the
major i ty of par ts  within the eng ine is usually m u c h  higher whi le som e
eng ine par ts  have ma ndatory re t i rement  times.

ID. Accessibi l i ty f or Relubrication

As noted ear l ier , the major i ty  of spline problems have been
-
. found to be at the in te r face  spline connections between the eng ine

accessory gearbox and a particular accessory. This spline connec-
• tion can employ a dr y pad , mist , or wet  pad method of lubricat ion.

In t h e dr y pad spl ine connect ion , the accessor y must be removed
pr io r  to relubrication~ The mist or wet  pad obviously does not
requi r e re mova l since oil is p rov ided by the adjacent gearbox.

*This lubrication f requenc y excludes a 3000 and a 4000 hour lubrica-
tion interva l for Survey Form Nos. 176 and 177, respect ively. In both
cases , the spline life could probably be eas ily extended by reducing
the lubrication interval .
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Th e d ry pad fe male sp lines at the eng ine accesso ry  gearbox
arc  not as access ible  as the mating male sp lines on the accessor ies .
The sp line pitch d iameters  range from 0. 4583 to 1. 62 5 inches for
the AND designed spline connections and 0. 4583 to 2. 000 inches for
the MS splines. Since the splines are  small in dia mete r , they are
in h e r e n t ly di f f icul t  to clean and inspect.

• In any event , it is importa nt to clean the spline conn ec t ion

thorou ghl y to prevent  any used g rease  an d contaminants to car r y over

into t he re lubr icat ed  connection. Observations made during this sur-
vey indicates tha t the male and f emale splines at the accessory  gear-
box location are adequately cleaned during normal rework at the
NAVAIREWORKFAC(s) .  At the depot maintenance level , essentially
all of the sp lined par t s  on component s are compl etely di sassembled
and cleaned and inspected.

E. Information f rom Lubricant Manufacturers

Information was obtained from Chevron Oil Co. , Shell Oil
Co. , and Texac o , Inc. , regarding (1) general  recommendations ,
(2) cu r r en t  lubricants suitable for  spline operation , and (3) suggested
components f or sp line grease  lubricants. This material was re-
qu es ted  by means of the Lubricant Manufac turers  Survey Form sh ’ vn
in Table 4 , and summarized in Appendix C.

• 1. General  Recommendations

Perhaps  the most s ign if icant  input f rom the lubr icant

manu f a c t u r e rs  was the information obtained f rom the general  recom-
mendat ions  which is summar ized  as follow s .

The gene ra l . feeling shared  b y all lubr ican t  manufac-
t u r e r s  is that  a “ sof t  g r e a s e ” should p rovide g ood sp line protect ion.  *
The g r e a se  should have good bleed or weep ing charac te r is t i cs  thereby
p e r m i t t i ng a more oil y sub s tance to be avai lable in the in ti mate spl ine

co nnect ion.  It was also suggested that the lubricant  should not be
co ntaminated  and provis ions  should be made to contain the lubricant
w i t h i n the spline connection during operation.

Splines should be operated in a low viscosity oil bath
w h e n e v e r  possible.

*Work  p e r f o r m e d  at SwRI under  Navy sponsorship  confirmed that in

the is’, of Gt ea s e  I (M IL-G-27617)  and D (MIL-G-23 549),  the sof t

cons i s t enc y of c e n t r i f u g ed  samples provided more protection for the( sp line connect ion , wi t h more  scat te r  in the repeat test however.
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Thick coating s or elast ic f i lms may be ef fec t ive  in
re tard ing sp line wear .  A bonded type of elas tomer may be capable
of absorbing the re la t ive  motion be tween  the mating p ar t s  thereb y
minimizing spline wea r .  *

Chevron eng ineers  fee l  that con side r ation shou ld be
g iven to designing a spline g rease  pump ing sys tem minus the use of
an external  pump. This grease pump ing concept is presumably used
in automobile ball joints.  The important  fac tor  is to insure  that new
g r e as e  comes into the intimate site of the mating spl ines th ereby
extending spline life. Ideally, the spline connection should be de-
signed in such a manner as to provide this pump ing action with pro-
visions for a wear  part icle  cavity and a new grease  r e se rvo i r .
This could allow the wear  par t ic les  to be t rapped and not permi t ted
to rec irculate with the newer  grease .

2. Current  Lubricants  Suitable for Spline Connections

None of the companies contacted manufac ture  a g rease
spec if ically for  spline connections. The genera l  opinion is that the
amount of grease  utilized for  spline connections is re lativel y small
and the re fo re  does not w a r r a n t  a research  and development p rogram.
The major i ty  of the lubr icant  manufac ture rs  will , however , s t r ive  to
develop g reases  to conform to mil i tary specif icat ions.  Each of the
lubr ican t  manu f a c t u r e r s  contac ted  sug g ested tha t  the f ol low ing lubri-
cants ma y be suitab le for  spline connections:

Chevron Shell Texaco

Mobil No. 28 Aeroshel l  22 Novatex 1
(MIL-G- 81322) (MIL-G-8 1322) (MIL-G-2  11 64B)

Kry tox  240 Aeroshell  14 Regal Starfak 2
(DuPont) (MIL-G -25537)  (Texaco)

Aeroshel l  17 Uni -Temp 500
• (MILG21164) (Texaco)

Represen ta t ive s of both Chevron and Texaco felt that
the in f o r m a t i o n  requested regarding lu b r i c a n t  des c ri ption and proper t ies
in f r inged  on propr ie ta ry  information , and the re fo re  was not disclosed.
The in format ion  contained in Appendix C, Table C-2 for Texaco was tabu-
lated by SwRI pe r sonne l  f rom l i t e ra ture  fu rn i shed  by Texaco.

* See Appendix A for SwRI work.
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The Chevron Company is currently deve lop in g a

pol y u r ea - t h i c ken e d  g rease  to conform to MIL-G-8 1322 , which  they
fee l  should be adequate for  sp line lubr icat ion.

F. Informat ion f rom Commercial  Air l ines

1. A m e r i c a n  Ai r l i nes

American Airl ine s did not r epor t  any spline fa i lu re
problems.  They are  cur ren tl y using the l u b r i c a n t s  specif ied in
Table 20 for a var ie ty  of sp line connect ions.  This tabulation indi-
cates the es t imated  in ter face  spline te mpera tures , the t yp e of
lubrica nt used , and the component OH period.

In order to insure that the correct grease is used and
that conta mination possibil i t ies are  el iminated , American A ir lin es
ut i l izes  a pol y eth y lene bag containing the appropr ia te  g rease  to be
used.  The male sp line is lubr ic ated a f te r  component OH for  hy d rau l i c
pumps on the 707 and 727 a i r c r a f t .  The b a g - a n d - gr e a s e  is a t tached
to the component unt i l  the component is r ece ived  in the f ie ld , at
w h i c h  t ime the g r ea se  is applied to the female spli n e connection to
i n s u r e  that the same g r e a s e  is used .  Since many A m e r i c a n  Air-
l ines  a i r c r a f t  have w e t  pad connect ions , ca re  is taken not to inad-
v e r t e n t ly use  g r e a s e  on a we t  pad connect ion.

2. Uni ted  Ai r l ines

In March , 1969, Un i t ed  eng inee r s  consul ted v. ith oth r
a i r l ines  to de t e rmine  the type of l u b r i ca n t s  used  on gen e r a t o r  inter-
face  spline connect ions.  Table 2 1 contains  informat ion obtained
re la t ing to var ious  lubr ican t s  u sed  and c o r r e s p o n d i n g  f ie ld  r e su l t s .
T u e  m a j o r i t y  of cases  r epo r t ed  spec i f i ed  the  u se  of some type of

• mol y bdenum disu l f ide .

The one i n t e r f a c e  sp line p rob l em repor ted  by Uni ted
was a gene rato r  to gearbox  applicat ion on the DC-8 aircraft (Survey
Form No. 214) . Un i ted  is c u r r e n t ly u s ing  a 50/50 mixture  of Uni-
Temp 500 and Mol ykote “Z” powder p lus M i c r o s e al  100-1 on the
ge n e r a t o r  sp lirie. The spline connection now incorpora tes  a muff ,
and is sealed b y mean s of an “0” ring to p reven t  contamination and
provide lubr icant  retent ion.  The results  of this recent  change are
unknown at this t ime.  The g r e a s e  re tention technique and muff was
first used on a hy drau lic pump by Amer ican  Air l ines  (Survey Form
No. 201 , a t r o u b l e - f r e e  ins ta l la t ion) .

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ , 
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G. In formation  f rom Ai r f r a m e  and Equi pment  M a n u f a c t ur e r s

1. Boeing Company

The flap sys tems emp loyed on severa l  commercia l

a i r c r a f t  are  operated by means of gearboxes  in t erconnec ted  b y torque

tubes which t r ansmi t  power to opera te  the flaps .  In severa l  cases ,

as i l lus t ra ted  below , MIL-L-5606 hy draul ic  fluid is used  in many

gearboxes , whi le  MIL - G -2 1 l6 4  grea se  is used in o the r s .

Approx ima te

A i r c r a f t  Lubr ican t  No. of Areas

73 7 Oil (MIL-L-5606)  8

737 G rease  (MIL-G-2 1164) 5

747 Grease  and oil (MIL-L-5606)  Unknown

727 Oil (MIL-L-5606)  All

707 Oil (MIL-L- 5606) All

The main reason for selecting the MIL-L-  5606 hy drau l ic

f luid as a lubr icant  for  use in the gea rboxes  is its low t e m p e r a t u r e

c h a r a c t e ri s t i c s .  At elevated alt i tudes the env i ronmen t  of the f laps can

be as low as -40°F .  The flap systems usually operate  i n t er m i t t e n t ly

dur ing  take-of f  and landing operations . Various  sp line connection s a re

used between the torque tubes and the gearboxes and are lubricated

a f t e r  12 , 000 fli ght hours  (approximatel y 20 , 000 flights) .

2. Sundstrand Corporation

Sun d s t r and recommends only one grease  for  dry pad

spline connections—namely, Sundstrand Part Number 688272 (50%

U n i-T e m p  500 plus 50% MoS2. This g re a s e  is speci f i ed  b y FSN 9150

823-8049.  Sundstrand has and is cur rent l y recommending to the air-

f r a m e  m a n uf a c t u r e r s  that this type of lubr icant  be spec i f ied  in the

a i r f r a m e  manuals  for dry  pad spline connect ions.

Sundstra nd p e r f or m e d  a considerable amount of eval-

uation on this grease some eight to ten years ago. No other lubricants

are now under evaluation. Sundstrand normally depends on the results

obtained from commercia l  a i r l ines  regard ing  the e f f e ct i v e n e s s  of lubri-

cants and component operat ions throug h f ield r e p r es e n t a t i v e s .  Commer-

cial a i r lines  accumulate  a considerable  amount  of t ime on var ious  air-

c r a f t  thereby provid ing  a good input source  rega rd ing  lubr ican t

ef fe  c t iveness .

- - -~~~~~~~~~~~~~~•
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Sundstrand feels that the military have too many

lubricants for use in spline connections. It was recommended that

either one or two lubricants be utilized for military interface spline

connec tions without mixing lubricants .  -
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VIII .  MA I N T E N A N C E  PRACTICE

A. N ew and U s e d  Sp l ines

The p e r f o r man c e  of a sp line connec t ion  on m i l i t a r y  a i r c r al t

is a g g r a v a t ed  b y the  use  of new and u s ed  male sp lin es  \ ¼ l t h  f leW and

used  f emale  sp lines .  A new a i r c r a f t  w i l l  i ndeed  have  all nei~ m a t i n g

sp line connec t ions .  Throug h n o r m al  m a i n t e n a n c e  p r oc e d ur e s~
NAVAIREWORKFA C(S) and squadrons  wi l l  r e m o v e  and r ep lace  sp line 3

components  when  an a i r c r a f t  is s u b j e c te d  to PAR , IRAN, CI , CER ,

CR, OH , QEC,  SR , and on WO.  Dur ing  any of these  t imes Som e of

the sp lines can lose the i r  ori g inal mating i d e n t i t y .  No pr e c a u t i o n s

a re  taken to keep the sam e spl ines  t o g et h e r .  At this  t ime , a male  or

female  sp line is checked by E&E to de t e r m i n e  w h e t h e r  or not  it is

within the speci f ied  l imits .  If the sp line is w ithin l imits , it is u sua l ly

re ins ta l l ed  fo r  another  tour .  In mos t  cases  when  components  a r e  found

to r e q u i r e  new sp lines , no r ecord  is made  of the rep l acemen t s  on the

ARCs;  th e r e f o r e  the exact  l ife of the sp l ines is unknown.  In many  ca s e s ,

it would be essent ia l ly impossible  to main t ain the same ma t i ng  sp lines

since the male sp line remains  intact  wi th  t~ie ac c e s sor y  wh i l e  t h e  en c in e

and gea rbox  may be ove rhau led  at ano ther  N A V A I R E W O R KF A C  or a

commercia l  r e w o r k  faci l i ty .

The g e n e r a l  consensus  of per sonne l  is that  mixing of sp li ne

p a rt s  can have the following e f f ect s :

1. The mating of new and u sed  spliri e pa r t s  wil l  i n t roduce

hi g her  tooth loads until some of the tee th  w e a r  down p e r m i t t i n g  n ea r l y
• all of the teeth to share  an equal load. The w e a r  debr i s  ge n e r a t e d

during this t ime rema ins  d i spersed  th roug hout the g r e a s e  the reby

min imiz ing  the benef ic ia l  e f f e c t s  of the g r e a s e  and sho r t en ing  the

sp line l i fe .

2 . It was  also r e p o rt e d  tha t  the sam e axial  e n ga g e m e n t

• w i l l  not  a lway s  be obtained wi th in  a sp line connect ion th e r e b y a f f ec t i n g

the tooth load distr ibution and a ff e c t i n g  the sp line l i f e .

3. Unusual  w e a r  pa tt e rns  on a number  of sp line p a r t s

col lected d u r i n g  this  s u r v e y  s u g g e s t  that this was due to mixing of

sp line pa r ts , some having nonun i fo rm  engagemen t .  In m a n y  cases

the or i g ina l involu te  f or m  is comple te ly w o r n  away .  The un u s u a l

w e a r  p a t t e r n s  can some t imes  a f f e c t  th e  sp l ine w e a r  m ea s u r e m e n t

and r e j ec t i o n  c r i t e r i a .  

- - -
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B. Spline Mi salignment Measu rem ent and Cont r ol

Very little information regarding the misalignment of specific
problem splines was obtained on the 91 spline problem areas.

The majority of these problems have involved interface splines
that connect the engine or access ry gearbox to accessories such as
starters , generators, hydraulic pumps, fuel pumps, etc. When two
such components are connected by interface splines there are several
sources of misalignment such as the stackup of tolerances of the many
parts such as bearings, shafts, mounting pad, accessory flange, and
the splines themselves. In addition , during operation or installation
these parts may become bent or damaged resulting in rnisalignments
in addition to those caused by the stackup of tolerances. Therefore ,
it appears very likely that many interface spline connections involve
combin ed misalignment  of the splines which is great enough to accel-
erate  wear .  However , the misa l ignment of sp line s assembled in
components and accessor ies  is seldom measured at the overhaul
faci l i t ies  as is shown by the responses from two Air Force , two Navy
and one commercial airline overhaul facility which are g iven below:

1. Kell y AFB

According to personnel in the Mechanical Branch of
Service Eng ineering Division, misalignment of the in te r face  sp lines
on accessories is not measured after the accessories have been over-
hauled and reassembled. Propulsion Branch personnel of Service
Engineering reported that misalignment of interface sp lines on engines
and gearb oxes is not measured after these units have been overhauled
and reassembled. Both branches reported that measurements  of
individual parts are checked against the tolerances of appropriate
drawings  and it is assumed that the installed unit will give satisfactory
alignment.

2. Tinker AFB

Service Engineering Division personnel reported that

sp line m isa lignm ent on assembled accessories  is not gene r ally rnea-
sured.  Misalignment  is cont r oll ed through tolerances on par ts .
Personnel  have experienced sp line misalignment problems with newer
constant-speed drives (CSD’ s). In order to solve this problem , quick
attach-detach mounting plates are used between the mating CSD and

genera to r .  One aligning plate is set in epoxy and attached to the CSD.

A l i g n m e nt  is made b y means of a dial indicator af te r  which the epoxy
is a l lowed  to se t .  The same p r o c e d ur e  is used  on the gene ra tor  wi th

a n o t h e r  ali gning p late and the ge n e r a t o r  is then at tached to the CSD.

— ~~~~~~ ~~~~~~~~~~ ~~~~5-I~s . - ‘St, - - .
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3. Quonse t  Point NAVAIREWORKFAC

Aerospace Eng ineer ing Powerp lant personnel  r epo r t ed
that misalignment on assembled units such as engines , gearboxes ,
and acces so r i e s  is not genera lly measured .  One exception is the
J-65 eng ine gearbox.  Spline misalignment is checked on this  gear-
box because  misalignment problems have been encountered with  each
i n t e r f a c e  sp line on the gearbox , necess i ta t ing considerable  r ework .

4. Pensacola NAVAIREWORKFAC

Accord ing  to Powerplant and Acces so ry  personne l ,
spline misalignment  is general l y not measured  on assembled  acces-
sor ies , eng ines , or gearboxes .  Parts a r e  m e a s u r e d  to check
conformi ty with appropriate  drawing tolerances.  Shafts are checked
for  s t ra ightness , and bear ing bores  are checked fo r  f i t  and concen-
tr icity. On the basis of these operations , alignment  of the insta lled
accessor y is assumed to be within the ori g inal limits.

5. Amer ican  Air l ines

Personnel  f rom A i r c r a f t  Sys tem Eng ineer ing  r epo r t ed
that misa lignment  of in ter face  sp line connections is normal ly not
m e a s u r e d .  The air l ine had exper ienced  a severe  i n t e r f a c e  sp line

• problem at a hyd r a u l i c - g e a r b o x  connection.  The misal ignment  of
the female  spline at the gearbox was checked out and found to be in
excess  of the AND Standa r ds b y a fac tor  of 2 or 3 to 1. The problem
vas aileviated by improving the alignment, resulting in extending the
l i fe  of the sp line f r o m  about 400 hours  to more  than 6400 hours .

C. Spline W e a r  Measuremen t

.
~ 

~.. In the manufa cture  of new sp lines , the a c c u r a c y  of p roduc t ion
is c h e c k e d  b y rout ine quali ty control  p r o c e d u r e .  The new splines can
be checked with SAE standard gages of the types listed below :

Pins (or  w i r e s )
Composite spline gage having a full complement of teeth

— Sector spline gage having two diametrically opposite
g roups of tee th

Sector plug gage (paddle gage)
Sector ring gage (snap ring gage)
Progressive gages (Go and No-Go type)

The pin (somet imes  called wi re )  method of checking tooth
thickness or spacing , based  on a true involute profi le , i s we ll acce pted

~~~~~~~~ .~~~~
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in industry. Procedures and tables are prescribed in the SAE Hand-
book. The method is also widely used to m ea s u r e  sp line w e a r ;  but
its val idi ty needs ca re fu l  study. Worn teeth do not normal ly r et a in
a t rue involute profile , so use  of the s tandard  ta bl es can lead to
e r r o r s .  Moreover , if wear  does not occur uniforml y over the ent i re
tooth length , the p ins wi ll misa l ign an d the measurement  can be mis-
leading.

During the current survey, it was noted that many different
methods a re  being used fo r  measu remen t  of spline w e a r .  In many
cases , NAVAIREWORKFAC personnel feel that the currently used
gages  are  not suf f ic ient ly accura t e , can only be used on one spline
size , a re  too expensive and d i f f icu l t  to use , and are  not always capable
of measu r ing  sp line w e a r  by v i r tue  of the r e su l t ing  wear pa t t e rns .  The
Ground Support  Division of NAE C is c u r r e n t ly stud ying the methods of
measu r ing  spline wear.  It is unders tood  that  a repor t  will be for th-
coming containing informat ion  relat ing to the var ious  sp line sizes
ut i l ized  in Navy a i r c r a f t  eng ines.

The various wea r  m ea s u r e m e n t  techn iques a re  l is ted in Table
22 and discussed below :

- 
- 1. Backlash

The Avionics Depar tment  of the Che r ry  Point NAVAIRE-
WORKFA C repor t ed  that  visual inspection is usually u sed  to de te rmine
w h e t h e r  acceptance or reject ion of splines is indicated. Sometimes ,
while  the sp lines a re  engaged , one spline is rotated back and fo r th
(essent ia l ly a backlash measurement )  to determine if the sp line con -.
nect ion is sui table  fo r  use. No spec i f ic  re jec t ion  c r i t e r ia  was cited.

2. Ball, Dial-Indicator

r
Uni ted  Air l ines  normally measures  the f r o n t  compresso r

rear  hub sp line b y means of a dial-type ball gage , Model No. 202P-
- ‘ 2 32 W- 17824 , manufactured by Federal  Gage , Providence , Rhode Island.

The gage observed  contained a dial cal ibrated f rom 0 to 20 thou sandths
of an inch in 0 . 0 0 5 - i n,  units and cost approximately $1 , 000. D i f f e r e n t
length ba l l - s t em adapters  can be ut i l ized so that var iou s size female
splines can be measu red .  This ins t rument  is used  pr imar i ly for  eng ine
splines.

3. Comparator, Optical

The Cherry Point NAVAIREWORKFAC also uses an
opt ical  compara to r .  This device is similar to a microscope having
a 10 and 20 power lens. The worn spline is placed in the holder and
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• TABLE 22. SPLINE WEAR MEASUREMENT TOOLS USED

Measurement Tool By Navy By Others

Backlash 1 -

Ball , Dial-Indicator 10 2
Comparator , Optical 5 -

Comparator , Pocket I -

Depth Gage 1 6
Door Knob 4 -

Feeler Gage - 1
Go-No-Go 2 4
Micrometer - 1
Pins or Wires 26 23
Photographs 1
P&W Tools - 2
Shadowgraph 1 4
Stylus - 1
Versa-Dial 1 1
Versa-Dial w/Q.P.Tip 16 -

Vinco Gage 1 -

Visual 13 ii
Not Specified - 2

~
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viewed  t h r o ug h a rubbe r  eye p r o t e c t o r .  The enlarged spline is seen
wi th  a s crj b e d  cal ibrat ion scale in inches . A visual r e f e r ence  wi th
the ca l i b r a t i on  scale is made and the amount of spline we4r  noted.
It would appear that a spline replica would have to be made and
sec t ioned  for  e f f ec t i ve  m e a s u r e me n t .

4. Comparator, Pocket

Pensacola engineers reported that a pocket comparator
was used to measure generator spline wear in accordance with
NAVWEPS 03-5AA- 100 .

5 . Depth Gage

ARADMA C ut i l izes  a conventional mic romete r  typ e
depth gag e wi th  a p ointed st ylus to measure  the spline wear  and pit
depth on the hel icopter  main rotor  mas t  sp l ines.

6. Door Knob

Approximately ten years  ago , eng ineers  at the Nor th
Island NAVAIREWORKFAC designed a back lash- type spline wea r
measu r ing  tool for  both male and female sp lines commonly know n as

• t he “door-knob” . This relatively simple device is illus t ra ted  in
Figure  5. Part  Number  NAS NI T32 512 was noted for  the par t icular
gag e rev iewed .  In this device , the knurled knob is a t tached to the
inner  tube containing a short  length (1/8 - i n )  spline. Another  iden-
t ical  spline was af f ixed to the outer  tube a t tached to the stat ionary
m e m b e r . As the door -knob  spliries are placed into a female sp line ,

• the knu r l ed  knob is rota ted and the sp line wear  is indicated on the
dial. A separa te  tool is requi red  for  each male and female sp line
having d i f f e r e n t  p itch d iameters .  A similar type gage was made for

5- m e a s u r i n g  male spl ines.  This unit  was  g radua ted  in one-thousandths
of an inch up to 0 . 0 1 5 - i n . The design concept is essent ia l ly the same
as the Vinco Gage (Item 17).

7 . Fee ler  Gage

ARADMA C ut i l izes  a conventional  f ee le r  gage to mea-
sure  step w e a r  on a quill sp line shaf t  located in the eng ine t ransmiss ion
on a CH-47 he l i cop te r .  P resumably,  a f ee l e r  gage of appropr ia te
s ize  is placed into the w e a r  step and matched  wi th  the unworn  portion
of the sp l ine  tooth to de t e rmine  the  amount of w e a r .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _  _ _ _ _ _  _ _ _ _ _ _
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M A L E  SPLINES
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FIGURE 5. “DOOR-KNOB ” SPLINE WEAR MEASURING TOOL
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8. Go-No-Go Gages

Technical  Orders  and NAVA.IR ’s normal l y speci f y ea sy -
to use  gages  for  use  at squadron levels for  m e a s u r i n g  sp line w e a r .
Navy NAVAIREWORKFAC and Air Force Depot maintenance bases
usual ly use  more  sop his t ica ted  tools . Informat ion was  obta ined on the

• follow ing go-no-go gages :

a. A ring type go-no-go gage is used at squadron
l eve l  fo r  accept ing or re jec t ing  spline w e a r  on male sp lines.  The one
tool examined was designated GDN-5230 T-16 , as il lus t ra ted  in Figure
bA. This gage u t i l izes  four overs ized (wider) spline teeth. Most
spline connect ions are  designed so tha t the male sp line is in full  con-
tact  vJth the female  sp line , consequently this tool would be e f fec t ive
for  most  m e a s u r e m e n t s.

b. Some squadrons use go-no -go  gages similar
to tha t  i l l u s t r a t ed  in Figure  6B for  measur ing female splines. One
tool examined was designated GDN 5229 TT0956. This tool utilizes
f o u r  o v e r s i z e d  (wider )  sp line teeth.  The gage would not be e f f e c t i v e
unless the end of the female spline teeth were worn so that the tool
could be inserted to the worn area. Many of the female gearbox
splines examined did not rece ive  wear  at the end of the female spl ine.
Go-no -go  gages  of this type w e r e  used at the Kingsville  NAS for
checking temale  splines on the inline CSD (Survey Form No. 170).

c. Uni ted  Air l ines  ut i l izes a go-no-go type gage
cons i s t ing  e s sen t i a l ly of a small tee-handle with a ball a t tached to
each  end of the tee. The gage is tilted into a female gearbox spline
and if the handle can be placed coincident wi th  the center line of
the f emale  sp line , the sp line is re jec ted .  A separa te  tool is r equ i r ed
for  each d i f f e r e n t  spline pitch d iameter .  The tool has the capabilit y
of being placed into the w e a r  area , even if the end of the spline is
not  worn .

d. Uni ted  Air l ines  also ut i l izes  another  type of
• g o- n o - g o  gage  on the female spline at the gearbox. This tee-handle

gage  has the male sp line having a 20 p e r c e n t  g r ea t e r tooth width.
Once 20 p e r c e n t  of the female spline has w o r n  off , the gage will
sl ide into the female  spline re jec t ing  the female sp line. The end
of the f emale  sp line mus t  be worn  fo r  e f f e c t i v e  use of the gage.

e. U n i t e d  A i r l i n e s  u t i l i zes  a s imi lar  device for
the  ma le  sp line.  A thin p late is made having a cu t -ou t  of a f ema le
sp l ine .  The c u t - o u t  is made so as to r e p r e s e n t  a female  spline having

- 
I oversize (wider) teeth. Once the male spline wears so that it can

pass into the f ema le  go- no-go gage the spline is re jec ted .

— 

~~~~ ~~~~~~~~~~~~~~~~~~~ ‘S~~~~~~0 0
~~~~ ~t*~ 0~ ~~~~‘~~ ‘So - - 0-’ 

- — ‘0— — ‘0——- V 
— .



- ——- —— - -— .—- •.-—-•-- •--.-

99

A. MALE SPLINE GAGE

B. FEMALE SPLINE GAGE

• FIGURE 6. GO-NO-GO GAGES USED BY SQUADRONS

LP ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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9. Micrometer

American Airl ines ut i l izes a s tandard mic romete r  to
m e a s u r e  sp line w e a r  on Vickers  hy draul ic  pump splines as spec i f i ed
in V i c k e r s  Overhaul  Manual.  The m e a s u r e m e n t  is made over four
spline teeth and five spline teeth on the dog-bone spline. Once the
measurements  a re  below specified values in the Vickers  Overhaul
Manual , the splines are  rejected (Survey Form No. 201 and Appendix
E , Item 8c).

10. Pins or Wires

Table 22 show s that p in or w i re  m e a s u r e m e n t s  a re
used  mos t  f r equen t ly b y the Navy and others. To measure a male
spline , pins of specified size are placed between opposite spline
t ee th , and m e a s u r e m e n t s  are made over the p ins wi th  a m ic rome te r
or other suitable device. Three pins are sometimes used for small
splines. Female splines are measured  in a similar manne r ut i l iz ing
two p ins and an inside mic rome te r .  Three pins a re  sometimes used
with a p lug gage . The technique is called u n d e r - th e - p ins , or b e t w e e n -
the -p ins measurement .  The measurement  of the female spline is
usua l ly more  diff icul t  to accomplish.

As noted ea r l i e r , the pin method for  measur ing  w e a r
should be employed wi th  caution. The reasons are  as fol lows:

a . Involute Profile

The worn teeth seldom preserve a true involute
profile. Therefore the standard tables can lead to errors which may
be important  in cr i t ical applications.

5- b. Nonuni form Tooth Wear

- 
• 

The major i ty  of splines inspected during this
p r o g r a m  exhibi ted nonuniform w e a r .  Usual ly the w o r n  spline wil l

- . 
have a pivot point somewhere near the center of the spline length.
When a pin is placed between an unworn and worn tooth, it may rock
bac kward and fo rward  resul t ing in an inaccura te  measurement .

AiResearch specifies that “when measurement
over  w i r e s  is not feas ible  due to the local na tu re  of the w e a r , one or
both w i res  must  be re p laced by a ball of the same diameter  as the
wires.
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c .  Pins Too Long

In many cases the under-the-p in measurement

cannot be performed if the pin length is longer than the worn portion

of the spl ine.  Spline connections are  usual ly desi gned so that  100
p e r c e n t  of the male spline is used  in contact  w i t h  the longer  female

sp line. It is thus possible  for  the pins to r ide  over the w o r n  sec t ion
of the spl ine , y ielding in e f f ec t  a measu remen t  of the unworn  portion.
The pin method can also be inef fec tive  on the male sp line un le s s  the
ful l  l eng th  of the tooth is worn .

A var ia t ion of the p in technique is to employ
balls in p lace of p ins. When balls a re  used , the tooth pro f i l e  e r r o r
ment ioned above still r emains .

11. Photographs

Norfolk eng inee r s  had a s ev e r e  sp liri e problem wi th
the P-2 f lap ac tua tors  and spline dr ive system some tim e ago. This
a i r c r a ft  u t i l ized  a Var icam drive which was attached to about  n ine
sp line connect ions  be tween  variou s rotat ing shaf ts , gea rboxes , and
u n i v e r s a l  jo in ts .  Photographs of Var icam dr ive  sp lines w e r e  taken
at various worn conditions and labeled: New , Serviceable , Marg inal,

• and Un s e r v i c e a b l e . This  pho tographic techn ique enabled the squad rons
to accep t  or r e j e c t  sp lines (Ref .  P-2 A i r f r a m e  Bullet in No. 51 , 2 5

May 1966).

12 .  P r a t t  and Whitney Tools

Tinker  Air  Force Base r epor t ed  ut i l iz ing  P&W tools
17286 or 17401 for measuring spline wear at the gearbox on 3 - 5 7 - 4 3
and -59W , TF-33-P9 , and P3 eng ines . No othe r desc r ip t ion  v a s
avai lab le .

13 .  Shadowgrap h

Cherry Point engineers  uti l ize a shadowgr ap h (manu-
f a c t u r e d  under  the t rade  name MicroVu Model No . 400 , Serial No. 5920 ,

Burbank , Cal i fornia) ,  f or some spline measu remen t s .  A sect ioned
plastic rep lica of the w o r n  sp line teeth is placed in an app rop r i a t e
holder .  A beam of li ght is then passed across  the spline rep lica ,

• amp lified , and pro jec ted  onto a ground glass screen.  Eng ineers  gener-
ated an involute tooth f o r m  on a p iece of c lear  p last ic  wh ich  is posi t ioned

onto the s c r een .  By visua l  compar ison f rom the involute tooth form

and the g r a d u a t i o n s on the  s c reen , an a c c u r a t e  means  of de t e rmin ing
the amount  of w e a r  can be obtained.
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- This dev ice , al thoug h costl y,  is cons idered  to be v e r y
good and accurate and is used where accuracy is cons ide red  important .
The w o r n  sp lines on the 3- 48  eng ine ut i l ized  on the H-46 hel icopters
a re  m e a s u r e d  b y this techni que as speci f ied b y NAVAIR 03-95A-2 6 ,
dated 15 May 197 0.

ARADMA C eng inee r s  u t i l ize  this technique  fo r  sp line
wear  measurement  on CH-47 hel icopters  eng ine t ransmission splines
(Survey Form Nos. 136 and 137).

14. Stylus

Sunds t rand  u t i l izes  a metal l ic  s ty lus as a visual  tech-
nique for  measur ing  excessive spline wear .  The st y lus , resembl ing
a penci l , has a diameter at the pointed end of about 0. 030 in. The
sty lus is placed in the w o r n  sp line step and an indication is obtained
as to the amount  of sp line w e a r  p resen t .  This is simila r to the f e e l e r
gage previously descr ibed .

15. Versa -Dial  Type Gage

Quonset Point engineers reported that this type of gage

was manufac tu red  by an a i r c r a f t  eng ine vendor , and r e s e m b l e d  t h a t
illustrated in Figure 7. The gage is designed so that one of the arms
is f r e e  to move up and down b y means of gu ides , and is a c t i v a t e d  by
a t r i gge r  mechanism.  At the end of each of th e  a r m s , b a l l s  i~e rc  used
(s imulat ing an o v e r - th e - b a l l s  m e a s u r e m e n t ) .  A ge~. red  m e c h a n i s m
was  provided w h i c h  ro ta tes  the dial as the a r m s  ~ re a l lowed to  move
re la t ive  to each  o t h e r .  A curve  was p r o v i d e d  r e l a t ing  the dial
indicator reading v e r s u s  the amount of w e a r .  M e as u r e m e n t s  w er e
made on worn splines and compared with the curve.

16. Versa-Dial Gage with Q. P. Tips

Quonset Point engineers have incorporated square tips

(Q. P. Drawing 42330-C) in place of the balls on the two arms of a

Versa-Dial gage (manufactured by Standard Gage Company, Pough-. ¼

keepsie , New York). A standard gage block is used to set the gage

for a specific size spline. The tr i gge r  is d e p r e s s e d  allowing the

arms to move closer together so that the tips can be installed in a

female spline. The trigger is then released and the needle will

indicate “accept” or “reject”. This device cost approximately $1,200.

It can be reset for other size splines; however , this is not normally

accomplis hed in the course  of routine spline measurement, t he re fo re
requiring a large number of gages for a variety of male and female

splines.
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17. Vinco  Gage

This gage consists of a fixed and movable spline probe
( abou t  1/ 8  in. long sp line t ee th)  which contacts  the unworn  involute
surface and the worn surface at the pitch diameter. A direct wear
read ing  is obta ined  b y ro ta t ing  a l ever  on the gage . The m e a s u r e m e n t
is said to be l inea r  and is re f lec ted  on a dial ind ica to r .  The manu-
facturer claim s an accuracy of 0. 0002-in. A separate gage is required
for each different m ale and female spline pitch diameter. The Vinco
gage f o r  the male spline , VCO N o. 76-887-00-00 (FSN RX 522 0-132-
1287FQ7X) , cos ts  approximate ly $900. A vinco plug typ e gag e for  a
female sp li n e , VCO No. 76-675-00-00 (FSN RX 522 0-l32 - 1285F Q7X) ,
costs approximately $1 , 500.

Nor th  Island eng in e e r s  ut iliz e V inco gag es fo r  some
of the i r  m e a s u r e m e n t s .

18. Visual

As i l lus t ra ted  in Table 22 , the second most popular
method of examining spline wear is by a visual means. It was also
noted that in many cases , this method was used to determine “a few
thousandths  of an inch” of w e a r .

• A m e r i c a n  Air l ines  normally utilizes visual inspect ion
of the spline c onnect ion s as a c r i t e r i a  fo r  sp line rep lacement,
p a r t i c u l a r l y for  a c c e s s o ry sp lines.  The consensus is that in most
cases , it is more costly to measure a spline than it is to replace it.

Kel l y Ai r  Fo rce  Base ut i l izes  visual re jec t ion  t ech-
ni ques along w i t h  o the r  me thods .  In many cases the visual  r e j ec t ion
technique is closel y related to the rejection criteria. For example ,
a so7histicated tool is not  required to measure 50 percent of the
r e m a i n i n g  tooth  land for rejection.

Cherr , Point eng ineers utilize visual inspection for
acceptan ce or rejection of a large number of splines. In many cases
the componen t  m a n u f a c t u re r  wi l l  specif y how much tooth wear  is
a c c e p t a b l e , howeve r , no soline measuring device will be recommended.

D. Spline Rejection Criteria

In most cases the re jec t ion cri te r ia  for  individual splines is
specified in NAVAIR and T. 0. manuals. Commercial airlines obtain
t h i s  i n f o r m a t i o n  f r o m  the a i r c r a f t  maintenance  manuals  p r e p a r e d  by
t h e  a i r f r a m e  m a n u f a c t u r e r  w h i c h  contain recommendat ions from the
access ory and eng ine m a n u f a c t u r e r s .



r
105

The r e j e c t i o n  c r i t e r i a  spec i f i ed  has a si g n i f ic a n t  c f i e c t  on
the rep l ac e men t  ra te  of the splined  par t .  It is d e s i r a b l e  to S e t  t h e
r e j e c t i o n  c r i te r i a  in such  a manner  as to obtain the scheduled over-
hau l  t ime of the component .  At the overhau l  t ime , a d e c i s i o n  m u s t
be made as to w h e t h e r  or not  the pa r t  wil l  be su i tab le  to at ta in the
nex t  ove rhau l  w i thou t  f a i l i ng .

Table 23 i l l u s t r a t e s  the  d i f f e r e n t  sp line re jec t ion  c r i t e r i a
r epor t ed  in the s u r v e y .  In the  v a s t  ma jo r i ty  of the  sp line connec t i ons

• i nves t iga ted  in the s u r v e y  f o r m s , a few thousandths  of an inch was
s p e c i f i e d  as the r e j ec t ion  c r i t e r i o n .  Variou s w e a r  m e a s u r i n g  tech-
niques  such as p ins , balls , shadowgrap h , and o the r  special  tools
and gages  w e r e  used in conjunc t ion  wi th  a few t h o u s a n d t h s  of an inch
r e j e c t i o n  c r i t e r i o n .  Howeve r , the use  of p ins fo r  such  an app l ica t ion
has p r ev ious ly been  ques t ioned , desp ite its simpl ic i ty  and low cost.
In t e r e s t i ngly,  in 14 of the t imes that  visual  inspect ion  was  spec i f i ed ,
the r e j e c t i o n  c r i t e r i a  of “a few thousandths” was  also sp e c i f i e d .

It was  r e p o r t e d  that in the m a j o r i t y  of these  cases , t he  r ej e c -
tion c r i t e r i o n  of a few thousandths  of an inch is d i r ec t ly r e l a t e d  to
the case  t h i cknes s  of the sp line pa r t .  The g e n e r a l  fee l ing  is t h a t  once
the case  th ickness  is exceeded , the spline w i l l , beg in to w e a r  at a m o r e
rap id ra te .  However , it should be noted tha t the AND s t a n d a r d s  do

• no t  specif y case th ickness  fo r  the male  ~p 1ines , and the MS s t a n d a r d s
do not speci f y case t h i c k n e s s  fo r  e i ther  the  male  or f ema le  sp l ines .

The spline r e j ec t ion  c r i t e r i a  was  found  to divide into ano the r
m o r e  l ibera l  gr o u p ,  f rom 10 p er c e n t  of the tooth land to a k n i f e  ed ge.
Survey f o r m s  indicate d that  the c r i t e r i a  was  divided into the 10 , 20 ,
33 , 50 , and 90 pe r cen t  of the tooth land to a kni fe  ed ge (or when  the
top land d imension  r e a c h e s  ze ro ) . These  r a t h e r  l ibe ra l  r e j e c t i o n
c r i t e r i a  a r e  m e a s u r e d  visually and spec i f i ed  fo r  male  sp line s on some
s t a r t e r s , g e n e r a t o r s , hy d rau l i c  pumps , and oil pumps . Based  on the
i n f o r m a t i o n  obtained f r o m  the drawing s r ega rd ing  case h a r d n e s s  and
t h i c k n e s s , the  10 p e r c e n t  cr i t e r i o n  appears  to be re la ted  to the case
th i ckness  of the male sp line. The other  r e j e c t i o n  c r i t e r i a  fo r  male

• splines a r e  probably re la ted  to throug h ha rdened  m a t e r i a l s .

In a l imi t ed  number  of cases , the individual’s d i sc re t ion  is
used  fo r  r e j ec t i on  of sp l i n e s — n o  spec i f i c  c r i t e r i a  was  c i ted .  Survey
f o r m s  r evea led  tha t  this was spec i f ied  on some hy d r a u l i c  pumps ,
f u e l  pumps , and on a wing s h a f t  damper  u sed  on a he l i cop te r .

It w a s  r e p o r t e d  tha t no r e j e c t i o n  c r i t e r i a  w e r e  sp e c i f i e d  in onl y
two p rob lem a r e a s .  These  r e f e r to two s t a r t e r s  (Survey  Form Nos.
197 and 22 8) , and one f e m a l e  connect ion  fo r  a g e n e r a t o r  on an APU

(Surve y F o r m  No. 223) .  
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TABLE 23. SPLINE REJECTION CRITERIA USED

Cri ter ia  By Navy By Others

Few Thousandths of an Inch 57 38
10% of Tooth Land 8 1
20% 1 1
33% 2 -

50% - 3

90% 3 -

Knife Edge 1 -• Individual Discretion 1 4
Not Specified 2 -
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IX. STA TE OF THE ART

A. M a g n i t u d e  of Spline Problem

As ment ioned in Chapter  I , a typical  sing l e - eng ine naval air-
c r a f t  employs  174 toothed spline un i t s  not counting those located
s t r i c t ly within a c c e s s o r i e s, and a mul t i -engine a i r c r a f t  may wel l
employ more than 200 such units. It was also pointed out in Chapter V
that  sp line f a i lu res  c u r r e n t ly a f f e c t  the r e l i a b i l i t y  and main tenance  of
40 pe rcen t  of the Navy ’ s fixed wing a i r c r a f t  types and 70 p e r c e n t  of the
Navy ’ s r o t a r y  w ing a i r c r a f t  t y p e s — o r  45 p e r c e n t  of the Navy ’s air-
c r a f t  types  overal l .  Clearly,  the magni tude of the spline p rob lem
cannot be li g htl y d ismissed.

The v e r y  large  number  of spline uni t s  used  on a i r c r a f t  r e f l e c t s
wei g ht , s ize , sy stem complexity , and init ial  cost  cons ide ra t ions .  The
l a rge  number  a l so  may,  thoug h not n e c e s s a r i ly must , mean a hi g h prob-
abil i ty of f a i l u r e s . A i r c r a f t  rel iabi l i ty and readiness  cannot be meas-
u red  in t e r m s  of dollars and cents .  However , in evaluat ing the d i r e c t

• cost  e f f e c t i v e n e s s, the ini t ia l  cost is only one fac tor  which mus t  be
cons ide red  togethe r wi th  the cost  of servic ing , r epa i r s , and rep lace-
ments .  On balance , spline units enj oy ex t reme  wei g ht and s ize advan-
tages . Other  known means of d r ives  all enta i l  we i g ht and s ize  p e n a l t i e s
so that  they  cannot be rea l is t ica l ly cons ide red  unless  sp lines  d e f i nit e l y
cannot do the job. The resu l t s  of this s ur v e y  have not e s tab l i shed  tha t
this is so. On the c o n t r a r y ,  the authors  have come to the inescapab le
conclusion that  in most  cases of earl y sp line f a i l u r e s , these  a r e  the
resu l t s  of inadequacies of design , lubr ica t ion , and ma in tenance  prac-
t ices , rathe r than the bas ic  unsui tabi l i ty  of the sp lines as such.  It is
be l ieved that much can be done to improve the r e l i ab i l i t y ,  extend th~
life , and reduce  the total cost of operat ion of splines.  These  m a t t e r s
will  be d i scussed  la ter  in this chapter  in t e r m s  of tl:e ongoing work
lea rned  during the s u r v e y .  Sp ecif ic  r ecommenda t ions  on improvemen t
p r o g r a m s  and on technology gaps wh ich  need  to be closed will  be sum -
mar i zed  in the two c h a p t e r s  wh ich  fol low.

The re l i ab i l i ty  of sp line connec t ions  is int imately re la ted  to
the i r  locat ions  or app l icat ions .  Genera l  conclusions a re  as fo l lows:

1. Spliries located inside the  eng ine or gearbox g e n e r a l ly
exhib i t  min imal  w e a r .  These sp lines  g e n e r a l ly r e c e i v e  i n t e r m i t t e n t
or continuou s oi.l lubr ica t ion.  Al thoug h t h e s e  splines usually opera te
at modera t e  to heavy loads , t h e i r  s u c c e s s f u l  opera t ion  is p r imar i ly
due to the p r e s e n c e  of oil l u b r i c a t i o n .  
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2. Splines located in the airframe generally exhibit mini-
mal to modera te  wear .  These sp lines are  used in app l icat ions su ch as
f laps , s lats , and t r im ac tua to r s  which  a re  subjec ted  to i n t e r m i t t e n t
operation and light to moderate loads. These splines are usually grease
lubr icated. The most  signif icant  fac tor  enhancing the life of these spline
connections is that they operate only intermittently.

3. In t e r f ace  splines , which connect two components , have
provided  the major i ty  of the wea r problems found in this survey .  These
splines are used primarily in connections between the engine accessory
gearbox and such accessories as CSD, CSDS , fuel control, fuel pump ,
generator-alternator , hydraulic pump, oil pump, or starter . Other
interface sp!ine problems are also encountered on engine to shaft power ,
sha f t  power to gearbox , shaft  power to CSD, main rotor mast , 90 ° tail
shaf t , propeller  hub , etc. Interface splines are  usual ly g r e a s e  lubri-
cated. Their diff icult ies a re  due primarily to sustained operation at
modera te  to heavy loads , often at high rotational speeds .

Since the major i ty  of the splin e problems are  associa ted  wi th
the in te r face  splines , it is evident that the in te r face  splines mer i t
special attention. In what  follow s , in terface  splines will thu s form
the p r imary  basis of the discussions.

• B. Cor rec t ive  Actions

The problems that exist with interface splines a re  wel l  recog-
nized by the personnel of the Navy and other organizat ions contacted.
A numbe r of cor rec t ive  action s have been taken or proposed at d i f ferent
operat ional levels , thoug h many of these are apparently not well coordi-
nated on a service-wide basis.

Table 24 summarizes the number of reported current and pro-
5- posed corrective actions on interface spline problem areas by the Navy

and others .  The organizations contacted have not all indicated whe the r
c o r r e c t i v e  actions have been taken or proposed , or else not considered.
However , it is significant to note that among those Navy organizat ions

- • 
that have answered the query, no appropriate action has been taken in
55 percent of the cases. This compares with 13 percent of inaction as
reported by the other organizations.

C. Current  and Proposed Improvement Programs

Table 24 show s an alphabetical listing of the various techniques
considered in the current and proposed improvement programs reported
for  in ter face  sp line problems. These and other component improvement
p rog rams  are  d e s c r i b e d  in Appendix E. The component improvement

- V - V  ~~~~~~~~~~~~~~~~~ -
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TABLE 24. REPORTED CURRENT AND PROPOSED CORRECTIVE
ACTIONS ON INTERFACE SPLINE PROBLEM AREAS

Correc t ive  Actions By Navy By Others

Cur ren t  8 9
Proposed 6 12
None 17 3

Cor rec t ive  Techni ques

Alignment  3 4
Crowned Spline - 1
Cut and Replace 4 9
Grease 4 2
Hardness 3 1
Material - 2
Muff 7 6
Oil Mist 5 1
Plating Repair 3 -

Redesign 6 7
Resea rch  Program 1 1
Seal 2 8
Sur face  Trea tment  1 8
Wet Pad 4 8
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p r o g r a m s  in Appendix E provide information relating to the components
invo lved  wi th  an a b s t r a c t  as r equ ir ed  b y the work  s ta tement .  Much of
this  infor mation is in the form of AYC , CI? , DIR , EBN , ECP , EIR , EPN,
LES , PPC , PPB , SEO , WO , and WRs.

From Table 24 , it is evident that the major i ty  of the Navy ’s cor-
rec t ive  techn iques involve the incorporation of a spline muff , oil mist ,
sp line redes i gn , sp line re pair (cut and rep lace),  improved g rea ses , and the
wet  pad. Techniques considered by the o thers  concentra te  more  on
spline repair (cut and replace), incorporating spline muff, grease seal,
surface treatment , and the wet pad.

Detai l s of the var iou s c u r r e n t  and proposed imp r ovement p r ogr ams
a r e  su m m a r i z e d  in Appendix E. Typical examples are  g iven below :

1. Ali gnmen t

Repor t s  indicate that  the runout of J-65 fuel and hy dra ulic
pumps were  checked; see Appendix E , Item 6b. Information obtained from
NATC revealed that  test ing of CSD Self-aligning shafts  was being per-
f o r m e d ;  see Appendix E , Item 16. Currently, Kelly and Tinker engineers
are  meas ur ing  and alleviating misalignment problems on a power trans-
mission dr ive  shaft coup ling, i. e. , shaf t  power (Survey Form Nos. 112
and 236) , and on a low rep lacement (17 and 15 percent)  CSD eng ine-
~et r b o x  problem (Survey Form No. 194) .

2. Crowned Spline

In some non-Navy applications , the male spline is crowned
to p e r m i t  the acceptance  of more  misalignment within the spline connec-
tio n. Kelly eng ineers (Survey Form No. 99) propose to crown the male
sp l ine  on a g e n e r a t o r - g e a r b o x  prob lem , whi le  Sundstrand is considering
rov~nin~ all  of the CSD male interface splines. AiResearch utilizes

c r o w n e d  sp l ines in many of the i r  app lications , and will  probably do so
in the  opera t ion  of the A i R e s e a r c h  fuel pump (Survey Form Nos. 161
and 218; and SwRI R e s e a r c h  Program , Appendix E , Item 15).

3. Cut and Replace

In some ins tances , NAVAIREWORKFA C sh op pe r sonn el
c o l l e c t  expens ive  sp l ined par t s  hop ing that eng ineer ing will develop a cut
and r epa i r  f ix .  The major  f a c t o r s  involved in repair  over rep lacement
a r e  ava i l ab i l i t y  of new p a r t s , cost of the new par t , and cost of repai r ing
the old pa r t .  The female  spline extending throug h the gearbox will in-
var iab ly be the m o r e  expens ive  of the two spline par t s . This repai r
technique  was repor ted  by the  fol lowing:  
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F o r m
F a c i l i ty  No. L o c a t i o n  Rema r I-~

Alameda 20 8 Propelle r h u b  a s s e m b ly
Jacksonvi l le  18~ Spline wi th in  eng ine Appendix E , Item Nü . 5b .
Quonse t  Point 180 Hy d r a u l i c  p u m p - o il  p u m p
Q u on s e t  Point 182 H y d r a u l i c  p u m p - o i l  p um p
Tinke r  199 Gearbox for  f u e l  pu mp
ARADMAC 129 S t a r t e r - g e n e r a t o r  sp linc
ARADMAC 132 S t a r t e r - g e n e r a t o r  sp line
ARA DMAC 133 S t a r t e r - g e n e r a t o r  sp line
ARA DMAC 134 Gene ra to r

Alameda eng ineers  a re  c u r r e n t ly r epa i r ing  the propelle r h u b
a s sembly (Survey  Form No. 208) b y machining off the sp line boss and u s i ng
a spline a d a p t e r  confi gu ra t i on .

The female  sp line ( S u r v e y  Form No. 180) wi th in  the oil pump
on the A - l 3  and RB 66 a i r c r a f t  ut i l iz ing a 3-71 eng ine has been r epa ir ed  b y
Tinker  engineers . They have r e f u r b i s h e d  116 of these shaf ts , t yp ica l  of tha t
i l lus t ra ted  in Figure  8. The female spline was made b y electro d i scha rge
machining (EDM).  This p rocess , not usua l ly used  b y the a i r c r a f t  i n d u s t r y ,
is a v e r y  a c c u r a t e  method of spline fab r i ca t ion .  Male th reads  were  p rov ided
on the EDM female spline so that it could be s c r e w e d  into the r ema in ing
shaft .  Once in p lace , the female  spline was w e l d e d , salvag ing the e n t i r e
shaf t .

The expensive female  sp line ( S u r v e y  Form No.  182)  on the
gea rbox  of a 3-79 eng ine u s e d  on the F - 4 B , F-4J , RA - 5 2 , and the  F-104
is being repa i red  by Quonse t  Point eng i n e e r s . The female  sp line shaf t  is
machined off and a new sp line i n s e r t  is welded in place.

T inker  eng ineers  ( S u r v ey  Form No. 199) propose  to c u t  off
the female  sp line u s e d  on the 3-57 engine fo r  the B — 5 2  and K C- 13 5 , and

- ,~ rep lace it with a sleeved sp line tha t would be e l ec t ron  beam welded in place.

ARA DMAC en ginee r s  (Su rvey  Form Nos.  129 , 132 , 133 , and
1 34) r ep o r t  rewo rking male splines  on s t a r t e r - g e n e r a t o r  and g e n e r a t o r
app licat ions fo r  the T - 5 3  eng ine used  on the U H - 1B , C , D , F , and H heli-
cop te r s .  The fix is accomplished by machining off the sp line teeth and
u t i l i z i n g  a sp line sleeve ove r the a r m a t u r e  shaft  and pinning it in p lace.

4. G r e a s e s

The v a r ie t y  of gr e~i se s  c u r re n t l y u sed  by the Navy and ot h e r

• / o r g a n iz at i o n s  a r e  l i s t ed  in Tab l e s  18 and I 9 ,  and d i s c u s s e d  in some d e t a i l
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in Chapter VII. In addi t ion , t h er e  has been much discussion about
improved  g r e a s e s  and t he i r  poss ib le  c o n s t i t u e n t s  or c h a r a c t e r i s t i: s
( see , f o r  examp le , Appendix C).

The l a rge  number  of gr e a s e s  l i s ted  in Tables  18 and 19
present a baffling problem to the maintenance personnel. Many of

V t hese  a re  called out  in m i l i t a r y  spec i f ica t ions ;  but  severa l  (MIL-G-
3545 , MIL-G-7 l87 , MIL - G - 7 7l 1)  are  obsolete and should be w i thd rawn
f rom the inventory.  Others are available by FSNs or by b rand  names ,
apparently without  the benefi t  of sys temat ic  evaluation or control .
There  is an u rgen t  need to consolidate all these  l ist ing s , init iate a
program of sys temat ic  evaluations , and compile a un i f ied  se r i e s  of
mi l i ta ry  specif icat ions to cove r various applicat ions.

5. Hardness

Cherry Point engineers are  c u r r e n tly makin g the f emale
spline (Survey Form No. 220) harder on the af t  t ransmiss ion  gearbox
for the H-46 helicopter.

Jacksonvil le  engineers  are  c u r r e n t ly chang ing the hard-
ness  requ i rements  on splines operating in a fuel pump (Survey  Form
No. 171) in an e f f o r t  to extend sp line l i fe .  These  sp lines opera te

• - within fuel and are  normally repa i red  by a chrome f l ash  spec i f i ed  b y
NAVAIR O3 - 1 1 ODAA- 17.

Additional considerat ions may be found in Chapter  VI.

6. Materials

AiResearch engineers are  stu dy ing the use  of super io r
mater ia l s  (Survey Form No. 162) used  in an APU for  the F - 2 7  and F - 2 8
a i rc ra ft. Current ly, drawing s f or the mating par ts speci f y the same
mater ial , AISI 4340 , for  the male and f emale sp l ines.

• Additional information is pre sen ted  in Appendix A and
Chapter VI .

7. Muff

The photograph in Figure 9 illustrates a typical spline
muff  used  on a cu r r e n t  problem a rea  (Survey  Form No.  199, T inker )
b e f o r e  and a f t er  e x c e s s i v e  sp line w e a r .  The muf f  may be d e s c r i b e d

as a cy l inder  having f ema le  sp l ines  wi th in  the  cy l inder  and male  sp l ines

on the ou t s ide .  The muf f  is g e ner a l l y used  b e t w e e n  the  male a cc e s s o r y

sp line and the female  sp line on the a c c es s o r y  g e a r b o x .  The muff  is held

in p lace  over  the  small  male  a c c e s s o r y  sp line b y means  of a snap r ing  or

p in. Its p r i m a ry  funct ion  is to allow the sp line connect ion  to accep t  m or e

~~~~~~~ 
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misa l ignment .  The muff  is being used  b y m a n y  a c c e s s o r y  manufac-

t u r e r s  f o r  use  a t  the in ter f ace sp line con nect ion  to the gearbox  and in
some cases within the a c c e s s o r y  i t se l f .  Since the muff  is cons ide red

a p a r t  of the a c c es s o r y ,  the a c c e ss o r y  m a n u f a c t u r e r s  have control  of

its design.  This will  be pa r t i cu l ar l y t r ue  for  new sp lines made under

the MS s tandards  wh i c h  do not specif y sp line m a t e r i a l s  and provide

that  the case hardnes s  should be gr e a t e r  than Rockwel l  C 56. In the

AND standards , the mater ia l  selection is l e f t  up to the d i sc re t ion  of

the desig n e r .

During the course  of this s u r v e y,  informat ion  was

col lec ted  f rom various sources  regarding  component  improvemen t

p r o g ra m s .  A tabulat ion of the sp line muff  in format ion  obtained f r o m

variou s faci l i t ies  is l is ted below :

Survey
Faci l i ty  Fo rm No. R e m a r k s

Alameda & Jacksonvi l le  207 Proposed for  Lycoming  CSD ,
see  Appendix E , Item 6e .

A m e r i c a n  Ai r lines  201 “ T r o u b l e - f r ee  ins ta l la t ion” .
Uses  muf f , Mol ykote  343X

• 
and boot seal , see  Appendix E ,
Item 1.

Nor th  Is land 229  Specif ies  muff  for  fue l  pump,
see Appendix E , I tem A.

Quonset  Point  181 Proposes  muff  for  oil pump to
hy drau l i c  pump on J - 7 1  engine ,
see Appendix E , Item 7c.

T i n k e r  199 Tr i ed  Plast i lube Moly No. 3

- - 
now oil m i s t .  Rep lacement  is
59% muff and 50% gearbox.

United Airl ines 214 Utilizing a muff and “0” ring
g r e a s e  seal  on g en er a t o r — i n
s e r v i c e  shor t  t ime.

It is evident from the  above information that the muff is being used for

a lmos t  al l  t y pe s  of cnc  In c  ac . es~ ar i e s.

I n f o r m a ti o n  f r o m  the  Ki r ig sv i l l e  NAS and the J a c k s o n v i l l e

and Alameda  N A V AI R E W O R K F A C( S )  i n dic a t e d  th a t  in the case  of the

Ly c om i n g  CSD, an e a r l i e r  d e s i gn  used  a m u f f  ~~h i c h  a p p a r e n t l y w a s  not
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v er y e f f e c t i v e  and has been subs t i tu ted  by a one-p iece dog bone spl ine.
The one-p iece dogbone spline has also not been effective (Survey Form
Nos.  170 and 207) in reduc ing sp line wea r  on the CSD i n t e r f a c e  splines.
Lycoming is recommending (Appendix E, Item 6e) the use of essentially
the same design as the ear l i e r  muf f  design.

Quonset  Point eng inee rs repor t  that  the muff  splines will
be used on most  new designs , eithe r d ry  or wet  pad (see Appendix E ,
Item 8i). It is be l i eved  tha t the  muf f  spline can indeed be of signif icant
value to the sp line connection since it wi l l  pe rmit  the sp line connection
to accep t  more  misa l ignment  and could perhaps be designed as an
expendable me mber  between the accessory  and the gearbox . No reports
have been obtained from the NATC regarding any evaluations relating
to the spline muff, as has been the case for the proposed “wet pad”
design. In any case , the muff should be designed with the ultimate aim
of protecting the female spline at the gearbox. Although the muff spline
is widely used, it is believed that it has not been designed as a sacri-
ficial member to protect the female spline on the gearbox.

8. Oil Mist

The oil mis t  (somet imes  r e f e r r e d  to as mist or oil s p r a y )
lubr icat ion method used  on some engine accessory gearbox applications was
discussed in Chapter VII. Information obtained from some sources is
indicated below:

Facility 
— 

Remarks

Alameda Proposed for  T-56 al ternator and hydraul ic
pump,  see Appendix E , Item 13d.

Alameda Provide for  J -65  fuel  pump and hy drau l ic

• pump,  see Appendix E , It em 6b.

Alameda Provide for J-65 magneto generator and fuel

- V 
control , see Appendix E, Item óg.

9. Plating Repair

Splines which are allowed to wear only a small amount
can usually be repaired by plating. Spline connections having relatively
short lives and consequently high replacement rates may not be capable

of accep t ing  a plating repair .

The following facil i t ies are current l y utilizing plating repair :
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Survey

Facility Vu rn i Nu . R e  ma r~ s

Jacksonv il l e  171 Ch r u  e flash \ \ V \ J J~~ 1 ) 3
11ODAA-17

Jacksonvil le  1 73  C h r om e fl a sh

U n i t e d  Airl ines  2 15  M a c l u n e  off sp li ne taper

and p late

Uni t ed  Airl ines  2 16  C h ro m e  f l a sh  ma le  and
fema le  sp line

Un i t ed  A i rl i n e s  eng ineers  r epor t ed  ( S u r v e y  Form ~~u . Z1~~)
that  at approx ima te ly 8000 h o u r s , excess ive  sp line wear  i s  cn c o u n t e r e c i

w i th in  the engine on the f ro n t  r e a r  hub .  The sp lines e x h i b i t  t a p e r t -a too th

w e a r .  The excess  t aper  is machined  off and the sp line is p la t e d  \\ i th  a

hard nickel  coating fol lowed by a ch rome  f l a sh .  Most  h u b s  h av e  a r e t i r e -

ment life of 16 , 000 hours  at which t ime the huh is d i sca rd ed .

Personne l  at the Alameda Mate ria l s  Laboratory have been

developing the use  of se lect ive plating fo r  rebui ld ing  l a n d i n g  eca r s t r - i t ~-

sinc e 1964. The technique has not been u s e d  for  r ebu i l d ing  ‘~~ orn sp l :n e s ,

howeve r , the p rocess  could be feas ib le  if the cos t  is not p r oh ib~ t~ ve w hen

compared to that of a new par t .

10 . Redes i gn

In a numbe r of cases , some r e d es i gn of the sp line ucx d t i an

has been p e r f o r m ed  in an e f f o r t  to min imiz e sp line w e a r .  Some of th e

r e d e s igns r epor ted  r e f e r  to the adopt ion of a g re a s e  r e t e n t i o n  m & - t h u a .

S u r v e y
Faci l i ty  Form No. A c t i o n  R em a r k s

C h e r r y  Point 224  C u r r e n t  E n t i r e  f u e l  c o n t r o l  is b e ine  re-

p laced w i t h  a new des i gn .

Pensacola 122 . C u r r e n t  LED N A O 3 - 5 C A - 5 2 / P N 4  s p e c i f i e s
p in  m e a s u r e m e n t  and  rep l a c e m e n t
of dog~’anc sp l ine .

Quonse t  Point 187 Proposed  Leng t h e n  the ma le  spline and in-
c o r p o r a t e  an 0 r i n g  on mal e
sp l inc .

_ _ _  

_ _ _ _ _  -.
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S u r vey
Faci li t y Form No. Action Remarks

Kell y 96 C u r r e n t  Redes i gn shaft f o r  0, ring ; T. 0.
8A- l0 - 2 - 5 02 , Nov.  196 3.

Tinker 197 Proposed Lengthen male spline if misalign-

ment  is not excess ive .

AiResearch 160 C u r r e n t  Rep lacing long shaf t  wi th  sho r t e r
one to minimize o rb i t ing  of sp line
connect ion.

11. Research  Program

Problems with excessive spline wear on an AiResearch high-

p r e ss u r e  f u e l  pump (Survey  Form Nos.  161 and 218) fo r  sp lines opera t ing

in a fue l  env i ronment  have been unde r s tud y at SwRI unde r  Navy sponsor-

ship. An abs t r ac t  of this w o r k  is included in Appendix A. In this w o r k ,

var ious  sp line materials  and s u rf a c e  t rea tments  w e r e  eva lua ted .  Te s t s

per formed at a misalignment of 0 .006- inch/ inch  of sp line length for  1000
h o u r s  in JP-5 produced total spline wear of 0.0013 inch. The spline con-

nection consisted of a crowned male sp line of M-50  s teel  with a heat-

t r ea ted  Electroless  Nickel II coating,  operat ing agains t an uncoated u n-  V

c rowned  AISI 41 30 female sp line .

12. Sea ls

Seals in the fo rm of “0” rings and boots a re  being used  to

p r e v en t  contamination and to re ta in  lubrican t  in seve ral applications. It

was repor ted  tha t c e n t r i f u g a l  f o r c e  can c a u s e  the g rease  to move away

f rom the sp line connect ion thereb y dec reas ing  the life of the connect ion.

In fo rma t ion  r e l a tive  to seals v~as collected on the survey  fo rms  and is l i sted

be low:

Survey
Facil i ty Form No. Action Remarks

Qu o n s e t  Point 187 Proposed Incorporate an ‘0”  r ing on
male spline.

Kel ly  AFB 96 C u r r e n t  Incorporate an “0” ring on
male sp line .

p. - 
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S u r v e y
F a c i l i t y  Fo rm No. A c t i o n  R e m a r k s

U n i t e d  A i r l i nes  2 1 4  C u r r e n t  I n c or p o r a t e  an “0” r ing  and
muff; in service for only 4
m o n t h s — b e n e f i c i a l  e f f e c t s
unknown.

A m e r i c a n  201 C u r r e n t  “ T r o u b l e - fr e e  ins talla tion ”.

A i r l i n e s  Incorpo ra t e s a boot  seal , u s e s
Mol y kote 343X gr e a s e , and a
muff.

13. S u r f a c e  T rea tmen t

Severa l  types of s u r f a c e  t r e a t m e n t s  in the f o r m  of coa t ings
and f i lms  a re  under  s tudy by var ious  f a ci l i t i e s .  I n f o r m a t i o n  c o l l e c t e d  on
the survey f o r m s  regarding surface treatments is listed b e I u v ~:

Survey
Faci l i ty  Form No. Action R e m a r k s

Alameda 210 C u r r e n t  “ T r o u b le - f r e e  i n s t a l l a t i ~~n .
U t i l i z e s  M i c r os ea l  1 0 0 - 1  on
sp lin e; app lied On c e , se~
Appendix E, Item 13h. Allison

proposed  ~ et pad , see A p p en d ix
E , I tem 13a.

Kelly AFB 99 Proposed Test stand evaluation of Nylon-
coated male sp line , see

App endix E, Item 9a.

V ARADMA C 137 Proposed  Contemplat ing h a r d  coat ing on
wear surfaces.

ARADMA C 142 Proposed  Poss ib le  c o r r o s i o n  and w e a r  re-
s i s t a n t  coa t ing  on ma t ing  sp line .

ARADMAC 144 Proposed B e t t e r  w e a r  s u r f a c e s  on b o t h
• sp lin es.

A i R e s e a r c h  161 , 218  C u r r e n t  Seve ra l  m e t a l l i c  coa t ings  have
been  in ve st i gated for fuel environ-
m e n t  ( see  Appendix  A). Sp l ines
wi th  E lec t r o l e s s  N i c k e l  II c o a t i n g
now unde r  t e s t  at A i R e s e a r c h .

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  _ _ _ _ _
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14. Wet  Pad

The we t  pad lubr ica t ion  method ha~ been desc r ibed  in
Chap te r  VII. The consensus  of A m e r i c a n  Ai r l ines , U n i t e d  A i r l i n e s ,
Lockheed , Boeing , and Sunds t rand  is that the wet  pad des i gn is the  onl y
e f f e c t i v e  manner  b y which  exces s ive  sp line w e a r  can be e l imina ted  at
the eng ine a c c e s s o ry  gearbox . However , for  exis t ing a i r c r a f t , the con-
v e r s i o n  of a d ry  pad to a wet  pad is costly ,  and e f f e c t i v e  ma in tenance  has
also  been ques t ioned  b y some.

a. Convers ion to W e t  Pad

The use  of we t  pad in place of d ry  pad has been
c a r r i e d  out in one app licat ion and proposed in severa l  o the r s , as shown below :

Survey
Facil i ty Form No. Rema rks

Alameda 209 Allison is propo s ing a wet  pad fo r
s t a r t e r - g e a r b o x  on T-56  eng ine ,
see Appendix E , Items l3c  and l 3 f .

Alameda 210 Allison is proposing a v~et pad f o r
a l t e rna to r -gea rbox  on T-56  eng ine ,
see Appendix E , Item 13a .

Nor fo lk  176 Allison proposed wet pad on alter-
na tor-gearbox.

Nor th  Island 22 7 “ T r o u b l e - f r e e  instal lat ion” . Problem
solved by incorpora t ing  a w e t  pad on
the f u e l  pump, see A ppendix E , I tem Sc.

Tinker  194 Proposed for  CSD on T F 3 3 - P 9 /- P 3 .

Tinker  and 196 , 198 Tinker  proposed for  CSD in ternal
Navy sp lines on 1-79 engine , see Appendix

E, Items 8a, 8b , 8c , Sd , and 8f for
NATC eva luat ion.
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b. W e t  Pad on 1-65 Eng ine Gearbox U s i n g  8-Tooth
Splines

Quonse t  Point eng i n e ei s  repor ted  tha t th e  inter-
f ace  sp line c onnect ion s on the J - 65  eng ine g e a r b o x  to va r ious  a c c e s s o r i e s
had been an area of severe spline wear. To reduce the excessive spline
w e a r , C u r t i s - W r i ght proposed an 8-tooth sp line for  all of the inte r face
spline connections and the wet pad design. The components involved
are Pesco fuel pump , TRW fue l pump, Bendix Magneto-generator , and
front and rear hydraulic pumps. It has been r e p o r t e d  that  the modifi-
cation has been made in accordance with powerplant changes (see Appendix
E , Items 6i , 6j , 6k , and 61). Information obta ined f r o m  Alameda  indi-
cates that  the usage  ra te  on the mating sp line connect ions  is now less
than 1 5 percen t .  Quonset Point repor ts  that the change is ve ry e f f e c t i v e .

c. We t  Pads for  New A i r c r a f t

Information obtained in this survey has r e v e a l e d
many new a i rc ra f t  eng ines wil l have wet pads as i l lus t ra ted  in Table 25.

‘ 0 ’
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TABLE 25. WET PAD LUBRICATION FOR VARiOUS
MILITARY AND COMMERCIAL AIRCRAFT

Engine Components
A i r c r a f t  Engine M a n u f a c t u r e r  Involved Source

Mil i tary

B-52 H TF-33 P&W CSD 1ZOAGDO4 Sundstrand design
(Air  Force)  field tes ted (Survey

Form No . 195)

C-5A TF-39 GE CSD, generator Sundstrand repre-
(Air Force)  senta t ive  at Jackson-

yu le NAVAIREWORK-
FAC

F-4B J-79 GE CSD 3OAGD O3 Sun dst rand ;  wet pad
(Navy)  approved

RA-5C TF-33 P&W CSD 4OAGDO1 Sundstrand;  Na vy
(Navy)  flight test ing wet  pad

S-3A TF-34 GE Genera to r , sta r te r , Lockheed , GE repre-
(Navy)  h ydrau l i c  pump, sentat ive

CSD , fue l  pump

Commercial

D C - 8 - l 0  JT-3D P&W Generato r , starte r , UAL , Boeing
hydraulic pump,
CSD , fue l  pump

DC-8-60 Unknown P&W CSD 6OAGD IZ Sundstrand

j . DC-9 JT-8D P&W CSD 6 OAGDO4 Sundstrand

DC-b  JT-9D P&W CSD 9OAGD O 1 Sundst rand

DC-b CF6-6 GE Generator , s tarte r , UAL , Boeing
hydraulic pump,
CSD , fue l  pump

F-2 8 Sprey RR CSD Z OAGDO2 Sundstrand

747 JT-9D P&W Generator , s tar te r , UAL , Boeing
h ydraulic pump,
CSD , fue l  pump

SST GE-4 GE All accessor ies  Sundst rand

r
I-
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X. RE COM M E N D E [ )  I M P R OV E M EN T  PROGRAMS
( R E W O R K  AREA )

A variety of techniques n-lay be employed or considered in order

to improve spline reliability, extend spline life , and reduce ove rall spline

maintenance cost. These techniques fall generally under two categories:

those that represent state of the art and thus may be immediate ly put into

ef f ec t  on ex i st i ng  equi pment wi thout  r equ i r i ng f u r t h e r s tud y, and those that

are deemed particularl y promising but cannot be put into effect without

further work to iron out the technical details. For the sake of convenience ,

techniques of the forme r category are herein termed ‘ impro vement prog rams

and will  be d is c u s s e d  in this chapter , while techniques  of the l a t t e r  c a t e g o r y
are herein termed “technology gaps ” and will be discussed in the next

chapter .

In general , the imm edia te imp rovem ent p ro g rams recommended
herein have been backed up by convincing service or research and develop-
merit exper ience ;  indeed most  such techniques have been used to some
degree  in p rac t ice  though not on a s e r v i c e - w id e  bas is .  Moreove r , as they
can be r eadi ly int roduced to exis t in g equi pment without design alte ra t ions ,
so by their  v er y  n a t u r e  they all belong to the rework  area . In othe r w o r d s ,
they can be immediately intr oduced to the Nav y ’s re work p rog ram.

These immediate imp rovement p rograms are of par t icula r value to
the inte r face  spliries which are  by f a r  the most  t roub lesome in p r a c t i c e .
However , most such techniques are also applicable to the other classes of

splines (1. e., those located inside the engine or gearbox envelope and
those located in the a i r f rame ) which gene rally exper ience  on ly m inima l to
moderate difficulties.

In the interests  of reduced maintena nc e , increased re lia bi lit y, and
extended life , it is recommended that the Naval  Air  Sys tems Command
conside r the immediate in troduct ion of the following improvement p rograms
in the Navy ’s rework  cycle :

1. Sp line Misal ignment  Control

The survey has revealed that little emphasis has been given

to controlling sp line misal ignment between the mating sp line parts , al thoug h
the importance of misali gnment control  is widely recognized.  It should be
emphasized that the misal ignment of real signif icance is that between the
assembled male and female sp lines a f t e r  the two components to which they
a re  a tt ach ed are  ac tua lly assembled.

hip ~~,. -~g~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
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As commented in Chap te r  VI , the A N D  and MS design standards
a r e  de f icie n t in va r iou s r e spec t s , i nc luding the spec i f i ca t i ons  on ali gn-
ment tolerances. In e s s e n c e , these  s t a n d a r d s  p r e s c r i b e  the  tolerances
on the ali gnment  of each individual spline part in relation to the com-
ponent to which it is a t tached , and also p resc r ibe  the to le rances  of each
individu al component mount ing  dev ice—so  that if all these tolerances are
met , the assembled spl ine - to - spline ali gnment is au tomat ica l ly a s sum ed
to be acce ptable when the two components are  put  toge ther .  This  seem-
ingly log ical procedure has two drawbacks. First , the existing alignment
speci f ica t ions  a- re inadequate and do not a s s u r e  the b est  possible sp line-
to-s p line a lignment when the s tackup e r ro rs  in the complete spline con-
nection tha t r esu l t  f rom assembl ing  f requen t l y in t e r c han g eab le components  V

are  taken into account .  Second , their  allowable latera l misa l i gnment  is
in excess of t he mi n im u m ch orda l c lea rance so that mechanical  inter-
fe re nce can resul t .  Possible revis ions  of the desi gn s t anda rds  fall unde r
the ca tegory  of technology gaps to be d i scussed  in the next chapter .
Nevertheless , the def ic iency  of the c u r r e n t  design s tandards  in this and
other respects should be kept in pe rspec t ive .

In prac t ice , misalignment control  even to the ex ten t  p rov ided  f o r  in
th e desi gn s tandards is d i f f icu l t  to c a r ry  out , due to a lack of sui table
techni que to measure  the late ral as well as angula r misali gnments  be tween
the spline part  and the component to which it is attached. This c r i t i c a l
task is now left largely to the ingenui ty  of the maintenance personnel .
The matte r is fur the r complicated by the fact  that d i f f e r en t  components  a re
serviced b y dif fe ren t  groups without adequate liaison between them , so
that there is in effect  little real sp l ine- to-spline misalignment control  due
to divided responsibi l i t ies .

The problem was recognized midway du ring the course  of this stud y,
and a recommendation to alleviate it was submit ted to NASC on January  29,
197 1 for  consideration and possible imp lementation (see l~ecommendation
No. 1 , Appendix F , for  details). Key i tems in th is r ecomm endati on are

V 
as follows:

a. Until  the desi gn standards a re  revised and up dated , co n-
formance of the spline -to-component ali gnments , both lateral and a n g u l a r,
should be checke d and a s su red .

b. A un i fo rm method of measur ing  the late ral and angula r
sp line- to-component  a l ignments  should be established. An examp le of such
a measur ing  technique was sugges ted .

c. These m e a s u r e m e n t s  should be initially confined to those
sp lin e conn ectio n s ident i f ied by the NAVAIREWORKFAC(s)  to have experi-
enced  pa r t i cu la r d i f f i c u l t i e s , with considerat ion to expand the program when
real  benef i ts  a re  es tabl ished on an overall cost ef fec t iveness  basis .
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Improved Liaison between Organ i za t i ons

Sp line rep lace ment rate  is af f ecte d b y many f a c t o r s ,
inc lud ing  misa lignment  between the mat ing sp line s , lu b r i can t , lubri-
cating method and f r equency ,  mate r ia l com bina t io ns , ove rhau l  and
ins pection p rac t ices , and sp line wear  reject ion c r i te r ia .  This su rvey
indica ted that control  ove r these fac tors  is exercised gene rally by
seve ral d i f f e r en t  g roups , with no one g roup  solely responsible  fo r  the
comp lete spline connection.

This problem was also recognized midway dur ing  the c o u r s e
of this s tud y, and a recommendat ion to alleviate it was submit ted  to NASC
on Ja n u a r y 28 , 197 1 fo r cons iderat ion and poss ib le imp lementat ion (see

• Recommendation No. 2 , A ppendix F , fo r  details).  Key i tems in th is
reco mmendation a re  as f o llows :

a. Improved liaison should be established between
grou p s res ponsible f or in te r f ace sp lines to effect  bette r cont ro l  over all
f a c t o r s  a ff ect ing sp line wear  and to p r even t  individua l g roups  f rom tak ing
ac tions which might resu lt in inc r eased ove ra ll sp line maintenance  costs .

b. In the event si gnificant improved l iaison cannot be
ob tained , it may be des i rab le to create  an organiza t ion  with the speci f ic
res pons ibi lit y f or the complete interface spline connect ions .

3. Lubr ica t ion  of Three Upper  Splines on Main Roto r
Mast  of UH- 1  Series Hel icopters

As exp lained in Chapter  V , the three  upper  sp liries on the
main rotor mast of the U H - l  ser ies  hel icopters  experience a severe
pit t ing problem. It was ascer ta ined  that this problem was caused , at
least  in part , by imprope r lubr ica t ion .  Apar t  f r o m  possible  redes ign or

V deve lopment, it was fe l t  tha t improved lubr icat ion could help considerably.

This problem was also identif ied midway d u r i n g  the c o u r s e
of this s tud y, and a recommendat ion to alleviate it ~~as submit ted to NASC
on J a n u a r y  28 , 197 1 for  considerat ion and possible imp lementa t ion ( see
Recommendat ion No. 3 , A ppendix F , for details). Key items in this
recomm enda t ion are  as f o llows:

a. The three problem sp lines should all be lubricated
with an appropriate g r e a s e  dur ing  ove rhaul , and re lubr ica ted  t he r ea f t er
at 100-hr interva ls .
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b. N e i t h e r  the M I L - C - l l7 9 6  c o r r o s i o n - p rev e n t i ve

c o m p o u n d  nor the M IL - G-~~5537 gr ea s e , which a r e  c u r re n t l y u s e d , is a

good sp line l u b r i c a n t .  Thei r  u s e  should be d i s c o n t i n u e d .

c. In p lace of the above , u s e  of a M IL - G -2 1 1 6 4  g r e a s e

for service temperatures up to 250°F and a M I L - G - 813 2 2  g r e a s e  f o r

service  t empera tures  u p to 350°F is recommended.

4. Grease  Selection

A s exp lained in Chapter  VII , there  is such a pro l i f e ra t ion
of g reases now used fo r  i n t e r f a c e  sp line s , appare ntl y with no sys temat ic
cont ro l  on a se rv ice-wide  basis , that p ro per  or opt imu m lu b r ic a t i o n
cannot  be a s s u r ed .  Tables 18 and 19 show that the greases  come un de r
a va r i e t y of mi l i t a r y  speci f ica t ions , federa l stock number s , and brand

na m e s — t o  such an extent  that appropr ia te  sys temat iza t ion  and s tandardi-
z a t ion  are  u r g e n t l y needed. In addit ion , there is a des i re  on the par t  of

ma ny peop le in terv iewed fo r  better g reases  than those c ur r e n t l y avai lable ,
which can potentially f u r t h e r  comp li cate an a lread y baf f l ing s i tu a t i o n .
Sys temat i za t ion  and s tandardizat ion of c u r r e n t  greases  and deve lopment
of new g r e a s e s  belong to the realm of t echnology gaps to be d i sc u s s e d  in

the next chapter .  In the meantime , an inte rim list of a few allowable
c u r r ent g r ea se s  wi ll not only simp lif y the inventory  sys tem ;  but also enhance

lubr ica t ion , improve pe r formance , and increase ove ra ll cost e f f e c t i v e n e s s .

The following recommendations , made with the above
objec t ives  in mind , a re  p resen ted f or NA SC to co nside r and poss ib ly adopt:

a. The MIL-G-3545 , MIL-G-7l 87 , and MIL-G-77 11
speci f ica t ions  are now obsolete . Greases  supp lied under  these specifica-
t ions should be v i thdrawn f ro m  the inventory sys tem and not used in

V 
main tenance  ope rat ions .

b. Pendin g s y stemat ic eva lua t ion and possib le i s s u a n c e

of appr opr ia t e addi t iona l speci f ication s , the use of othe r greases  should
be d i scouraged .

c. In the interim , it is recommended that the MIL- G-
2 1164  g reases  be used for  service  tempera tures  up to 2 50°F and the MIL-G-
81 322 g r ease s  be used  for  service temperatures up to 350°F , fo r  i n t e r f ace

sp lines on a serv ice -wide  basis .

5. More Frequent  Relubricat ion

From the information gained in this su rvey ,  i n te rf ace  splines

a r e  normally lubr ic a ted d ur i ng initial insta llation and dur ing eng ine or

~~~~ 
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a c c e s s o r y  o v e r h a u l s  which  v a r y  f r o m  400 to  3000 h o u r s , wi th  an approxi-
mate a v e r a g e  of 1250 h o u r s .  These  sp l Ines  a r e  r e l u b r i c a t e d  in s e rv i ce
at in terva ls rang ing f r o m  60 to 1 500 h o u r s , wit h an approx imate  ave rage
of 640 hou r s .  In c r i t i c a l  app lications where the sp line s a r e  overloade d
eit her  due to inadequate  d e s i gn or  pr esence of e x c e s s i v e  mis al i gn ment
du e to d ynamic condi t ions , or  due si mply to inadequate  misali gnment
cont r ol, the burden  to be a s sumed  by lub r icat ion becomes all the more
severe  la r g e ly by de fa u lt . As p ointed  ou t  in Chapte r U or Appendix  A ,
a good grease  (such as M I L - G - 2 )  :64 and MIL -G-8b  322) has a long induc-
tio n period which is chemical  in n a t u r e , and f r e q u e n t  renewa l of the g rease
wi l l provide con t inued  neg li g ib le wea r .  Moreove r , the g rease  ma y be lost
th roug h inadequate  sea l ing ,  which also demand more f r e q u e n t  rep lenish-
nient.  More f r e q u e n t  r e lubr i ca t ion  o b v i o u s l y i ncreases the main tenance
cost and i nc rease s  the equi pment down time , and should not be pra c tised
indi sc r imina te ly. N e v e r t h e l e s s , it does imp rove overa ll re liabi lit y and
sp line li f e , which a r e  equally,  if not more, important.

In view of the above conside rat ions , i t is r e c o m m e n d e d
that NASC consider  and poss ibly adopt the following r e lub r i ca t ion  pra c tice:

a. Pending review of the othe r fac tors  recommended
in this chapte r , the re lubr ica t ion  in terval  for  in ter face  sp lines v~hich
expe rience excess ive  wear  should be shortene d b y 50 pe rcent , or to 2 5
h o u r s  of fli ght time in the most  cri t ical  cases .

b. As a ll of the improvement  programs recommended
in this  chapte r a re  put into e f f ec t , the mat te r  should be rev iewed at the
NAV AIREWORKFAC leve l and the re lubr ica t ion  in terva l may be progres-
s i v e l y l eng thened  as the s e r v i c e  r ecords  so indicate .

6 . More  Thoroug h Clean ing

P a r t i c u l a r  a t t en t ion  should be g iven to cleaning both the male
and  female  sp lines p r i o r  to relubrication , which is normally car r ied ou t
at  the squad ron  level u n d e r  rather t ry ing c i r cums tances .  Additionally,
( ‘\ ~Cf l  at the NA VA IREWORKFAC level d u r i n g  ove rhauls , the tas k is not as
easy  to accomplish as it would seem. By v i r tue  of the desi gn , the female
sp line is usua l ly the longer one and cannot be removed f rom the component
to which it is attached except in the case of a complete teardown , so it
is f a r  less accessible tha n the male sp line for  thoroug h cleaning . It is
believed that this problem can be alleviated with fo res igh t  in desi gn .  Never-
theless , fo r  c u r r e n t  equipment , the mer i t s  of thorough cleaning cannot
be over looked.
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The recommendations for NASC to consider and possibly

implement a r e  as fo llows:

a. During overhauls and relubrication , the importance

of thorough cleaning of both the male and female spline s should be

emphasized. —

b. To aid in the cleaning of the female spline s , su i tab le

cleaning b rushes , shaped like small tooth b r u s h e s  with s t i f f  s ta in less  steel

“bris tles ” , should be provided the maintenanc e personnel .  These b rushes
shou ld be thorou ghly c leaned wit h so lven t , or  else discarded , as the con-
dition dictates .

7. Reverse  Sp line s in Gearbox

Some ma n u f a c t u r e r s  uti l ize several  ge a r - s p line shafts  within
the accessory  eng ine gearboxes or he licopter combining gearboxes .  In

some in stances , as in the case of the combining gearbox on the H -3  heli-
copter , there are two relatively massive  identical g e a r- s p line sha f t s .
Since the identical shafts are gear -connec ted  and operate in opposi te  direc-
tions , it would be possible to interchange the shafts thereb y providing new

sp line and gear su r f aces  and ef fec t ive ly doubling the life of each shaf t .

It is therefore  recommended that NASC cons ider  and pos s ibl y
permit  the following rework procedure :

a. The gearbox inventory  should be reviewed at the
NAVAIREWORKFAC level to determine where identical gea r - sp line sha f t s

a re used.

b. Those gea r - spline shafts  worn  only on on e side

should be carefu l ly inspected.  If f o u nd  usable on the unworn  side , they

should be care fu l ly c leaned and p r e se r ved , and be permi t t ed  to be used  in
the reversed  service.

8. Muff

As d i scussed  in Chapter IX , the sp line muff  has been em-
p loyed in practice and has received many favorable repor ts .  The muff  is
normally supp lied as a part of the accessory ,  consequentl y i t s  desi gn is

gove r ned by the accessory  m a n u f a c t u r e r  and the appropria te  design s tandard .
Its p r i m a r y  purpose is to permit  the connection to accept some misali gn-
ment  and thereb y min imize  sp line w e a r — p a r t i cu l a r l y that on the di f f icul t -
t o - r e place female spline. Althoug h the concept of sp line muf f  can be
exp loited to the extent of develop ing an “ e~ pendab 1e bol t-on spline ’ or an

“expe ndable m u f f ”  (see the next chapter  conce rned  wi th  technology gap s ) ,
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the use of muffs as presently available is deemed helpful if not necessarily
the best possible.

In view of the foregoing,  it is recommended that  NA SC
conside r and possibly endorse the following practice:

a. In those cases where excessive spline wear is

experienced, the use of a spline muff should be accepted.

b. Prol i fera t ion of s t a t e -o f- the -a r t  m u f f s  should be - ‘

discouraged , pending a thorough review of the other improvement programs
recommended in this chapter and an evaluation of improved muff designs .

1’

• .
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XI. TECHNOLOG Y GA PS

The ‘ improvement  p rograms ” recommended in the preceding
chap te r  re p resent  techn iques that can readi ly be emp loyed on exist ing
equi pment wi thou t  calling f or desi gn changes.  They are , by the i r  ver y
na tu re , sta te -of- th e -ar t  n-ieasu res whose imp lementation should help
substantially to alleviate the sp line fa i lu re  problem , pa r t i cu la r ly as
related to the interface sp lines.

The gravi ty  of the sp line fa i lu re  problem demands , h oweve r , that
fu rther improvements be made at the desi gn stage or beyond the state of
the ar t .  Since these measures  will requi re  changes in desi gn concept or
fu r the r  research and development , they are termed “tec hnology gaps. ”

The presen t chapter  will identif y the technology gaps which , f o r
the sake of convenience , will be dealt with under two headings , namel y,
those that belong to the rework area and those that belong to the area of
research and development.

A. Rework Area

The technology gaps in the rework area are  those which relate to
improved rework techniques. When developed , these techniques can
readily be applied equally to current and f u t u r e  equi pme nt. The need for
these measures is obvious from the surve y conducted , and it is recom-
mended that the Naval Air Systems Command consider their  development
at an early date.

1. Misalignment Measurement

It was mentioned in the preceding chapter that the misalign-
ment of real significance is tha t between the two mating sp line par ts  when
the components to which these sp line parts  are attached are  assembled.
The importance of misalignment control has been repeatedly emphas ized
in this report and is generally reco gni zed by all rework  personnel .  How-
eve r , obvious ly, sp l ine- to-spline misalignment cannot be eff ec t ive ly

— controlled unless it can be accura te ly measu red  in the f i r s t  place.

In the preceding chapter , a method of m e a s u r i n g  the sp line-
to-component misalignment was sugges ted .  It is implied that if the sp line-
to-component misali gnments for  the two components to be joine d togethe r
are  within some prescr ibed limits , then when the two components are
actually assembled the resul t ing  sp l ine- to-spline misali gnment  will be
acceptable . The method sugges ted  ‘n the preceding chapter is one of

__________ - ~. .
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seve r al that can be conceived , and it has indeed been used in p rac t ice
to some extent .  But the method is rathe r complex and ca n not eas i ly be

used at the squadron level. The re is a need fo r  a technique whic h can

more easil y be employed by the squadrons where most of the rout ine
accessory rep lacements  are made .

In addi t ion to a technique desc r ibed , there  is a need fo r
the direct  measu remen t  of the spline -to-sp line misalignment.  Such a
technique is r equ i r ed  because  of stackup errors of parts, so that the

ver y best of sp l ine- to -spline alignment cannot be assured  b y the cu r r en t
design specif icat ions.  Even in the long run , i. e. , a f t er bet t er  desi gn
s tandards  have bee n de veloped , th ere is st ill a need f or d i rec t  spline-to-
sp line misa lignment control for  splines in cr i tical  applications or loca-
tions . As emphasized in the earlier chapters , good ali gnm ent eases  the

ro le of maintenance  gr ea tly and ca nno t but  sa ve maintena nce cost in the

long run.

Su mmariz ing , it is recommended tha t NASC conside r
the deve lopment of the following techni ques:

a. A technique for  measur ing sp line-to-component
misalignment that is s imple to use  and su i table to the needs of th e

squad rons .

b. A technique for measuring sp line-to-spline mis-
alignment for  sp lines in critical app lica tions or loca t ions , suitable for
u s e  at all leve ls of maintenance.

2 . Misalignment Control

Misalignment control cannot be exercised without misalign-
ment measurement  and without adequate provisions in the desi gn. The
mat te r of design is not assumed to be a rework function.  Thus , in p rac t ice ,
all that the rework personnel can do is to accept or re jec t  sp line s that do
not provide acceptable alignment.

There are cu rren t l y no quantitative information on the ef fec t
of la teral  and angular  misali gnments on sp line wear .  Info rmation of this
type is needed in orde r to specif y acceptable limits.

It is recommended that NASC conside r the development of
the following info rmation:

a. Quanti tat ive information on the e f fec t  of controlled
latera l  and angu l ar  sp l ine- to-spline misa lignments on spline wear .

~~~~~~~~~~~ V V- -V. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
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b. Development  of al loy,  ab le mi salignment tote rance s
for use in the rework sequence .

3. Wear  Measuremen t

The purpose of misali gnment  control  is to p reven t  exces -
sive spline wear. The purpose of wear measurement is to measure the
extent of wea r  that actually occur s , so as to fo rm the bas is  of sp line
rep lacement.

As related in Chapte r VIII , a l a rge  number  of tools , gages ,
or instruments are  cur ren t l y bein g used to m e a s u r e  sp line wear .  Some
of these are  simple to use , and some are  quite  elaborate.  The va r i e ty  is
such that there  is at p resen t  no common basis for  comparison.  Standard i-
zation of a few techn iques to be used s e r v i c e - w i d e  will  hel p to eli minate
confusion , enhance quali ty control , and bring abo ut lower overa l l  mainte-
nan ce cost .

The ma t t e r  wil l  re qu i re  care ful stud y; but  some gu ide l ines
are apparent.  Some simple tools are  needed for  squadron use . By t h e i r

ver y nature , th ese tools may n ot be applicable to cr i t ica l  sp lines ~~h i c h

can only tolerate  very little wea r .  At higher  levels of maintenan ce , m ore

sop histicated tools are  jus t i f ied , and several  of these  are  indicated in
Table 22. The rather popular use of visual inspection r e f l e c t s  probabl y

V 
the acute recognition of the importance of wear  on sp line p e r f o r m a n c e . 

V

While it is not an “object ive ” technique , it ca n well  be a useful  comple- 
- 

-
~~

ment to the inst r umental techn iqu es and thus need not be d i scouraged  at
this time. As progress  is made on the ins trumenta l  side , less re l i ance  -

~~~

will automatically be placed on the visual inspection.

The Versa-dia l  gage with Q. P. ti p s has been repor ted  to
g ive good res ults.  But they are  expensive and their use is likel y to be
li mited to the depot level.

A technique which is most  popularly used is the pin or
wi re  method; or its variation , the ball method , which is appa rentl y not
widel y used. Tools of this category are  easy to use and quite inexpensive ,
and they are  in herentl y suitable for all levels of maintenance.  Their

a princi pal dra wback s a re , as discussed in Chapte r VIII , their inaccuracy
due to involute profile changes due to wear and , in the case of p ins or
w i res , some othe r complications.  Never the less , the i r  low cost and the i r
ada ptabili ty to all leve l s of maintenance, afte r these problems a re

V r eso lved , of f e r  a t t ract ive possibili t ies .

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .j-~ . -  • -~~~~- ,*  
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It is t h e r e f o r e  r e c o m m e n d e d  tha t  NASC c o n s i der  t h e
imp l e m e n t a t i o n  of the fo l lowing  in the a r e a  of sp line w e a r  m e a s u r e m e n t :

a. Development of the pin or ball techniqu e taking
consideration of tooth profile changes due to w e a r  and o the r  compl i ca t ions .

b . S tandard iza t ion  of a few sp line w e a r  m e a s u r e m e n t
techn iques , wi th  due recogni t ion  of the needs  at d i f f e r e n t  le ve l s  of mainte-
nance.

4 . R e j e c t i o n  Cr i t e r i a

Sp line re jec t ion  involves  cons ide ra t ions  of ove ra l l  pe r fo r -
mance , r e l i ab i l i ty ,  and cost .  I n d i s c r i m i n a t e  r e j ec t ion  of usable  sp l ines
i n c r e a s e s  main tenance  cost;  i nd i s c r im ina t e  accep tance  of n ionusable  sp l ines
impai rs  p e r f o r m a n c e  and re l iabi l i ty . It is d i f f i cu l t  to s t r ike  a happy
comp romise , because the compromise obviously depends on the applica-

tion. In many ins tances , all that is required of a spline connection is to
drive an accessory and no other factors need to be taken into consideration.
Even so, the spline that passes the inspection during one overhaul must be
able to su rv ive  till the next overhaul in orde r to ensure operational reli-

abi l i ty .  In this r e g a r d , pass ing  of those  sp lines that have w o r n  close to the
case depth appears  to b e fa lse  economy .

On the other hand , the re a re  app l i ca t i ons  w h e r e  other  pcr~
fo rmance  indices should also be cons ide red .  For example , on cons tan t
speed dr ives , noise  and v ibra t ions  may be impor tant .  In such app lica-
t ions , more  s t r ingen t r e j ec t ion  c r i t e r i a  are  r equi r ed .

Table 23 show s that there are , at p r e s e n t , a va r i e ty  of
spline re jec t ion  c r i t e r i a , rang ing f r o m  a few thousandths  of an inch
(usually specified quantitative ly in each application) all the way  to “kn i fe
ed ge ” , or even “individual d i sc re t ion” or “not  spec i f ied” . The l a t t e r
two c r i t e r i a  are too vague to be meaningful .

It is t h e r e f o r e  recommended  that  NASC cons ide r  the develop-
r ent of the fol lowing sp line r e j ec t ion  c r i t e r i a :

a. The “ ind iv idua l  d i s c r e t i o n” and “not spec i f i ed”
c r i t e r i a  shou ld be made quan t i t a t i ve .

b. The “few thousandths of an inch” criteria should be

rev iewed and conso l ida t ed .

c. ~lVhe ot h er  sp line r e j ec t ion  c r i t e r i a  should be c on-
sol idated  and set in such a way  as to a s s u r e  rel iable opera t ion  to the n e x t
ove rhau l .  Wi th  case h a r d e n e d  sp l ines , the c r i t e r i on  should r e a l i s t i c a l ly

L~~~ 
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be related to the case thickness (and the current design standards are
deficient in this respect, see Chapter VI). With throug h hardened
sp lines , a more l iberal  c r i t e ri o n  may be cons idered .

B. Research  and Development Area

The research and development e f for t s  to be outlined here in  are
gene rally related to design , materials , and lubricants.  Fundamentally,
the technology gaps in the rework area just presented deal with mainte-
nance t echniques , and they are app licable to both cur ren t  and f u t u r e
equipment. The research and development programs are directed
toward the future; their dividends in the long run lie in better performance,
inc reased  re liabi lity ,  longer life , and—not  the l e a s t — r e d u ce d  maintenance.

The following research and development programs are  presented
to the Naval Air Systems Command for  consideration and possible imp le-
mentat ion:

1. Design Standards

As discussed in Chapter VI, a number of design standards

are currently available ; but the pertinent ones to aircraft splines are
basically the AND and MS standards. It is gathered that the MS standa rds

are intended to supersede the AND standards. Nevertheless , even though
the MS standards represent many improvements over the AND standards ,
they also contain provisions that appear to make backward strides (such
as the lack of a case thickness specification, and the specification of a
minimum case hardness only for the male spline which is the more easily
replaced part). In any case , as summarized in Table 17, both standards
are either inadequate or require fu rther study in every relevant respect.

It is not necessary  to repeat here the comments already
made in Chapter VI. All that needs to be emphasized is that the decisions
made at the design stage affect virtually all aspects of performance ,
reliability, maintenance, and overall operating cost. There is hardly
any ques t ion  that a new set of design standards should be developed. Such
a development program will require much time and considerable s tud y
and coor dination , thus its initiation should not be delayed. The problem
is fundamental.

In view of the above , and recognizing the time and e f f o r t
r e q u i r e d  to develop a set of new design standards , i t is recommen ded that
NASC consider  the following :

a. Allow the interim use  of the MS s tandards  but incor-
po rate into them the case thickness  and case hardness  provisions of the
AND standards , pr ior  to the adoption of a new set of desi gn s tandards .

~~~ 
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b. Initiate a program to develop a new set of design
standards , taking all factors listed in Table 1 7 into consideration.

2. Materials

Table 13 lists a large number of materials c u r r e n t l y used
for splines , thoug h the major i ty  of the splines are made of AMS 6260
(AIS I 9310) and AMS 6415 (AISI 4340) steels . These are two “wor khorses ”
of lon g sta ndin g , with AMS 6260 exhibiting bet t er wea r re sistance ( se e ,
for  example , Appendix A). AISI M50 steel is not widely used on
int erface splines; but  shows good resu lts when used with Elect r oless
Nickel II coating in a fue l  environment (Appendix A). In addition , the re
are  other materials that may be considered.

In gene ral , apart  f rom AMS 6260 and AMS 641 5 steels ,
th ere is not enou gh background information to formu late sound des ign

V decisio ns. The miss ing information needs to be developed by sys temat ic
evaluat ion.  So f a r  as AMS 6260 and AMS 641 5 are concerned , AMS 6260
is more wear resistant and should be favored for female splines which

are difficult to replace, while AMS 6415 is less wear resistant and should

be favored for male splines. As shown in Table 1 3, this is indeed the

overall choice in practice.

In view of the above , it is recommended that NASC con-
sider  the following:

a. Encourage the use of AMS 6260 steel for female

sp lines and AMS 6415 steel for  male splines.

b. Init iate a sys temat ic  program to evaluate other
promising materials for future applications.

• 3. Coating s

The fact  that coatings can g rea t ly enhance spline wear  life

has been amply demons t ra ted  (see Appendix A) .  What is not present l y

V clear is the optimum type and thickness of the coatings.  There are  two

broad types of coat ings:  plasLc and metallic.

As reported in Appendix A , a plastic coating, Ny lon- l i ,
gave very long wear life for  a generator  splirie application when use d  with
o i l -m i s t  j ubr icat ion . On the other hand , the same coating , when applied

by what was believed to be an infer ior  technique , yielded onl y m odest

perfo rmance in a fue l  environment .  Whether the excellent resul t s  obtained
on the gene rator sp line was due to the super ior  coating application tech-
ni que , or  the super io r  lubr icat ing quality of the lubr icant  as compared
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with a fuel, is not known. In any case , the information now available is
most encourag ing. Besides , plastic coating s do have the advantage of
minimizing vibrations —a characte ristic important  in many appl icat ions .
Thu s, the plastic coatings definitely merit attention.

Appendix A also shows that several metallic coating s
gave excellent wear life in a fuel envoronment, the best being Electroless
Nickel II. This coating was applied to a male spline of M50 substrate ,
and was used with a female spline made of AMS 641 5 (AISI 41 30) steel.
For usua l  interface spline connect ions , it would appear desirable to pro-
vide for  a longer wear life fo r  the female sp line which is d i f f i cu l t  to
replace. It would thus appear to be desirable to apply the Electroless
Nickel II coating on the female spline. With the life thus gained on the
female spline , perhaps a different material, such as AMS 6260 steel,
might be considered for the male spline. However, the compat ib i l i ty  of
the nickel coating versus AMS 6260 has not been evaluated. Clearly,
optimum use of metallic coating, pai-ticu]arly with grease in air environ-
ment , which represents the bulk of in terface spline app lication , deserve s
fu rther investigation.

Summarizing, it is recommended tha t NASC conside r the
following evaluation programs:

a. Systematic  evaluation of selected plast ic coat ings ,
such as Nylon-Il , in air , fuel, and lubricant environments for spline use.

b. Systematic evaluation of metallic coatings , such as
Electroless Nickel II, in a i r , fue l , and lubricant environments  fo r  spline
use.

4. Expendable Bolt-On Spline

The expendable bolt-on spline is one of several techniques ,

all of which may be considered as an extention of the spline muff concept
V discussed in the preceding chapter. It is believed to be worthy of exploita-

tion f rom the economic standpoint.

Figure IOA illustrates a conventional engine accessory
gearbox pad spline connection. In this design, several female splines are
provided on the gearbox to drive various engine accessories. An accessory,
such as a generato r, fuel pump , hydraulic pump, or starte r, will have a

male spline which mates with a corresponding female spline on the gearbox.
In this arrangement, once the female spline is worn, it must be replaced;

but that would entail dissembly of the gearbox.

.
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This problem can be overcome b y the u se  of a bo l t -on
sp linc , wh ich  is i l l u s t r a t e d  in Fi g ur e  l O B  and may be d e s c r i b e d  as a blind
m u f f .  The bo l t -on  sp line will have a male sp linc capable of mat ing with
the female  sp line on the gea rbox .  The female sp line on the bol t -on  spline
is s ized to accept  the male sp line on the co r respond ing  a c c e s s o r y .  A
bolt hole is provided  at the blind end of the bo lt-on sp line so that it  can
be secu red  to the female  spline on the gea rbox .  Since t he r e  is v i r t ua l ly
no motion be tween  the male bol t -on sp line and female sp line on the gea r -
box , this  r e su l t s  in e l imina t ing  the possib i l i ty  of wea r  at the gearbox
female sp line . As a r e s u l t , the female sp line on the g e a r b o x  neve r needs
replacement .  When the female sp line on the bolt-on sp line is worn , it can
easily be removed and replaced by a new one. The male sp line on the
a c c e s s o r y  can , as u s u a l , be readily rep laced in the rework  p rocess .

In a sense , the bol t -on sp line is not a completely new con-
cept , excep t  in the manner  it is to be app lied. A type of bol t -on sp liri e
connection was found to be used on the Bendix automatic-disengag ing g ea r
type s t a r t e r s  (Fi g. 4). The main pu rpose  of this type of bolt-on desi gn
was  to d isengage  nearly all of the rota t ional  mass of the s t a r t e r  once t h e
e n g i n e  has s t a r t ed .  A simila r concept is also used  on the JT-8D e n g i n e .
Fi g u r e  11 i l l u s t r a t e s  the k idney - shaped  eng ine a c c e s s o r y  gearbox  US~~ V d  “n
the  J T - 8 D  engine and the two locations where  the bo l t -on  t ype sp l ines  ar ~
used , namely,  on the s t a r t e r and the CSD. Howeve r , no addi t iona l  i n f o r -
n i a t ion  was obta ined relating to these connec tions .

Tinker  eng ineers  repor te d that a type of bo l t -on  sp l in e  is u s e d
on a CSD-gearbox on a TF-33-P9 engine used on the EC /RC/135C and
13-521-1 a i r c r a f t  (Su rvey  Form No. 195).  In this  case , a bol t -on dogbone
type sp line was used .  The dogbone sp line was bolted into the g e a r bo x
the reby saving the gearbox spline. In this problem area, it was r epo r t ed
t h a t  the female sp line on the dog bone had a rep lacement  rate of 1Z’~ ~‘hile
the m a t i n g  CSD male sp line had l7~~ rep lacement  ra te .  The bo l t -on  sp line
can  be r emoved  onc e the CSD is removed wi thou t  d i s t u r b i ng  the gea rbox .

A bo l t -on  dog bone type sp line is also u s e d  in a 3 - 8 5  eng ine
f o r  a T - 3 8  a i r c r a f t  (Su rvey  Form No. 9 9 ) ,  as r epo r t ed  by Kell y. In this
case  the dog hone sp line is bolted into the g e n e r a t o r , obvious ly to save the
gene r a t o r  sp l ine .  In the sample ~~orn sp lines obta ined f r o m  Kelly, the end
of the dog bone sp line mat ing  with the gea rbox  w a s  wo rn to a k n i f e- e d ge ,
w1 ilc the  othe r end which was bolted to the g en e r a t o r  was v i r tua l ly in p e r f e c t
con d it  ion .

In the interests of saving  main tenance  cost , it is r e commended
tha t  NASC c o n s i d e r  the fo l lowing:

a. Development of expendable bolt-on spline s of opt imum
d e s i g n  f o r  u se  in c r i t i c a l  i n t e r f a c e  sp line c o n n e c t i o n s .

I.P ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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b. Modif icat ion of e x i s t i n g  gea rboxes to accept ex-
pendab le bolt-on sp lines in c r i t i ca l applications.

5. Expendable Muff

The expendable muff  is an extens ion of the conventional
muff concept in anothe r direct ion.  The conventional  muff is incorporate d
to allow the spline connectio n to accept misalignment. It is worthwhile
as such. On the other hand , as long as a muff  is employed , and since the
mu ff can be easi ly rep laced , it would appear sensible to design the muff
de libe ra te ly as an expendable item , in such a way as to minimize the
wear  and the re fore  the rep lacement of both the male and female splines
which mate with it. This technique ma y we ll protect  the female sp lines
on the eng ine gearboxe s long enough to last through the scheduled over-
hauls. Further , it may save unnecessary rework of accessories rendered 

V

u n serviceable only due to wear of the ma le sp line s at tached to them .

One way to desi gn an expendable muff  is to desi gn it as a
sacrificial item as suggested. Under this concept, the mating male and
female splines should both be deliberately made to suffer minimum wear
by proper choice of materia l, coating , and/ o r  case hardness .  The
sacrificial muff will then be designed , again by choice of material, coating,
a n d / o r  case hardness , to be the sacrif icial  element. To c a r r y  this con-

• cept fu r the r , it appears entirely feasible to employ materials fo r  the ex-
pendable muf f  that possess  lubricating qual i ty ,  thereby f u r t h e r  lengthening
the live s of the mating male and female splines.

Another way to desi gn an expendable muff  is to build an
energy-absorb ing  capability into it. An energy-absorb ing  muff , when inter-
posed between the mating male and female splines , will r educe  the t rue
slip at i ts  interna l and external interfaces, regardless  of the apparent  slip
or misalignment.  This technique will then accept more misalignment
without  actually entailing much relative motion or wear .  Its secondary

V 
- advantage is that it will also absorb vibrational energy ,  so that the vibra-
• . t ion problem in some applications can be effectively minimized.

According ly, it is recommended that NASC consider  the
development of expendable muffs  as follows :

a. Development of an expendable muff  of the s ac r i f i c i a l
type .

b. Development of an expendable muff  of the energy-
absorb ing  type. 
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c. Eva lua t i on  of the compara t ive  m e r i t s  of the ex-
pendable bo lt-on spline , s ac r i f i c i a l  muff , and en e r g y - a b s o r b i n g  muff ,
w i th  a view t o w a r d  s t a n d a r d i z a t i o n .

d. Modi f ica t ion  of exis t ing equi pment to incorpo rate
the best  design.

e. Incorpora t ion  of the best  design in f u t u r e  equ ipment.

6. Lubr icants

Three gene ral classes of lubr icants  were  conside red in
Chapter  VII and f u r t h e r commented on in the preceding chapter.  Of
these th ree  classes , the li qu id  lubr i can t s  g ive generally s a t i s f a c t o ry
pe r fo rmance ;  but  they cannot be i n c r i m i n a t e ly used  in inte r face  sp line s
due to cons idera t ion  of sy s t e m  complexi ty  and wei ght and size.  Greases
are  employ ed in most in t er f ace splines; bu t  th e re are  p r o b l e m s— m o s t
of which may not be related to the g rease  itself , but  rathe r due to in-
adequate  desi gn , instal lat ion, and maintenance .  Solid-fi lm l u b r i ca n t s
p rov ide  little p r o t e c t i o n  to sp lines.

One of the problems with greases  is the great  p ro l i f e r a t i on
of g reases  c u r r e n t ly used , as d iscussed  in the preceding chapter .  it was
recommended in the preceding chapte r that , pending a systematic  evalua-
tion of the available g reases , the selection should be based on the MIL-G-
21 164 and MIL - G - 8l 3 2 2  types .  Moreover , it is clear that in order  to
sy stema tize th e g rease in ve nto r y and to ob tain the be st gr eases possible ,
sys temat ic  evaluation of the available greases should be made and de-
velopment of bet ter  g reases  should be encouraged.

The au thors  are  of the opinion tha t solid-film lubricants  as
su ch need not be co n si de r ed f or spline app lications. Howeve r , solid lubri-
cants as a const i tuent  of the greases  and as a cons t i tuent  of the expendable
m u f f s  a re  well wor th  ca re fu l  s tud y.

S u m m a r i z i n g ,  it is recommended tha t NASC conside r the
unde rtaking of the following programs in the area of lubr icants :

a. Sys temat ic  evaluation of selected available non-
V speci f ica t ion  g reases , with a view to s tandardizat ion and i ssuance  of new

specif icat ions where mer i t ed .

b. Development of new greases , pa r t i cu la r ly those g iving
super io r pe r fo rmance  in air  environment as well as fue l  envi ronment .

- ~~~~~~~~~~~ i r ab —
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1 . Int r oduc t i on

Since 1963, SwRI has been performing a series of research and
development  programs in f u r t h e r i n g  an unders tanding  of the mechanisms
of sp line lu b r i c a t i o n  and wea r , as we ll as the means of mi t i gat ing sp l ine
wea r. These p rograms  were  all pe r fo rmed  under cont rac t  or sub-
cont rac t  f rom the Naval  A i r  Sys tems  Command , Department  of the Navy.

The work  f rom 1963 throug h 1966 was conducted under  Contrac ts
N O w - 6 3 - 0 5 1l - d , NOw-64-034 1-d, and NOw-65-0224-f  unde r the cognizance
of the Power Plant Div i s ion , Na va l A i r  Systems Command , with  Mr .  S. M.
Co llegeman as projec t  o f f i ce r .  The work was p r imar i ly o r ie nt ed toward  a
s t u d y of l u b r i c a t i o n  and wear m echanism s. A sp line wear  te s ter No. 1
was deve loped for  this  inves t i gation to complement the s tud y. This t es te r
has s ince b’~en emp loyed con t inuous l y at SwRI in va r ious  subsequent  research
and development prog rams.

In 1967 , Sw RI bu i l t  and del ivered sp line wear t es te r  No. 2 to the
Ae ronau t i ca l  Mate r i a l s  La bo ra to ry  of the Naval Air  Development Cen te r ,
u n d e r  C o n t r a c t  N O O I S 6 - 6 7 - C - l 30 2 , wi th Mr.  M. 3. Devine as p ro jec t
of f i c e r .  This  tes te r  has s ince been employed in a ser ies  of in -house
resea rch and development p rograms at the Naval Air  Development C e n t e r .

Some time la t er , the Navy bui lt spline wea r tes ter  No. 3 f r o m  SwRI-
f u r n i s h e d  drawings .  This t es te r  was operated at the Na va l A i r  Develo p-
ment  Ce nte r  for  a period , a f t e r  which it was loaned to the San Antonio
A i r  Ma te r i e l  Area  to conduc t  exper iments  als o related to sp line wear
m iti gat io n.

• In the mea ntime , in 1969 , under  Contract  N0 00 19-69-C-02 60 , SwRI
c o n d u c t e d  l imited invest i gat ions on the ef fec t  of p lastic coatings on sp line
wea r , in close cooperat ion wi th  the Naval  A i r  Development Center,  This
wo rk was  under  the cognizance of the Materials  Divis ion , Naval  Air

‘
V Systems Command, with Mr .  S. Weiss as project  off icer .  —

In 1970 and 1971 , SwRI under took  experimental s tud ies  on the
e f f e c t  of ce r ta in sp line des ign  and ma te r i a l  va r iable s on sp line wea r in a
JP-5  f u e l  envi ronment .  This work  was pe r fo rmed  under subcon t rac t  f rom
the AiResea rch  M a n u f a c t u r i n g  Company of Ar izona , under Contracts

• N000 19-69-C-0404  and N 0 0 0 19 - 7 0 -C - 0 3 62 , with Mr .  A.  Pakvis of AiResearch
as p rojec t  o f f i ce r .

The var ious  programs under taken  b y SwRI , NADC , and SAAMVA
represent , it is be lieved , a wealth of in formation pert inent  to the present
s t u d y. Details of the NADC and SAAMA work are  not available at this
t ime.  In wha t follows , a brief summary  of the major  f indings  of the SwRI

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _i~~ :~~~‘
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programs will be given. Details of the various Sw- RI p r o g r a m s  may be
f o u n d  in the fo l lowing  p u b l i c a t i o n s :

W e a t h e r f o r d , W.  D . ,  V a l t i e r r a , M. L. , and Ku , P. M. ,
‘ E xp e r i m e n t a l  Stud y of Spline Wear  and L u b r i c a ti o n  E f f e c t s ,
ASLE T r a n s a c t i o n s,  Vol. 9, 1966 .

W e a t h e r f o r d , W.  D . ,  Va l t i e r r a , M. L. , and Ku , P. M . ,
‘ Mechan i sms  of W e a r  in M i s a l igned Sp lines , “ T r a n s a c t i o n s
A SME, Vol. 90F , 1968.

V a l t i e r r a , M. L. , and Ku , P. M. • “Research  on Miti ga t ion  of
Sp line Wear  by Means of Plast ic Coating s , “ SwRI Rept.  539
( u n d e r  Depa r tmen t  of the Navy Con t r ac t  N 0 0 0 l 9 - 6 9 - C -O2 6 0 ) ,
Jan ua ry 5, 1970.

Valtierra , M. L., and Ku , P . M . ,  “ Inves t iga t ion  of Spline W e a r
in JP- 5 Fue l  Envi ronment, ° SwRI Rept.  567 (unde r  s u b c o n t r a c t
f rom AiResea rch  M a n u f a c t u r i ng  Company of A r i z o n a  under
Department  of the Navy Contracts  N000 19-69 -C-0404  and
N 0 0 0 19 - 7 0 - C - 0 3 6 2 ) , March 18 , 197 1.

2. SwRI Spline Wear  T e s t e r

The design of the sp line wea r  t es te r  is shown in Fi g u r e  A - i  w i t h
the deta i ls  of the sp line specimens i l lus t ra ted  in Fi gu re A - 2 .

In the spline wear  a p p a r a t u s , the sp lined o u t e r  specimen is
clamped in a f ixed pos i t i on , and the f langed end of the sp lined inner
s p e c i m e n  is caused  to g y r a t e  w i t h o u t  r o t a t i n g ,  the reby s imula t ing  the
relative oscillatory motion of a pair of angularly misaligned sp lines.
The g y r a t o r y  motion is p r o d u c e d  b y p lacing a nonro ta t ing  g y r a t o r  shaf t
eccen t r i ca l ly w i th in  a cy l ind r i ca l  dr ive  sha f t  which ro ta tes  at  4400 rpm.

V 
The amount  of e c c e n t r i c i t y  can be control led and va r i ed .  For mos t  of the
work  rep or te d he r e in , the e c c e n t r i c i t y  was such that it r e su l t ed  in a sp line
misalignment  of 0. 006 inch per inch of sp line length . To accommoda te
this misalignment , a diaphragm is used to provide the necessary flexi-
bil i ty between the g y r at in r~ shaf t  and the inner  specimen shank.  A f lexible
t o r q u e - t r a n s m i t t i n g  rod is  a t t a c h e d  d i rec t ly to the f langed end of th is
shank t h r o ug h the diaph r a g m .  This t o r q u e  rod is extended upwa rd
th rough the hollow g y r a t o r shaf t  to a convenient  location wh e r e  the t o rq ue
is app lied. Sinc e the t o r q u e  rod is mounte d v e r t i c a l ly, a lever  s y s t e m  is
p r o v i d e d  to allow the applicat ion of to r s iona l  load wi th  a deadwei ght .  As

V the sp line teeth wea r  dur ing  an experiment , the deadwei ght g radua l l y
moves downward , and the chang i ng pos i t ion  is de tec ted  and r e c o r d e d  wi th
a l inear var iable  d i f f e ren t i a l  t r a n s f o r m e r  ins t rumenta t ion  sys tem.

V
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~~~~~~~~~~~~~~~ —-~~~
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Spl ine  Sp e c i me n  E n v i r o n m e n t .  The v e r t i c a l  m o u n t i ng  a r r a ng e -
m e nt  of the sp e c i m e n s  is p r o v i d e d  in o r d e r  to f a c i l i t a te  o p e r a t i ng  w i t h
e i t h e r  a g a s e o u s  or a li qu id  e nv i r o n m e n t .  In e i t h e r  case , the envir on-
m en t  f l u i d  is i n t r o d u c e d  t h r o u g h a p r e h e a t e r  coil  in to  the  reg ion beneath
the sp line s p e c i m e n s . It then f low s t h r o u g h s lots  a r o u n d  the sp l ined
o u t e r  spec imen  into  the reg ion above  the spec imen .  These s lo ts  p r o v i d e
a bypass  to e n s u r e  that  l u b r i c a n t  or deb r i s  is not f o r c e d  f r o m  be tween
the engaged specimens by the f l o w i n g  f l u i d .  A bleed sys t em is emp loyed
f o r  both gaseous  and li q u i d  sp line environriçient f l u i d s .  This is p rov ided ,
in the c a s e  of the li qu id , in o r d e r  to prec 1i~de e q u i l i b r i u m  s a t u r a t i o n  of
d i s s o l v e d  l u b r i c a n t  in the f l u id .  Sp line p a r t s  m o u n t e d  w i t h i n  a j e t  a i r c r a f t
f u e l  pump a r e  co n t i n u o u s ly exposed to q u a n t i t i e s  of f r e s h  f u e l ;  henc e any
sp line l u b r i c a n t  which  d i s so lve s u n d e r  s u c h  ex p o s u r e  is f l u s h e d  out  w i t h
the e f f l u e n t  f u e l .

Wear  M e a s u r e m e n t .  A novel a spec t  of the n o n r o t a t i n g - s p e c i m e n
f e a t u r e  in the d e s c r i b e d  a p p a r a t u s  is that the change in p o s i t i o n  of the load
a r m  prov ides  a c o n t i n u o u s  indica t ion  of the total sp line wear  on both speci-
mens w i t h o u t  invo lv ing  i n t e r r u p t i o n  of the exper iment .  In o rde r  to e s t a b l i s h
a c 1uan t i t a t ive  r e l a t ionsh ip be tween  the sp line w e a r  and the change  in load
a r m  p o s i t i o n , each tes t  spec imen  has been w e i ghed both b e f o re  and a f t e r
each t e s t  and the w e i g ht loss data have been co r r ela t e d  wi th  the change rn
load a rm pos i t ion .  This re la t ionsh ip has been found , f o r  the c o n s t a n t

• e c c e n t r i c i t y  and osc il l a t ing  f r e q u e n c y  used in the work  r e p o r t e d  h e r e , to
be s u b s t a n t i a l ly the same fo r  sp line types  over  the en t i re  r ange  of app l i ed
t o r q u e , with the sp l ines both u n l u b r i c at e d  and lubricated with different
g r e a s e s , in both a i r  and f u e l  e n v i r o n m e n t s .  The sum of the w e a r  dep ths
on the tee th  of the mat ing  sp lines should  be , b y c o n s t r u c t i o n  of the appa-
r a t u s , almost d i rec t ly p ropor t iona l to the change in angula r p o s i t i o n  of

• the load a rm , fo r  the r ange  of a n g u l a r  changes invo lved .  Such is indeed
the case , f o r  examina t i on  of the wo r n  specimens shows that  w e a r  has
ac tua l ly taken  p lace over the en t i r e  s u r f a c e of tooth contact  wh i c h  is , of
c o u r s e , c o n s t a n t .  B y reason of these  c o n s i d e r a t i o n s , the sp line wear  has
been e x p r e s s e d  in t e rm s of we a r  depth r a the r  than w e i ght loss or change
in load a r m  pos i t ion , and the spline tooth load in term s of contact p r e s s u r e
r a t h e r  than as f o r c e  or t o r q u e .  These p a r a m e t e r s  a re  bel ieved to be more
meaningf u l  and can r ead i l y be app lied to p r a c t i c a l  desi gn problems.

T e s t  C o n d i t i o n s

For the m a j o r i t y  of the t e s t s  r epo r t ed  here in , the imposed mis-
a l i gnmen t  was  0. 006 i n ./ i n .  The opera t ing  t e m p e r a t u r e  w a s  2 50 °F .  The
dr i v e  s h a f t  speed w a s  4400 rpm.  The app lied to rque  was a d j u s t e d  to —

g ive  an a ver a g e  sp line tooth load of 3850 psi .

~ 
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4. M a t e r i a l s  an d C o a t in g s

Table A-i s u m m a ri z e s  the different materials used for the inner

a nd o u t e r  sp line spec imens .  In format ion  is also inc luded re la t ing  to
the  s u b s t r a te  hardness and whethe r coating s were used.

A ( l e s c  ri p t i on  of the  two plastic coat ing s investi gated is presented
in Tab le A-2. Teflon-S and Nylon-il were the only two plastic coatings

s t u d i ed .  Sinc e onl y 0 . 7 mu of the Tef lon-S coating could be app lied ,
both the i nne r  and ou t e r  sp line specimen teeth were  coated.  This r e su l t ed
in a co mb in i ~- i coating thickness of about 1 . 4  mils . The N y lo n - i l  coat ing
wa s  app iie( l  to  the inne r specimen onl y. A coating th ickness  of about  10
n ii is was  u s e d .

S e v e r a l  metal l ic  coat ing s were  investigated in the presence  of
. f P - S  f u e l  and a re  descr ibed in Table A-3 .  All of these nominal one -mil
t i ’iL k coa t ings  were  app lied to the inner specimens only.

5. Lubricants

A tabulat ion of some of the greases  s tud ied  is conta ined in Table
A-4 .  A large number  of other g reases  s tud ied  a re  not included in the
i n t e r e s t  of space.

Considerable work  was  als o done on liquid lubr icants , main ly in

connect ion with the mechanism s tudies .  However , in the i n t e r e s t  of space ,

these will  not be d i s cus sed  here . As remarked in the main text , sp linc
wear in the pre sence  of a liquid lubr icant  is minimal and has not been a
major  opera t ional  problem.  The major  problem has been with in te r face

sp lines , which a re  general ly lubr ica ted  wi th  g reases  f o r  reasons  of con-

venience , s implici ty,  and sys tem wei ght.

Solid-fi lm lubr icants  we re  also investi gated , as shown in Table

A - S .  These film s were  app lied to the inne r specimen (male sp line ) in the

- experiments.

6. Mechanism of Sp line Wear

The mechanism of wear of misal i gned spline s was b r i e f l y exp lained
V in the main bod y of this repor t .  Howeve r , in order  to provide a proper

“b i r d s e y e  view ” of the exper imenta l  r esul t s to be p resen ted  in the sub-

sequent  pa rag raphs , it is desi rable  to consider  the wear  mechanism once

again  at this j u n c t u r e .
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V 
T A B L E  A -~t . 1)ESCRIPTI ON OF PLASTIC COAV IV INGS INVESTIGATED

Vl eflon_S. This r e l at i v e l y new f l u o r o c a r b o n  coat ing has the

a d v a nt a g e  of be ing  a t oug h s e l f - l u b r i c at i n g  m a te r i a l .  It has been used

in v a r i o u s  p r a c t i c a l  app l i ca t ions  w h e re  a low co e f f i c i e n t  of f r i c t io n  is

r e q u i r e d , s u c h  as in the u se  of power c i r c u l a r  ~nd handsaws .  It is rela-

tivel y s table  a t  t e m p e r a tur e s  up to 4 50°F and is compatible  with  some jet

f u e l  e n v i ro n m e n t s .  Teflon-S coat ing s can onl y be app lied in a th ickness

of 0. 7 mil s  due  to the app lica t ion techn iques  and the size of the Teflon

particles .  A nominal  coating th ickness  of 0 .7  mils was app lied to both

the inner  (male) and ou te r ( female ) sp line specimens.

N y l o n - i l .  N y lon-l i coating can be app lied in a thickness range of

about  8 to 30 mils b y a f lu id-bed  p rocess .  The mass of the specimen to

be coated and the dura tion  of immersion control the thickness  of the

coating.  A nominal coating thickness of 10 mils was se lec ted  and app lied

to the s tandard inner  sp line specimens .  In o rde r  to provide s u f f i c i e n t

clearance between the mating sp lines , the ou te r  (female ) sp line spec imen

was broached l a r g e r .
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TABLE A - 3 . DESCRIPTION OF METALLIC COATINGS INVESTIGATED

Electroless Nickel I and II. The electroless nickel coating s were
applied by AiResearch by a p ropr ie ta ry  process.  Two types were  evalu-
ated: Electroless Nickel I was app lied without a subsequent  heat treat-
ment.  Electroless Nickel II was applied with a subsequen t  heat t reatment .

Silver. This coating was also app lied by AiRes earch in accor-
dance to a propr ie tary  specification.

X. This metallic coating is p r o p r i e t a r y  and was applied b y
a vendo r.

Y . This metallic coating is also p r o p r i e t a r y  and was app lie d
by a vendor.

All above coatings were app lied only to the inne r (male) specimens
to a nomina l thickness of 0. 001 inch.
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TA BLE A-4 .  DESCRIPTION OF SOME GREASES INVESTIGATED

Compos i t ion
Inhibi tors-  Solubil i ty

Code Thickene r Oil Type Additives in Fuel , %‘.V Remarks

A Clay ( t r e a t e d )  Minera l Oxida t ion , 86.3  M I L - G-7 7 l i A
cor ros ion

B Lithium soap D i e s t e r -  Oxidation , 88.9 M I L - G-2 l l6 4B
minera l  cor ro sion ,

MoS 2

C Dye Fluoro-  -- 21 .8  M I L -G -2 7 6 l 7
silicone

V D Silica ( t rea ted)  Mineral Corros ion , 80.1 MIL-G-2  3549
MoS~

E Clay ( t r ea ted )  Minera l  M0SZ 87. 4 P r o p r i e t a r y

F Cla y ( t r e a t ed )  Minera l  Oxidation , 7 3 ,2  MIL- G-25537A
cor ros ion

G Calcium soap Mineral  Oxidation , 7 1. 9  Grease  F with
cor ros ion, 5% M0S2 added
MoS 2

I Nonsoap Fluoro- - - - - Exper imental
carbon ( M I L - G - 2 7 6 l 7

type)

‘~Determinat ions made with MIL-S-3 136 , T yp e II f l uid in accordance wi th
the solubil i ty test p resc r ibed  in MIL -G -2 7 6 l 7 .

V 
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TABLE A-S.  DESCRIPTION OF SOLID-FILM
LU BRICANTS INVESTIGATED

Code Descr iption Remarks

K A i r - d r i e d  MoS 2 film. MIL- L-23398

L Baked-on M0S2 film. MIL- L-8937

M Experimental  f ilm:  MoS~ powde r , Developed b y NADC
graphite powde r , Na Si, and H2O. (NAEC-AML- 2 3A)
Air  and oven-dried between succes-
sive coats.

All film s we re app lied by the Naval Air  Development Cen te r .  A nominal
film thickness  of 0. 0002-0.  0005 in. was applied to the inner (male)
specimen only.
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The f re t t ing  type of wear  process  as experienced in splines

compr i ses  a per i od  of neg lig ible wear  known as an “i nduction period” ,

followed by a period of rap id wear in which the wear  rate is essent ia l ly

l inear .  The induction period has been established to be chemical in
cha rac t e r  and may be enhanced by use of suitable ant ioxidants  or  co r ro s ion

inhibi tors .  The rap id wear  period is essentially mechanical  in cha rac t e r ,

and the wear  ra te is influenced more  by mater ia l s  and su r face  t r ea tmen t s

and the relative amoun t of sliding (i. e. , misa l ignment  or high speed)

than by ei ther  the lubr icant  or  the other operating variables .  To mini-

mize total  wear , it is of course  des i ra bl e to employ lub r i ca nts of long

induction per iod.

. F i g u r e  A -3  po r t r ays  the behavior descr ibed.  Case B in this f i g ur e

shows the wear  behavior in dry air without any lubr icant  presen t .  In this

case , wear commences immediately upon the s tar t  of osci l la tory motion ,

and proceeds  at a linear rate.

Case A i l lustrates  the behavior with a noninduct ion-period g r e a s e ,

which also g ives immediat e and linea r ra t e of wear , but the rate of wear

V is noticeably, though only slightly, higher than the unlubricated case.

This is because the g rease  tends to retain the wear debris in the contact

zone , which oxidizes or partially oxidizes to f orm hard oxide s to cause

abras ive wear .

With an induction-period gr e a s e , as il lustrated by Case C, t h e r e

is f i r s t  an induction 1~er iod of neg lig ible wear. Af ter  the chemical con-

st i tuents in th e f ixed amount of g r e a s e  a r e  used up, there  follows a per iod

of rap id wear , with a wear  ra te  similar to that of Case A (noninduction-

period gr e a s e s ) .  It has been found that if at the end of the induction per iod ,

the used grease is removed and the splines cleaned and recharged with

f r e s h  induct ion-per iod g rease , the period of neg lig ible wear wi ll repeat.

In other words , with continued rep lenishments of f r e sh  induction-period

V 
g r ea se , neg lig ible wear  will continue to be obtained.

I f t h e sp lines a re  lubricated with a fixed and limited amount of

a noninhibited oil (no induction period) ,  the wear behavior would be

as i l lustrated by Case D. Without an induction period , wear com-

mences immediately upon the start  of relative motion. However , in

th is case , th e wear  rate , while also linear , is very  low because the

~ 
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NON INDUCTIO N-PER IOD
GREASE

L 

INDUCTION- PERIOD
GREASE

UNLUBR ICATED /
A I

NONINHIBITED OIL.

a

V
- INDUC TI ON P ERI OD INHIBITED OIL

HOURS OF OPERATION

FIGURE A -3.  GENERAL BEHAVIOR OF SPLINE WEAR
IN DRY AIR
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presence  of the l iquid tends to hel p c a r r y  the wear debris  away f rom the
contac t zone. Fur the r , p re sence  of oil tends to minimize the oxidation
of the wear debris .  However , af ter  the liq uid has been “pushed away”
f r o m the contact zone by the repeated osci l la tory motion , th e r e is no
more lubr icant p resen t  and h ence a per iod of rap id wea r ensues , much
as in the un lubricated case.

If the fixed and limited amount of the liquid l ubr icant con t ain s
suitable additives to provide an induction period , then the behavior would
be as shown by Case E. There will f i r s t  be a period of neg ligible wear.
Af ter  the chemical constituent s in the oil a re  consumed , a period of
appreciable wear will take place. The wear rate is similar to that in
Case D since the liquid tends to carry  the wear debris away f rom the wear
zo ne and also minimizes wear debris oxidation. On the other hand , if
the liquid supply is large , or if the oil lubrication is continuous , then
neg lig ible wear will continue.

Solid-film lubricants  have been found to behave similarly to the
un lubricated case (Case B). Solid film s are generally very thin and
provide almost no protection against wear under these conditions.
However , th e loose wear debr i s will move away f ro m the contact zone ,
because there is no grease  to retain them there.

In what follows , the effects  of various lubricant s , spline mate r ia l s
and coatings , design va riabl es , and operating variables will be d iscussed .

7. Effect  of Greases  
V

V 
Fig u r e  A-4 presents  the comparative pe r fo rmance  of Type 2 sp lines ,

un lubricated and lubricated with several greases  in dry air and JP-5 environ-
ments. The absc issa  denotes the time required to reach a certain amount
of total spline wear in dry air environment ; the ordinate denotes the time
required to reach the same amount of total wear in JP - S  environment. The
va r ious l ines por t ra y the per fo rmanc e of splines with no lubrication (none)
and with various greases (A , B, C, etc. ). For each of the lines shown ,
three  J’ ta points are  given that correspond to dif ferent  amounts of total

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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sp lin e w ea r . For  each line , the  f i r s t  po in t  r ec k o n e d  f ro m  the a b s c i s s a
r ep r e sen t s  a total  w ,V a r  of 0. 003 inch . S imi lar l y,  t he  second and t h i r d
p o in t s  r ep r e s e n t  a total  w e a r  of 0. 006 in ch  and 0. 009 inc -h , r c V s p e , t i v e ly.
Thus , fo r  u n l u b r i c a t e d  sp lines , the total  we a r  reaches  0 . 009 inch  a f t e r
6 hour s  of opera t ion  in d ry  air , wh i l e  in J P-5  fue l  it t akes  36 hour s  of
o per a t i o n  to r e a c h  the same amount  of wear . L ikewi se , w i t h  sp l ines
l u b r i cat e d  wi th  G r e a s e  B , this  same amount  of w e a r  is r eached  a f te r
34 hour s  of operat ion in d ry  air , but  26 hour s  of ope ra t i on  in JP-5 .

No induction periods are obse rved  for  no lub r i ca t ion  and fo r
Greases C and E. Hence the lines for these cases pass through the

origin. Wi th all o ther  g r e a s e s , induct ion pe r iods  are observed in dry
a i r  bu t  not  in fue l . Hence  the l ines for  these cases i n t e r c e p t  the
a b s ci s s a , the  i n t e rcep t s  be ing  the leng ths of the induct ion per iods .

Figure  A -4  shows that , w i th  the except ion  of G rease s  C and E ,
the p e r f o r m a n ce  of a g r e a s e  in d ry  air  is p r i m a r i ly d ic ta ted  by the
magni tude  of its induction period in dry air . F u r t h e r , w i th  the except ion
of Grease  C, E , and F , the pe r fo rmance  of all other gr e a s e s  in a JP-5
env i ronment  is somewhat  poore r  or else does not d i f f e r  g r e a t ly f r o m  that
of the u nlu b r i c a t e d  case . Of the th ree  gr e a s e s  that  show p e r f o r m a n c e  in
fuel  def in i te ly supe r ior  to that  in air  env i ronmen t, the p e r f o r m a n c e  of
Grease  C may ,  as noted ea r l i e r , be accounted for  b y its low solubil i ty
in fuel .  However , the behavior  of Greases  E and F in fue l  cannot be
exp lained on this bas is .  Since t he se  g r e as e s  a r e  p r o p r i e t a r y  in n a t u r e
and thei r  p r e c i s e  composi t ions  a re  not known , no conclus ions  can be
made at this  tim e .

8. E f f e c t  of Solid-Film Lubr ican t s

E x p e r i m e n t s  were  also pe r fo rmed  to d e t e r m i n e  the e f f e c t i v e n es s
of three solid-film lubricants . The t h r e e  solid f i l m s  a re  iden t i f i ed
in Table A - S .  All  of the f i lms  w er e  app lied b y the Naval  Air Development
Center  and the  nominal  film th i ckness  was 0. 0 0 02 - 0 . 0005 inches .

FV i g u re  A-  5 i l l u s t r a t e s  the r e s u l t s  obtained wi th  the K , L, and M
solid-f i lm lub r i can t s  opera ted  in a d ry  air  env i ronment .  It is evident
that  the solid f i lms  did not prov ide  any pro tec t ion  fo r  the sp line c onnect ion
and w e r e  e s sen t i a l ly the  same as the  uncoa ted  r e fe r e n c e  t e s t .  Tes t s  w e r e
also p e r f o r m e d  (not i nc luded  h e re  in the i n t e r e s t  of space)  for  the Type 1
sp e c i men s  wi th  K , L , and M solid f i lm s app lied. The r e su l t s  of these
t e s t s  W e r e  also e ss e nt i a l l y th~ same as those  pr e s e n t e d  in Figure  A -5 :
the so l id - f i lm  l u b r i c a n t s  h ave  been  found to behave  s imi lar ly to the

un lub r i ca t ed  case . So l id - f i lms  ar e  g e n e ra l l y v er y  thin and provide  a lmos t
no p ro t ec t i on  aga ins t  W c V V t r  unde r thes e condit ion s. The looie wear debris
wi l l  w o r k  a w a y  f r o m  the e o n t a ’~-t  zone , since t her e  is no g r e a s e  to r e ta in

• t hem t h e re .
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E f f e c t  of Fue l s

In v & s t i g a t i o n s  have been conducted  w i t h  the sp l ine sp e c ime n s
s u r r o u n d e d  b y JP -5  and J P 6  fue l s , r a t he r  tha n b y ai r .  fri all ca ses ,
w h e t h e r  the sp lines a rc  lubr ica ted  wi th  a g r e a s e  or u n l u b r i c a t e d , no
period of neg li g ibl e wea r is found to exist  when  fuel  is p r e s e n t .  In
othe r words , the  p r e s e n c e  of fuel  tends to wash  the g r e a s e  away f rom
the con tac t  zone , thus removing the induction per iod , r e s u l t i n g  in
immedia te  w e a r .  This w e a r  rate  is , however , lower than in dry air
(i. e. , w i t h o ut  fuel  p resen t ) , in much  the same way as the p r e s e n c e  of
a liquid lubr icant .

Un lub r i ca t ed  wi th  Grease . R e f e r r i n g  to Fig u re  A-6 for  unlubr i -
V :a t ed  sp lines (a case of no induction period) , the p r e sence  of fuel  miti-
g a t es  sp line wear , due par t ly to the lubr ica t ing  e f f ec t  of the fuel , p a r t l y
to the f a c t  that the fuel  tends to exclude oxygen f rom the contac t  a rea
the reb y min imiz ing  oxidation of the wear  par t i c les  to fo rm ab ra s ive
oxides , and par t ly to the fac t  that the fue l  tends to enhance remova l  of
the w e a r  p a r t i c l e s  and the i r  oxides f rom the contact  a rea . The sma l l e r
bene f i c i a l  e f f e c t  of JP-6 , as compared to JP-5 , is probabl y due to i ts
i n f e r i o r  lubr ica t ing  quali ty , as it is a m o r e  hig hl y r e f ined  fue l .

V Lubricated with  G r e a s e .  For sp lines lub r i ca t ed  wi th  gr e a s e , the
presence  of fuel tends to d i s so lve  the gr e a s e  and r e m o v e  it f rom the  con -

tac t  a rea .  Thu s , the sp line wea r  behavior  wi th  fuel  p r e s e n t  t ends  to
approach  tha t  of the un lubr ica ted  case. Hence the p e r f o r m a n c e  of G r e a s e
C, which  exhibi ts  no induction period , tends to be qual i tat ively s i mi l a r  to
the un lub r i ca t ed  case , as shown in Figure  A-7 . Here , the r e l a t i ve ly
s u p e r i o r  p e r f o r m a n c e  of the g r e a s e  in JP-5  and JP-6 is p robab ly due to
the f a c t  tha t  G r e a s e  C is the least  soluble of all of the g r e a s e s  eva lua ted
( s e e  Table A-4 ) .  T h e r e f o r e , the lubr ica t ing  quality of the fuel  is being
a u g m e n t e d  b y that of the g r e a s e , whi le  the p r e s e n c e  of fuel  e f f ec t i ve ly
m i n i m i z e s  the avai labi l i ty of oxygen to the contact  area to form abras ive
o x i de s .

The p e r f o r m a n c e  of gr ea se s  that show induction per iods  in d ry
air is i l l u s t r a t ed  in Figure  A-8 for  Grease  A. The d isappearance  of an
induct ion pe r iod  in the p resence  of fuel  is bel ieved to be due to the

• so lubi li t y e f f e c t  of the fue l , as G r e a s e  A is hi ghly soluble in 
V

fue l  ( s ee  Table A-4) . The rela t ive pe r fo rmance  in dry air  and in fuel
is dependen t  upon the magnitude of the induction per iod in air .  However ,
the  re la t ive  e f f ec t s  of J P -5  and JP-6  a re  p r e s e r v e d  as explained previousl y.
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10 . E f f e c t  of _ M i s a l i g n m e n t

Fig ur e  A-9 sh ow s  th4 V i m p o r t a n t  e f f e C t  of m i s a lig n men t  on sp linc

w e a r .  W i t h  Gr e a s e  A in d r y  air , t h e  i n d u c t i o n  period was 15 hours  at

an oscil la t ion amp litude of 0. 00 6 i n c h / i n c h  ol sp l ine  l e n g t h .  W h e n

this osci l la t ion amp li tude is reduced to 0. 0045 i n ch / i n c h , the induc t ion

per iod is increased to 55 hours , or about 350 pe rcent. Although no

experiments w e r e  pe r fo rmed  wi th  s t i l l  reduced misal ignment , the
beneficial effect of control l ing misa l ignme nt i s obvious .

Fi g u re  A-9 also compares  the e f fec t s  of dry ni t rogen , dry air ,

mois t  n i t rogen , and mois t  a ir. These e f f ec t s , thou gh al so sign if icant ,

wi l l  not be d i scussed  he re  in t he in te r est  of space .

11. E f f e c t  of Spline Tooth Load

For un lubr ica ted  sp lines operating in dry air , the wear  on the
V sp line t ee th  has been found to beg in immediate ly upon commencing the

tes t  and , f o r  a g iven tooth load , to continue at a n e a r ly cons tant  r a t e

wi th  t ime.  This is i l lus t ra ted  fo r  the Type 2 spec imens  in Fig u r e  A - l 0 .

This f i g ur e  also show s that increas ing  the tooth load d e c r e a s e s  the

wp a r  r a t e .  This is because  an increase  in tooth load r e d u c es  the

t rue  slip be tween  the tee th  for  the same apparent  slip or misal lgr im Vnt.
‘ However , as shown in Figure  A- lU , the e f f e c t  is small in this  case.

V The wear  behavior of Type 2 sp lines in dry air lubr ica ted  v ith

Grease A , B, D, F, or C differs drastically from the general pattern

discussed above. The behavior shown in Figure A- ll for Grease A is

typical of these greases. With each of these greases and for a given
V tooth load there exists , upon the start of the test , an induction period in

which neg lig ible wea r  take s p lace. Af te r  this induct ion period , the wea r

ra t e  i n c r e as e s  unti l  it reache s a nearly constant value which has , in

V 
e v e r y  case , been g r ea t e r  than that  exper ienced  wi th  unlubr ica ted  sp lines

at c o r r e s p o n di ng  tooth load. Decreas ing  the tooth loading lengthens the

induct ion per iod .  In other  words , -the use  of a low tooth load in desi gn

is des i rable .

12. E f f e c t  of Surface Roughness

Using Grease  A , a ser ies of experiments  was conducted to i n v V s ~
tigate the influence of spline-tooth sur f ace roughness on wear behavior.

This study emp loyed smooth new sp ec imens  (7 -9  rms)  and spec imens

V 
roug hened  by vapor blasting ( 80- 125  rms) with a quartz  gr i t .  

~~~~~aiw~ ~~~~~~ 
- 

- ‘ .  • — -



- - 
_ _ _

7 1  I I I

I

N
/

____ _____ H
4 - Z
I /

~ Z~~)I / Z Z  ~~~~ Z
a: 2 (0 0
x / ~~~ Z U..
N — 4 0 wo  N
+1 / -• >

Z
/ 

~,
“ W 0

d ~,1 LLI .J
/ 00

0w 4

- !
~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ -~~~~~~~

•% 0~~~ > 0(0
z a: a: Z 4 I- U.. D.
— CD CD CD 

_ _  _ _ _

I a:
-, —

~ / /V

0 / Z/ 20 / -~~~~~i- Z C ~4
/ / /
/ z~ _

— / 0- 0
/

V 

/ 
/ 

<~~~~
VJ

/ 
/

~~~~~~~~~
V 

/ / 
_

Z— I 
4’ 0

4 / /
V / C.) Z~~~/ / -4

C.) / / 0
V Cl) ’ / / Z0 

- / / 
—

/ / -~~~~~~

V 
/
I IiJ

O Cl, H
• / / U

I a:
V / CD CD

V / / 
4,

/ / (0
/ / / // / CV’

V -
- .• ,, I’

/ /
d / I 0 0

/ / W U
V S I / I-.

-

‘ 

/ / / ~~

.

• / / / a: 4-4

- / (0- / // -J -J
V / / z/ /

V VV

4
~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V -.e~ - ~~~~ - ~ - ~~ • V V~V~ ~V V V - 

- 

-

-
~~~~~~ V V • _ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - V  - 

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



~~.•—V~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ______ 

____

V\ VV~~~~~~

0.016 I I I I

S ~

V 

~~0.OI2 - 
SP~J~~g ;;?T

H 
-

~~O.OO8 - I’ -

(U cxi
z

H -j
0~

H /
4 

_ _ _ _ _ _i- O.004 - 
_ _ _ _ _ _ _ _ _ _ _ _ _ _  

-

• 0
a UNLUBRI CAT ED

/ TYPE 2 SPEC IMENS

8 12 16 20
HOURS OF O P E R A T I O N

FIGURE A - l U .  INF LUENCE OF LOA D ON SPLINE WEAR
RATES IN DRY AIR FOR UNLU BRICATED

SPLINES (TYPE 2 SPLINES)

_ _ _  
- 

- ii .1



T~~~ V V V V~~~~~~~~~~~~~~~~~
1 

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

____________________________ N
I I I

0

- ~~ 0 0’) CD
~~~~~~ ‘

~~~~~~~~ 

-

t•J.••___~D O~~~ — —

- LJSq~~~~~~~~~
0 ~~~~
IC) 0 Z
N 0

- •••s. 
- 

•~oj:
CsJ

<
•~~~~~~~~~ 0 -~~1

- .1 (00 z

- 
I 

‘~~~~ S U..
_ _ _ _ _  101 \ 0

IC)
CO CD (I)

- ~~~~~~~~ o~~~
Ci

- •  4 0
—~~~C-) I
Lu 0 I—

- 
Q LLI S- CD

C S J OW
— C l) ij

LL I4  V

- 0 - m w  ~~0 -
~~~

. V

• 
)-

~~~~~~~~~~ _J —I
I— _ Jo  0..

_ _ _ _ _ _  

C,)

I I I 
0

CD N CD 0— — 0 0
- I 0 0 0 0

(5 (5 cc
S3H3NI ’~IV3M 3NI1dS 1VJ.OJ.

_ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

i~
-
± i i~~~~ V V~~~~~~~~~~~~~ V ~~~~ __________



V --  -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

A - 2 7

0
I I I

(/)

z
‘I)
Z

OW z~~_

>~~~~0~~ 0 <N W
CL

- ~~~~J)
44 .  z u~~~~_J0 0 -~~— 

~VI~~~~~~~

.~~. r ’~
- 

—LJ ~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- - V // ~~~~~~~~~~~~~~~~~~ 

H

H

9

I I I o
0

0 0 0 0a 0 0 d
V 

‘Ni ‘~~ 3.L3I~~V IO H3J.Id IV ~~ V3M 3NI1dS 1V.L O.L

~~~ - - 
V 

- - ~
~ -



— ~~~~ -J~ij~_~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— --------VV---V —- 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~. V~~~~~~~~* ‘~~~~~~~~~~ V~~ V

A - -~ ~

V I V h~ V r e s u l t s  pi. e s e i it e d  in Fi gu r e  A-  12 in d i c a t e  that  roug hening of

the  sp l i n e — t o o t h  s ur f a c e s  in ’. r e ased  thc  Lnduc t i on  per iod .  This is

a t t r i b u te d  to  the  14r catcr ~ r , V V L s e  holding capac i ty  wi th  roug her  s u r f a c e s ,

~i h i c h  a l so  f a c i l i t a t e s  g r e a s e  f low to p r o v i d e  l u b ri c a t i o n .  Al thoug h the

induct ion p er iod w i t h  the roug hened Sp e c i men s  was  almost  twice  tha t  of
the  smooth  s pec i m e ns , the wear  rates a f te r  the induction per iod ‘.~-er c
e s s e n t i al l y t h e  sam e .  Analogous r e s u l t s  w e r e  obse rved  when  u s e d

s p e c i m e ns  (i . e. , s p e c i m e n s  roug hened by w e a r  r a t he r  than by vapor

bLast ing)  w e r e  emp loyed.

13. E f f e c t  of Tooth Pi tch

Figu r e  A- 13 p r es e n t s  a s u m m a r y  of the Group II tes ts  in the form

of the averag e hours  of operation to variou s amounts  of total wea r  at the

pitch diameter as a function of the number of sp line teeth in J P-5  fuel .

From the resu l t s  it can be seen that at a re la t ive ly low total w ea r  of 0. 004

in. the wear  l ife increased wi th  a r educ t ion  in the number  of spline tee th ,

with the e f f ec t  being very  small . At l a rge r  amounts  of total sp line w e a r ,

the bcne f i ci al  e f f e c t  of reducing the number  of sp line tee th  b e c a m e  m or e

apparen t .  Based on good repea tab i l i ty  of the Group II sp line wea r  t e s t s ,

the best sp line combination appeared to be the 2 0 / 4 0  p itch , 12-tooth sp lines.

It should be noted that this was the same design used in all of the p rev ious

pr o g ra m s  p e r f o r m e d  at Sw RI.

The lower th r e e  se ts  of b a r gr a p hs p resen ted  in Figure  A- 14 illus-

t rate  the individual tes ts  f rom which Fi gure  A- 13 was der ived.  As indi-
cated , good repeatabili ty was obtained within each of the d i f f e r e n t  t es t s .

The bargrap hs ind icate the relat ive rating s of the d i f f e r en t  te s ts  wi th  infor-
mation on the amount of wear  obtained at co r respond ing  tes t  t imes . The

c i rc le  at the ordinate indicated no sp line wea r  at the s ta r t  of the t e st , while

V the next  three symbols (A,C•~7) indica te  the total sp line w e a r  obtained at

4 0. 004 , 0. 008 and 0.012- in. , r e spec t i ve ly.

14 . E f f e c t  of Tooth Crown

The upper  th ree  sets of b a r gr a p hs in Fi gure  A - l4  i l l u s t r a t e  the

resu l t s  of the t e s t s  p e r fo r m e d  on t h ree  d i f f e r e n t  crown radi i :  11. 25 ,

14 . 50 and cc in, also in iF-S fuel .  As can be seen , a modera t e  inc rease

• in the w e ar  ra te  was p re sen t  wi th  a reduction in the c rown radius . The

increase  in w e a r  rate  was  probably due to the i nc rease  in tooth contac t

pr e s s u r e .  Th e r e  was onl y a sli g ht advantag e of the 14. 50 in. c r o w n  radiu s V

over the 11.25 in. crow n radius. The added clearance provided by

• c r o w n i n g  the inner  specimen  produced  an unequal  depth of e n g a g e m e n t

_ _  
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wi th in  the  sp line connect ion .  Appa ren t ly,  the i n n e r  spec imen  moved
rad ica l ly w i t h i n  the ou te r  specimen p r o d uci n g  a g r e a t e r  a m o u n t  of
tooth c o n t a c t  on about  half of the  sp line t eet h .  Th i s  w a s  o b s e r v e d  on
all of the  11. 25 and 14. 50 in. c rown r ad i i  sp line s p e c i m e n s  and not

on the u n c r o w n e d  Group  II sp line spec imens .

1 5. E f f e c t  of Sp line Mate r i a l s

The wear  life can be substant ia l ly a f f e c t e d  b y the ma te r i a l  used .
Fi g u r e  A - i S  compares  the  p e r f o r m a n c e  in JP-5  fue l  of sp line se ts  em-
p loy ing AISI 4130 steel f o r  both male and female specimens  ( see  Table
A - i , Group  II) wi th  those employing M50 male and AISI 41 30 female
spec imens  ( G r o u p  III).  At  a total wear  of 0 . 012 inch , the sets .

~~V i t h

AISI 4130 male specimens gave an average  opera t ing  t ime of 27 h o u r s ,
while those with M50 male specimens lasted an average of 96 h o u r s .

Exper imen t s  were  also pe r fo rmed  fo r  sp line sets  with AMS 6260
male and AMS 6260 female specimens (see  Table A - i , T ype 1) in J P-5
fue l .  These sp line s gave less than 0. 001 inch of tota l wea r in 147 h o u r s
at 3850 psi tooth load. In con t ras t , Fi g u r e  A- 15  shows that , fo r  the
same tooth load and total  wear , sp line sets with AISI 41 30 male and
fema le specimens  ( G r o u p  II) gave onl y 5 hours , while sp line sets ~~i th
M50 male and AISI 4130 female specimens (Group  III) gave onl y 15 h o u r s .
U n f o r t u n a t e ly, due to the na tu re  of the program , no de t e rmina t ion  was
made f or spline se t s wi th both ma le and female specimens made of
M50 steel , thus the pe r fo rman c e of M50 ve r sus  M50 in f u e l  is not known .
The very  s u p e r i o r  pe r fo rmance  of AMS 6260 steel in f u e l  is , howe ver ,
obvious .

16. Ef fec t  of Plastic Coatir ~g~

Exper iments  .,~,V ere  also pe r fo rmed  to invest i gate the e f f e c t i v e n e s s
of two p las t i c  coat ings , Teflon-S and Nyl o n- l i .  The coat ings  were  app lied

-
- 

to T ype 2B male sp lines made of AISI 41 30 steel to the same specif ica-
t ions as those used in the prior work ( see  Table A - i ) ,  in combination

~~ •
.. with  uncoa ted  AISI 4130 female sp lines .

Dry  A i r  Env i ronmen t .  Table A -6  s u m m a r i z e s  the average  r e s u l t s
obta ined  in a d ry  a i r  env i ronmen t , f o r  the va r ious  combinat ions  of coat ings

V 
and g r e a s e s  covered  in this p rogram.

F With  uncoated , Teflon-S coated , and N y l o n - l i  coated sp line s
opera ted  wi thou t  gr e a s e  in d r y  a i r , no induc t ion  period was obse rved , and
the wear  rate was essent ia l ly cons tan t  in eve ry  case. The total wear  at
the end of 5 h o u r s  was 0 .011  inch for  both uncoated and Teflon-S coated
sp lines , and 0 .007  inch f o r  N yl o n - i l  coated sp lines. The s imi la r i ty  in
pe r fo rmance  fo r  uncoa ted  and Tef lon-S coated sp lines was apparent ly due
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TABLE A -b . E F F E C T  OF PLASTIC COATINGS
IN DRY AIR ENVIRONMENT

(T yp e 2B Splines)

Induction Period , hr.
Coating No Grease Grease I Grease B

None 0 2 23

Teflon-S 0 2 29

Nyl o n - l i  0 46 48

Total Wear at 5 hr , in.
Coating No Grease Grease I Grease B

None 0 .011 0. 006 0. 001

Teflon-S 0.01 1 0. 006 0. 001

Nyl o n - l i  0. 007 0. 007 0. 007
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to the v e r y  th in  Teflon-S coa t ing  (1 . 4 mi l s )  p r e s e n t  at the wear  s i te , so
that  l i t t le  benef i t  was d e r i v e d  f r o m  it and the behav io r  was e s sen t i a l ly
that  of the uncoated  sp linesV .

Grease  I gave an induc t ion  period of 2 ho u r s  wi th  uncoa t ed  sp line s
in d ry  a i r .  When Tef lon-S  coated sp line s w e r e  s u b s t i t u t e d , the induc-
t ion period was als o 2 h o u r s .  U s e  of N y l o n- i l  coated spline s gave ,
howeve r , an induct ion  period of 46 h o u r s .  The wea r  rate a f t e r  the induc-
t ion per iod  was essent ia l ly cons tan t  in all cases .  The total  ~~ear at the
end of 5 hour s  was 0. 006 inch fo r  both uncoated and Teflon-S coated
sp lines , and 0 .007  inch fo r  the N y lo n -i l  coated sp lines. Here  again ,
the s imi l a r i t y  in pe r fo rmance  of uncoated and Tef lon-S coated sp lines
was due apparent ly to the very thin Teflon-S coating present , so that the
ef f ect was essen t ially tha t of the subs t ra te  metal.

In dr y air environment , G rease  B gave an induct ion per iod of 2 3
ho u r s  wi th uncoated splines , 29 hours  with Teflon-S coated sp lines , and
48 h o u r s  with Ny lo n- i l  coated sp lines.  In all cases , the ~ V e a r  was aga in
linear a f t e r  the induction period. The tota l wear at the end of 5 hou r s
was  0 .001 inch fo r  uncoated and Tef lon-S coated sp line s , and 0. 007 inch
for  N yl o n - i l  coated sp lines.  Two points a re  no t ewor thy he re :  F i r s t ,
the behavior of uncoated and Teflon-S coated sp lines was again simila r ,
ref lect ing mostly the e f fec t  of the subs t ra te  metal.  Second , the behav io r
of both g reases  was s imi lar  when a thick N y l o n - i l  coat ing (10  mi l s)  was
used , so that the e f f ec t  of the s u b s t r a t e  metal  was essent ia lly absent .
The induct ion period was apparently caused  in both cases b y the wea r ing
of the ny lon mater ia l  f rom the male specimen which was smeared  ove r
the female specimen;  the in teract ion of the g r e a s e  and the s u b s t r a t e  me ta l
was the re fore  la rgely absent.

JP-5  Fuel  Env i ronment .  In all ins tances , no induc t ion  per iod
was  observed  in fue l .  In the absence of an induc t ion  per iod , the per for -
mance  can only be compared on the basis of wea r.  Table A -7  p r e s e n t s
the data on total  wear obta ined at the end of 5 and 25 h o u r s .

Compar i son  of the 5-hour  wear  data in Table s A -6  and A -7  indi-
cates  that wi th  both uncoated and Teflon-S coated sp lines , opera t ion  in
fue l  gave a si gni f icant  reduct ion in wear without  g rease  and with Grease  I.
Their  s imi la r i ty  in per formanc e again sugges t s  essent ia l ly the e f fec t  of
the s u b s t r a t e  metal .  On the other  hand , at the end of 5 h o u r s , the N y lon-
11 coated splines were  onl y partially worn  away in d ry  a i r  and completel y
worn  away in JP-5 with e i the r  g rease .  This indicates that the gr ea se  was
apparent ly disso lved and washed away f rom the wear  s i te  b y the f u e l , so
that what little p ro tec t ion  that the grease  f u r n i s h e d  in a i r  was now
ob l i tera ted .  

~~~~~~~~~ 
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TABLE A-7. EFFECT OF P LASTIC COATINGS
IN JP-5 FUEL ENVIRONMENT

(T ype ZB Splines)

Induction Period , hr
Coating No Grease Grease I Grease B

None 0 — —

Teflon-S — 0 0

Nylon-il — 0 0

Total Wear at S hr , in.
Coating No Grease Grease I Grease B

None 0.001 —

Teflon-S — 0.001 0.001

Nylon-li — 0.011 0.009

Total Wear at 25 hr, in.

Coating No Grease Grease I Grease B

None 0.005 — —

Teflon-S — 0. 005 0. 005

Nylon- il — 0.021 0.017

-~~~~~:~~t ~L ~i~:i~~~
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The total  wear  at the end of 25 h o u r s  followed the same genera l
t r ends  as at the end of 5 h o u r s .  As noted p r e v i o u s ly, the f u e l  gene rall y
p rovide s some lubr ica t ion  and wear  protect ion , hence it is possible to
opera te  the sp lines ove r a more extended per iod than in d r y  a i r .

Comments.  The above resul ts  show that the thin Teflon-S coating
of f ered no bene f ici a l effe c t in d ry  a i r , and no benef ic ia l  e ffec t  in JP-5
f u e l  exc ept when Grease  I was used in conjunction with it. The N y l o n-l i
coat ing gave substantial  beneficial  e f fec t  in d ry  a i r  in lengthening the
induct ion  per iod at the sacr i f ice  of the wea r of the coating itself , bu t no
beneficial  effect  in fue l  when the induction period was absent.

One of the problems with this invest i gation was the unequal  thick-
nes se s  of the plastic coating s used , which were  l imited by the coating
application techniques.  The Teflon-S coating mi ght , it is be lieved , show

up be t te r if a g reate r th ic kness we re employed.

Another  problem encountered was the peeling off of the N ylon - l i
c o a t i n g d u r i n g the wear  pr oc ess , thereb y in t roducing the possibi l i ty  of
metal  oxide contamination. Whether this was due to poor bonding of
the coating upon the metal subs t ra te , or the excessive thickness of the
coa t in g used , is not known. However , it was felt that a thinner N y l o n - l i
coat ing,  app lied with best precaution taken to ensure  good bonding, wou ld
be well worth t ry ing . This was done b y subsequent  work  at NADC and
Kelley AFB , as reported below .

R ecen t Work by NADC. Work has recently been per f orm ed b y
Nava l Air  Development Center  in an ef for t  to develo p techniques for
apply ing thinner coats of N ylon- l i . The conventional method of app ly ing
Ny lon-i l  is by a f lu id-bed process .  This method is limited to a minimum
film thickness of 10 mils . Eng ineers at the Aeronaut ical  Materials
Laboratory at NADC have been succes s fu l in the development of an electro-
sta t ic sp ra ying technique for  apply ing Ny lon- i l  coatings.  It was repor ted
that coating thicknesses  of 3 to 4 mils a re  possible by util izing this
technique. Film s are reportedly toug her than the conventional f lu id-bed
N y l o n - l i  film s app lied on the sp lines used  in the SwRI work.  The toug h
3 to 4 mil film should prove to be better  than the f lu id-bed N y lon-i 1 film
used in the SwRI work.

• Recent work by Kelly AFB. Engineers at Kelly have recently exper-
imented wi th  Ny lon - l i  coating on genera tor  sp lines used on the T-38
ai r c r a f t .  Serious spline wear  was exper ienced a f t er  400 hours  of e i ther
a i r c r a f t  or t e s t  stand operation (see Appendix E , Item 9a). Limited work
at Kell y has been pe r fo rmed  util izing a t est  stand incorpora t ing  a gene ra to r

11P. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _  4
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(see  T. O. 16 G 1- l 0 2 - 2 )  to evaluate the NADC app lied N y lon- I l  coated
s p line. An oil m i s t  l ub r i ca t i on  was used  in c o n j u n c t i o n  wi th  the N y l o n- i l
coated spline.

The life of the sp line co nnec t ion was ex tended f ro m 400 to 1400
hour s  b y th e com bination of the oi l and N ylon-i  1 coat ing.  Af te r  1400
hour s  th e coa t in g was s t i ll int act  and had no t worn  enoug h to expose
the spline teeth. In addit ion , th e g ene ra t or vib rat ion was le s s  on the
N y lon coated s p line test .

1 7. Effect  of Metallic Coat ings

Fig u r e  A.-16 i l lus t ra tes  the pe rformance s u m m a r y  of the Group III
coated M50 inne r specimens (male sp lines) with AIS I 4130 outer  speci-
mens (f e m ale s p lines) operating in JP-. 5 fue l .  As noted f rom the fi gure ,
the silve r and X ( p r o p r i e t a ry )  coatings gave essent ia l ly no wear protec-
t ion .  On the othe r hand , the Electroless Nickel  I , Electroless  Nickel  II ,
and Y (p rop r i e t a ry )  coatings gave super ior  performance.  This is espe-
cially t rue  with the Electroless Nicke l II coat ing,  v~hich gave approxi-
mately 1000 hours  of operat ing life in fuel .

Fu r the r  work  was car r ied  out  in JP-5 fuel  env i ronmen t  wi th  the
Group XIII sp lines , which comprised M50 male specimens having a 14. 5-
in. crown radius coated with Electroless Nickel II and unc rowne d and
uncoated AISi 4 130 female specimens . Although f o u r  such sets were made ,
onl y one test  was pe r fo rmed .  At the end of 1000 hours  of operat ion , the
total  sp line wear was onl y 0. 00 13 inch , as s hown in Figure  A- 16 .

~~~~~
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APPENDIX B

SUMMARY OF AIRCRAF T SPLINE SURVEY RESULTS

Page

1. Spline Problem Areas  Repor ted  by Navy Organizations
with Per t inent  Details B-2

2. Sp liri e Problem Areas  Reported by Other Organiz a tions
wi th  Pert inent  Details B-3

3. Troub le -Free  Spline Connections Reported by Navy and
Other Organizations  B - 3

4. Spline His tory ,  W e a r  Measurement  and Reject ion
Cri ter ia , and Correc t ive  Recommendations by Navy
Organizat ions B-4

5. Spline History,  W ea r Me a s u r e m ent a n d R e j e c t i o n
Criteria , and Correct ive Recommendat ions by Other
Organizat ions B- S

6. Spline His to ry ,  Wear  Measu remen t  and Reject ion
Cr i te r i a , and Cor rec t ive  Actions Taken by Navy and
Other Organizat ions B- S

Brand names are  cited as repor ted .  They do not imp ly endor semen t  or
o the rwise  by the au thors .
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APPENDIX C

SUMMARY OF LUBRICANT MANUFACTURER S SURVEY RESULT S

5 ’

I .  Genera l  Recommendations C-~
Z. Cur ren t  Greases  Recommended for  Spline Opera t ion  C-b

3. Suggested  Components for  Sp line Greases

Brand  names  are  cited as repor ted .  They do not imp ly cn do rs~~n ’s. nt I l i~

o t h e rw i s e  by the  a u th o r s .

_____ 
0~ ____________ S ‘ -‘
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U TABLE C- i . GENERAL RECOMMENDATIONS

Q’s ic ’s tt o t is  Chevron

1. Spline desio ign rt,~com- It was rs5ocomme nded that oil flow
mendat ions  tha t  would  en hance channels be provided ac ross  the face
Lub r i can t  e f f e c t iv e n e s s :  of the spline tee th  in order  to al low

new lubr ican t  to cross  the teeth rathe r
than to let t h e ori g inal lubr ican t  stay
stagnant between the sp line teet h. Trap
a reas should be avoided. The amp litude
of sliding should be inc reased  with a
decrease  in load. Higher  f requencies  of
oscillation could be important.

2 . Lubricat ion techni ques or It is recommended where  possible ,
p rac t i ces  that  would imp rove that  the sp line be submerged in an
sp l ine pe r fo rmance :  oil of low viscosi ty .

3. Importance of sp line Refe rence  is made to Heinemann 1967 .
ma te r ials. This German document  contains con-

s iderable information re la t ing  to f r e t t i ng
phenomena and the types of apparatus
u sed for  sett ing same.

4 . Importance of materia l  In general , high ha r dness  r educes
h a r d n e s s : f re t t ing  ( r e f e r e n c e  is also made to

Heinemann).

~. Impor t ance  of su r face  There  is no signi f icant  e f fec t  within a
f i n i s h :  norma l rang e of 0 to 15 micro inch  CLA .

6. E f f e c t i v e n e s s  of spline It is bel ieved that  an e las t ic  film can be
c o at i n g s  (p lat in g s , react ion ef fec t ive.  A film desc r ibed  h e re  v~ou ld
f i lms , po ly m e r s , bonded have to be an e las tomer  type tha t would
so lid l u b r i c a n t s)  and /o r  be bonded d i rec t l y to both the male and
compat ib i l i t y of the coating s female connection. This concept being
wi t h sp line l u b r i c a n t s :  simila r to a motor  mount  w h e r eb y the

e las t ic  ma te r i a l  is b on ded  between the
two m e m b e r s  t h er e b y a b s o r b i n g  the
re la t ive  motion be twccn the two pa r t s .
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TABLE C-i .  GENERA L RE COMMENDA TIONS (Cont ’d)

Shel l  T ex a c o

Some means  of pump ing the  Re d u c  e sp l ine  mi s a l i g n n s e n t .
l u b r i c a n t  ove r  the sp line
s u r f a c e  - poss ib l y a sp i r a l
1 roove  m a c h i n e d  in the
o u ter  s u r f a c e .

Opera t e  the sp line in an oil P rov i s ion  of adequa te  g r e a s e  cav i ty
ba th  w h e r e v e r  pos s ib l e .  and d i r e c t e d  g r e a s e  flow so as to

p u r g e  old gr e a s e  at r e l u b r i c a t i o n .  U sc -
of g r e a s e  having good f e e da b i l i t y ,  s h e a r
s u s c e p t i b i l i t y ,  or pe rhaps  hi g h h lc~edirs e
ra te .

W e  a r e  not q u a l i f i e d  to a n s w e r  M a t e r i a l  se lec t ion  should  be gu ided
this  q u e s t i o n .  We r e c o,nm e n d  b y f r e t t i n g  c o r r o s i o n  t e s t  r es u l t s .
t ha t  th i s  be d i r e c t e d  to sp line Steel on s tee l  is g en e r a l l y u s e d , an ~
des i gn er s .  no r ecommenda t ions  of s p e c i f i c  s t e s .- ls,

w e r e  made.

R e f e r  to Q u e s t i o n  3. I n f o r m a t i o n  on the e f fe c t s  of h a r d n e ss ,
in m i n i m i z i n g  f r e t t i n g  Vu ea r  is m e d e er ;
h o w e v e r , it a p p e a r s  tha t  i n c r e a s e d
h a r d n e s s  is a s s o c i a t e d  w i t h  lower
suscep t ib i l i t y  to a t t a c k .

45 

‘ 
R e f e r  to Ques t ion  3. No r e c o m m e n d a t i o n s  can be made on

this  point  s ince  both smooth  f i n i s h e s
and roug h f i n i s h e s  a r e  c la imed to

• m i n i m i z e  f r e t t i n g .

o S u r f a c e  modi f i ca t ions  have Coatings  may s e r v e  to de lay  the
been  show n to be e f f e c t i v e  incept ion  of f r e t t i n g  u n t i l  the  coa t ing  is
d u r i n g  b r e a k - i n , however , w o r n  away.
they  may have an a d v e r s e

U e f f e c t  on l u b r i c a n t  pe r fo r-

U m a n ce .  Each  case m u s t
- 

‘ 
bc eva lua t ed  fo r  su i t ab i l i t y .

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE C- l. GENERAL RECOMMENDATIONS (Cont’d)

Quest ions Chevron

7. Importance of clearance: We belic-ve that an increase’ of volume
(in e f f e c t , m o r e  b a c k la s h  b e t w e e n
mat ing  spline s )  w o u l d  not  p rov ide
addit ional  p r o t e ct i o n  fo r  the sp lint ’
conne ct i on .

8. E f f e c t s  of contaminants  No c o m m e n t .
(dust , sea w a t e r , chemicals,
othe  rs ) :

9. Test  methods used to Chevron t s f r e t t i n g  a p p a r a t u s  is r e c u r 5 -

evaluate spline lubr ican t s :  mended , r e f e r e n c e  Chevron  R e s e ar c h
Company Drawing  No. RE 690862 da ted
2 - 4 - 6 9 .  This  dev ice  u t i l iz e d  a 1 / 4 - i n
s tee l  ball  locked in a col let  w h i c h  in
t u r n  is al lowed to v i br a t e  in an ell i p-
t ical  motion having  a m a j o r  axis of
0 . 0 1 5  in. The ball r ides  a g a i n s t  a
s t a t iona ry  Timkcn block. One d r o p  of
oil is p laced b e t w e e n  the  ball and the
block a f t e r  w h it -h a d r i ve  motor  is
s t a r t e d  con ta in ing  an e c c e n t r i c  producing
the ell i p t i ca l  motion  be tween the ball
and t h e  block s p ec i m e n .  A v ib ra t ion
sensor  is u t i l i z e d  to de te rmine  the

1 
- 

increase’ in t h e  v i b r a ti o n  a f t e r  excess ive
f r e t t i n g  is e n c o u n t e r e d .

10. What  sp line data and T e m p e r a t u re , f r e q u e n c y ,  load , atmos-

operat ing condition s do you p h e r e , and dura t ion .
o requi re in o rder  to fo rmulate

a grease for a particular
app licat ion :

1 1. A d v an t a g e s  or d i sadvan-  Less  f r e t t u s e  co r r o s i o n  can be expected in
( t a i~es of oil lub r i ca t ion  of f r e s h  oil . T h i s  imp lies  t ha t  as new oil is

sp lines: dir s.’ o  t e d  t o  t h e  i n t i m a t e  s i te  be tween  the
m a t i n g  p a r t s , l es s  f r e t t i n g  and co r ro sion
can bc expec ted .

_ _ _ _ _ _  ____________ 
U
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T A B L E  C - i .  G E N E R A L  R E C O M M E N D A TIONS (Cont ’d)

S he l l  Texaco

R e f e r  t o  Q u e s t i o n  .1. Ti g hte r f i t s  ( r e d u c i n g  “j i gg l ing ”)
a rc  p r e fer a b i e .

C o n t s t n ii - i ant s  a r e  h a r m f u l .  The p r e s e n c e  of c o n t a m i na n t s  such as
D u s t , Sc It w a t e r  c h e m i c a l s , dus t , sea w a t e r , c h e m i c a l s , e tc .
and o t her  c o n t a m i n a n t s  shou ld  is g e n e r a l ly d e t r i m e n t a l  to sp line l i fc - ,
b c  e x c l u d e d  f r o m  the l u b r ic a n t  but  no s p e c i f i c  r e c o m n-i en d a t i o n s  or
and Sp l i n t S . C a r e f u l  h a n d l i n g  e x p e r i e n c e  w e r e  g iven .
and s t o r a ge  of the  l u b r i c a n t
and a deq u a t e  sp line sea ls  a r e
i m p o r t a n t .

Osc i l l a t i ng  b e a r i n g  t e s t s , Ri gs  and m e th o d s  u s ed  f u r  s i u d v i s u
Mean H e r t z  L o a d - W e a r  Index,  f r e t t i ng  v’. c-re r e c omm c - n d o - d  - in

p a r t i c u l a r , the  S iko r sk y C ni ~ o r ~. . t i
F r e t t i n g  C o r r o s i o n  A n t i f r i c  t io n

B e a r i n g  T e s t e r  (SKP -1721  - 1 ) .

F o r m u l a t i o n  p a r a m e t e r s  a r e  No spec i f i c  data r c - co m m e n d e d .  T h c - i r
d i c t a t e d  b y f a c t o r s  of p e r -  a p p r o a c h  would be to s e l e c t  an e x i s t i n g
f o r m a n c e  o t h e r  than sp line l u b r i c a n t  tha t  p e r f o r m e d  s a t i s f a c t o r y

U da ta .  Fo r  example , r u b b e r  u n d e r  s i m i l ar  c o n d i t i o n s .  Th~ sma l l
swe l l , t e m p e r a t u r e  r ange  volume of sp line l u b r i c a n t s  p r e c l u d e s
e v a p o r a t i o n  loss , e t c .  a m o r e  e l a b o r a t e  a p p r o a c h  to develop-

men t  of sp line  l u b r i c a n t s .

The a b i l i t y  of oil to l u b r i c a t e  No corn m e-’nt.
sp lines  is s u per i o r  to g r e as e
p r o v i d e d  t h a t  seals capable of
r e t a i n i ng  the  oil in the  sp l ine

- 
. ; i r -  emp loyed .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~T~ ~~L 1’ ~~~ 1.. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . 1 ~~ 1
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TABLE C 2. CURRENT GREASES RECOMMENDED FOR SPLONE OPERAT 2 O ’~

It em
N o ,  Lubr icant  D e s c r i ption Texaco Texaco

I Manufa c turer ’ s Ide nt i f ica t ion  Novatex 1 Regal Star iak 2 ( T G - 7 4 7 8 ) - -
2 Type (Grease , oil , solid f ilm , e t c . ) Grea se Greas e  
3 Mi l i t a ry  or other speci f ica t ions  

4 Base Stock Paraffin oils Mine ra l  oil SO T 

5 Thi ckeners  Calcium soap of a - - -  Sodium soap 1 3 .  8%, 
hy droxy - type acid , calcium soap 2. 8%
10. 7%

6 Addi t ive s Oxida t ion inhibi t or --  Ru st inhibi t or 

7 Other components 

Lubricant Proper t ies
8 AP I Gravit y 
70 F lash Point 

10 F i re  Point 
1 1  Pour Point ‘F 
12 Vi scos i ty .  cs at lO0 ’F  330 SSU 303 
13 Viscos i ty .  cs at 2 10 ’F  53. 7 SSU 
14 V i s c o s i t y  index 
15  Acid No. 
l b  Base No. 
1 7  I n te r fac ia l  Tension 
18 Copper Corrosion (2 1 2 ’ F )  
1 7 0  Steel  Corrosion 
20 Color Green i sh-brown 
21 Dropping point , ( min)’F 286 358
22 W o r k e d  Penetrat ion 337  281 
2 3 Bomb (5xidati on . Pressure  Drop

in 100 h r s .  , in psi (max) 2 3 
24 W a t e r  Res i s t ance  at 100 F

• g r e a s e  loss percent  by wt (max) 1.8 S
2 5  Evapora t ion , % at 250’F (max) 
2b Oil separation , % at 2 1 0 F  (max) 
2 7  Low temperature torque

( ind i ca t e  temperature •F) 
2 s  S ta r t ing  Torque , g-cm 442 5 at -20 F 
2 4  Running Torque , g-cr n 738 a t -Z0 ’F  
30 Load W e a r  Index (mm ) 
3 1  W o r k e d  Stabi l i ty  (max) 
32 Hig h Temperature Performance

at 25 0 ’F (h r s) 
-
~~ 33  Apparent  V i scos i ty  at -65 F poises

at 20 rec iproca l  seconds 
14 Apparent  V iscos i ty  at -65 F poises

at 50 r ec ip roca l  se conds 
35 Stee l  on s tee l  Wear  0. 39 mm 
Th Rust  Prevent ive  Proper t ie s  Pass I

Sp ltn e W e a r  Per formance
37 T p st  Apparatu s 
3 s ~ W e a r  P e r f o r m a n c e  in Ai r ,

d e s c r i b e  
3 70 W e a r  Pe r fo rmance  in Fuel ,

desc r ibe  
4r  F r e t t i n g  cor ros ion  tes t  (Sikorsk y) Approx . 500 hr 690 
-4 Remarks  Rang e of App lication 

temperatures -30 to 300’F

.1’ 
~~~~~~~~~~~~~~~~~~~ ~~~~~~~ - ~~~~~~~
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r A B L E  C 2. C U R R E N T  3REASES RE C O M M E N D E D  ~ OR
SPL~NE OPERATiON -Cc , n~~d~

It em
No. Texaco Shell Shell Shell
I Un i -Temp  500 Aeroshell  14 A e r osh el l  17 Aeroshe l l  22 
2 Grease Grease Grease Grease 
3 United  King dom DTD 900

MIL-L-3545  M IL-G-2 1l 64  M IL-G-8 l3ZZ 
4 Hi g h molecular  wei g ht , Minera l  Synthe t ic  este r Synthetic  

organic  compound plus hy d r ocarbon
s y n t h e t i c  non-s i l icone oil

5 Sodium soap Calcium soap Microgel  Microgel  

6

7 Mol ybden um Disu lfide 

8
9

10
11
12
13 3 .1  3 .1  7 . 7  
14
15
16
17 24 hrs  at 21 2 °F  
18 Pass Pass Pass Pass 
19 Pass Pass Pass 
20 B lue -b lack  
21 381’ 500+ 500-f 500+ 
22 335 289 295 277

23 27 (50 h r s)  2 8. 5 2 (200 hrs)  

24 2 . 5  7. 2 1. 0 1 . 2  
• 25 3. 4 at 300°F , 100 h rs 5. 1 at 21 0° i , 22 hrs ---0. 8 at 210°F , 22 hrs - -  4. 2 at 350°F , 22 hrs

U 
26 15 at 300°F . 30 hrs  3 . 5 , 30 hr s 2 . 3 , 30 hr s 5.9 at 350°F , 30 h r s

27 U

& 28 700 at -40 °F 4960 at -100 °F  2443 at - 6 5 ° F - - - -
29 200 at -40 °F 740 at - 100°F  507 at -65°F 
30 40 Kg 50 Typical  85 39 
31 400+ 301 316 362 

32 at 350°F, avg hrs 1700 hrs + (200°F) ---- 1000 hrs + 800 hrs + (350°F)-
S to f a i lu re  1 050

33 at -40 °F ,  9000 

34
35 40 Kg,  30 mm . 0. 84 mm 0 . 6 7  
36 Pass Pass Pass 

37

38

U 39
40
4 1 -65° to 350°F -

U

~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~i~~~._‘ 
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TABLE C-3. SUGGESTED COMPONENTS FOR SPLINE GREASES

Shel l :

Operat ing Conditions: In Air In Fuel

Speed , rpm 2000 4000 2000 4000

Contact , Stress , psi 1000 5000 1000 5000

Temperature , °F 200 300 200 200

Lubricant Component
Base Stock X X X X

Thic k ening Agent X X X X
Oxidation-Inhibitor X X X X

Corros  ion Inhibitor X X X X U

• De te rgen t  
Dispersan t  

R u s t  Inhibitor X X X X

Oil iness  Agent  
S

Ext reme  Pres su re  (EP) X X X X
Tack iness  Ag ent 
Ant iwear  X X X X
Solid Lubricants (fillers)
Metal  Deact ivators  X X X X
Alkaline Agent 

Chevron:  None Sugges ted

Texaco: None Suggested
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APPENDIX D

SUMMARY OF SQUADRON MAINTENANCE PRACTICES
AT NORFOLK NAVAL AIR STA TION

Pa ge

1. A i r c r a f t :  E -ZA , E-ZB;  Eng ine: T-56-A-8A
2. A i r c r a f t :  H-46 and H-3; Eng ine: T-58 D - 3
3. Aircraft: F-4-B/-J; Engine: J79-8 D-4

Brand  names a re  ci ted as repor ted .  They do not imply e nd o r s e m e n t  or

othe rwise  by the au thors .
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APPENDIX E

SUMMARY OF CURRENT IMPROVEMENT PROGRAMS

Page

1. Engine: JT-3D E - Z
2. Eng ine: JT-8D E -2
3. Eng ine: J T-9D  E 2
4. Eng ine: J -48 - E -Z
5. Eng ine: 3-57 E - 3
6. Eng ine: 3-65 E -4
7. Eng ine: 3-7 1 E -6
8. E ng ine: 3- 7 9
9. Eng ine: 3-85 E - 10

10. En g ine: R-18Z 0  E - 1 1
11. Eng ine: TF-39 E - 1 2
12. Eng ine: T-53  E - 1 2
13. Eng ine: T-56 E- 13
14. Eng ine: T-58 E - 1 5
15. En g ine: T-76 E - 15
16. 30 kva CSD, Self-Aligning E -16

U 17. SST Shaft Power E-16

Brand  names  a re  ci ted as repor ted .  They do not imply e n d o r s e m e n t  or
o the rwi se  b y the a u t h o r s .

_ _  _ __ 
~~~~~~~~~ ~~~~~~~ U 
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1 . Eng in e: ,1] - 3[)
Desc r i pt ion.  Am e  r i c a n  A i r l i n e s , B o e in g  7 0 7 - 1  ) 3 /7~ () ;~ 3
}~~t-2~)°41 10 , 12-1 5~~5 ( 4 ,

l i t  le, Eng ine , and Comp on e n t s .  M a i n t e n an c e M a n u a l —  R~-r n o  ;,1/

I n s t a ll a t i o n  eng ine d r i v e n  h yd r a u l i c  p u m p - bo ot  and S e a l  i n s t a l l a  -

t i o n .  E n g i ne  JT-  3D and JT-8D.
S u r v e y  Form No. 201 “T roub le  F re e  I n s t a l l a t i o n ”
S u m m a r y.  A m e r i c a n  A i r l i n e s eng i n e e r s  c l e ’.-e lo 1wd a b o l l t - g  r ea se
seal  v h ich  is  sli pped o v e r  the male in t e r f a c e  sp line  on t h e  h y d rail-
lic pump.  A f t e r  the m a ti n g  sp lines  a r e  g rca sod , t h e  p u m p  is in-
s tal led into p lace. The boot m a t e s  v .i th t h e  cy l i n d r i c a l  p o r t i o n  (if

the female  sp line on the g e a r b o x.  On a la ru e  n u n t b e r  of i n t e  r face
sp line connec t ions  the re  is a void in the g e n e r a l v i c i n i t y  of the
sp liri e connect ion  v4here  the l u b r i c a n t  can n i i g r a t e  as  a r e s u l t  4) 1

c e n t r i f u g a l  fo r c e .  The boot concep t  v4 as  r e c om m e n d e d  b y A m e r i c a n
A i r l i n e s  and is flow inco rpora t ed  in the 1~o e in g  M a i n t e n a n c e  M a n u a l .

A n e w e r  v e r s i o n  of the dog bone-boot  co n n e c t i o n  ‘~~ i l l
i n c o r p o r a t e  a m u f f  sp line ” at the i n t e r f a c e  co n n e c t i o n  v~ ith a s n a p
r ing .

The or i g inal o p e r a t i n g  life ~~as 500 h o u r s , no ’~

to 6400 h o u r s .  (A copy of this m a n u a l  v~as not  o b t a i ne d .

2 . Eng ine: J T- 8 D
Desc r ip t i on .  S u n d s t r a n d  SBN 2 4 -9 1 7 , 197 1 ,
T i t l e ,  Eng ine, and Components .  CSD Model  No . 40 A G D 1 O  ~is ~~~ c~

on the B -7 3 7  a i r c ra f t .
Summ~~~~ . The s e r v i c e  bu l l e t in  con ta ins  i n s t r u c t i o n s  f o r  the  re-

• w o r k  ( I the inpu t  sp line s h a f t  vh i c h  p rov ides  the same  e n g a g em e n t
length ~~ith the eng ine sp lines as do o t h e r  model  CSD’ s. (A copy of
this bul le t in  ‘~ as not ob ta ined .

3. Eng ine: J T - 9 D
D e s c r i p t ion .  S u n d s t r 4 , r ld SBN 24 - 10 1 5 , 197 1.
Ti t le,  Eng ine, and Componen t s .  CSD Model  No , 60 AGD O9 u s e d  on
the 747 a i r c r a f t ,
S u m m a r y.  I n s t r u c t i o n s  a r e  g i v e n  to  r ep lace the e x i s t i n g  sp line
sha f t  r e t a i n i n g  r i n g s  ~~it h  new i m p r o v ed  s t r e n g t h  r e t a i n i n g  r in g s .
(A copy of th i s  b u l l e t i n  was not o b t a i n e d .

4. Eng ine: 3-48
D e s c r i p t i on .  N a v y  LED NA 0 3 - S C A - 5 2 / 10 N  4 P E N . ,  7-2 4 - t )~~.
Ti t l e ,  Eng ine, and C o m pon e n t s .  R e \ \ or k  of s t a r t e r on 3-48 eng ine .

S u r v e y  Form No. 122
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S u m m a r y.  To p r o v i d e  wea r  tole rance  f o r  a r m a t u re  sp line on
Jack  & Heintz  D2 6 , ~ 7 , and D3 1 s t a r te r s  d u r i n g  o v e r h a u l .
Check a r m a t u r e  sp line (I tems 36 and 37 , Fig .  2 — ? )  f o r  wea r b y
u s in g  two 0. 085 in. d i ame te r  b y 0. 312 in. long p ins and p l a c i n g
p ins 180° apa r t  in top land of a r m a t u r e  sp line. M e a s u r e  d i s t a n c e
between o u t e r  ed ges of pins ac ross  a r m a t u r e  shaf t .  Rep lace
a r m a t u r e s  that m e a s u r e  less than 0 .710  in.

On a r m a t u r e  P/N  2 0 0 3 1- 1 02 3  rep lace removal  sp line
P/ N  2 0 0 3 1- 1 02 7  with new sp line of same number  if old sp line is
worn beyond pe rmi s s ib l e  wea r dimension.

5a. Eng ine: J-57
Descr ip t ion .  A i r  Force  EPN H -7 8 - 1 , 4 - 29 - 7 0 .
Title, Engine,  and Components .  Prat t  and Whi tney  p rogram to
evaluate Microseal  100-1;  f u e l  pump on J - 57  eng ine .
S u r v e y  Form No. 199
S u m m a r y.  P &  W p rogram to evaluate  the e f f e c t i v e n e s s  of M i c ro -
seal 100- 1 in r educ ing  Pesco fue l  pump sp line w e a r .  P rog ram
u s e d  two fue l  p u m p s— o n e  with Microsea l  100- 1 and one v~. i t hout .

- 
5 Tes t  pe r fo rmed  up to 500 h o u r s .  No r e su l t s  we re avai lable .

Sb. Eng ine: 3-57
Desc r iption. Navy  PPC No. 95.
Title, Engine, and Components. H ub a t  location “C ’  in J -57
eng ine.
S u r v e y  Form No. 189
S u m m a r y.  Repor ted to have excessive sp line wea r on h u b  P I N
500407 located in sec t ion  ‘ C ’ . Axial  motion is exper ienced  w i t h i n
th i s  connec t ion .  This PPC repor ted ly speci f ied  cut t ing off a por-
tion of the h u b  and replacing it with another  sp line connect ion con-
ta m ing a s leeve.  The sleeve is pinned in eig ht places .  (A copy
of the PPC was not obta ined. )

5c. Eng ine: J -57
- - -

~ Descr ip t ion .  Navy PPC No. 75 and 80.
Title , Eng ine , and Components .  Fuel  pump on 3-57 engine .
S u r v e y  Form No. 22 7
S u m m a r y .  It r epor ted ly elim inated the g r e a s e  and provided a ~~et
pad. In s e rv i ce  f o r  300 h o u r s  plus .  Sp line problems el iminated.
P r e s s u r e  l u b r i c a t e d  about  10 psi.  (A copy of the PPC was not
obta ined. )

; -
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ba. Eng ine :  T - h S

Desc r ip t i o n .  N a v y ,  W r i g ht  J — 65 E I~ N 2 7~~, 4 _  2 5 — 5 4 .
T i t l e , Eng ine , and Comp o n e n t s .  J - 6 5 - W - 4 1 1/ \ \ - 1 6 A  a c c e s so r y
gea rbox I u el  c o n t r o l  ci r i  ye  g e ar .  ~~ue1 c o n t r o l .
Summ a r y .  C u t  r e l i e f  a t  f u e l  c o n t r o l  sp l ine , w h i c h  \ \ il l  alle \ i a t e
excessive wear.

6b. ~~~~ine: j -65
Desc r iption. Na vy , W r i ght 3 -6 5  EI3N 36i , l iuv1-e ps F W A E - 4 ,

U
- 11-30- 62.

T i t l e ,  Eng ine, and Co mp o n e n t s .  A c c e s s o r y  g e a r b o x — I m p ro v e  -
ment  of c o n c e n t ri c i ty  an d  s q u a r e n e ss  and oil  m i s t  sp l i n e  l u b r i c a -

t ion.  J - 6 5 -W - 1 6 A  f u e l  pump ,  t r o n t  and rear hydraulic
pump.
S u m m a r y.  Check  r u n - o u t  of f u e l  and hy d r a u l i c  p u m p  pads on
accessory gearbox. Jig set  up  to d r i l l  holes  f o r  oil  m i s t  l u b r i c a t i o n .

6c. Engine: J-65
D e s c r i ption. Navy  3-65  EBN 3 1 ) , R e v i s i o n  A , A m e n d me n t  • \ I I , 1 5
BuWeps FAE-34, 6 -25-65 .
Title, Eng ine, and Components .  A c c e s s o r y  gea  m x  sp i-in es  an’:
co rresponding mating a c c e ss o r y  sp line ; i n sp e c t~~I ) n  an’:  lu l . m ~~s. . i ’ ( 0)

U of Pesco and Thompson f u e l  pumps.
S u m m a r y.  L u b r i c a t e  f ema le  and male  sp lin es  u s i n g  P l a st  I o ~t

U 3. Rep lace uni t s  when wea r l imi t s  e x c e e d  0. 0 0 U ~ . D i : :  r i - n t  ~~~~~~~~

r e q u i r e d  to check sp liries on this 3- 65  e n gi n e .

6d. Eng ine: J -6 5
D e s c r ipt ion .  Navy ,  Wr i ght 3-65 EBN 376, R e v i s i o n  B , AIR 4 1 1  -

‘

• 10-10-69.
Ti t le,  Eng ine, and Components .  J — 6 5 - W - 1 6 A  f u e l  c o n t r o l  d r i \  e

U shaf t  with u n i v e r s a l  jo in t s .  Fue l  c o n t r o l .
S u m m a r y.  Rep l a c e m e n t  of ri g id d r i v e  shaf t  \ \ i t h  u n i v e r s a l  j o i n t
d r i v e  shaf t  f o r  f u e l  cont ro l .

6e. Eng ine: J-65
- 1 

Description. Navy ACN 292 , AIR 53681A/41 13 , 10-30-70 (L b. ( 4 1 1 : ( t c )

ECP No. 33 , Nov .  1970 , Item No. 4) .
Title , Engine , and Componen t s .  Lycoming CSD Model L D 6 - 3 , LD6-
10 , and LD6- 1OA .
Surve y Form Nos. 207 and 170

U S u m m a r y .  Incorpora te  a spr ing - loaded m u f f  with m a t i n g  spline On
the Ly co m i n g  out p ut  s h a f t  of CSD. 

- 
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6f .  Eng ine :  J - b S
D e s c r i pt ion .  N a v y  sp line se a r  i m p r o v e me n t  data .

Ti t le,  Eng ine,  a n d  Components .  3-65 accessory gearbox spline

~vea r. Fue l  pu m p ,  f r o n t , and r e a r  h yd r a u l i c  pump and gene ra -
tor drive .
S u m m a r y.  R e f e r  to I tems 6g,  6h , and 8c. Ex e s s iy ’- v~ ca r  of

generato r spline ~ as noted on J-65-W5 accessory box. As a

resu l t  a CS D a l t e r n a to r  was used and moved to the rig h t - h a n d
g e n e r a to r  pad.

6g . Eng ine: J - 65
D e s c r i p t i on .  N a v y  EPN H- i , A u g .  70.
Title, Engine, and Components. 3-65 accessory and accessory

gearbox spline wear. Fuel pump,  f r o n t  and r e a r  h yd r a u l i c  pump.

S u m m a r y.  I m p r o v e m e n t  of oil m i s t  sp line l u b r i c a t io n  s p e c i f i e d

in NEB 363. Also , improve l u b r ic a t i o n  at m a g ne t o - g e n e ra to r

and f u e l  cont ro l sp l ines .

6h. Engine: 3-65
Description. Navy EPN H-5, Sept. 70.
Title,  Eng ine, and Components .  3-65 accessory gearbox impru’~ ~-d
genera to r dr ive  durab i l i ty .  Generato r  on J -6 5 -W S .
S u m m a r y.  Exces s ive  sp line w e a r  and bea ring  f a i l u r e s  ha\  e been

exper ienced  at g e n e r a t o r  d r ive  locat ions on ac c e s s o r y  g e a rb o x e s .

Propose line bore  bear ing l iners .

6i .  Eng ine: 3-65
Description. Navy 3-65 PPC 62, Application: J-65-W-416 v.ith

fuel pump 022664- 026-06;  J - 65- W-4 2 0  with f u e l  pump 022664-

• 026-06, AIR 53 6 32 F / 4 ll 3 l D , 9 - 2 8- 7 0. 
-

Ti t le,  Eng ine, and Components .  P i s c o  fue l  pump.  R e wo r k  to

accommodate 8-tooth spline and to pressure lubricate .

S u m m a r y.  Rework  to accommodate d r ive  shaft with 8-tooth sp line

• and to provide forced feed oil lubrication (wet pad) on J-65-PPC-67

accessory gearbox only.

6j.  Engine:  3 -65
Descr ip t ion .  Navy J-65-PPC-63, AIR 4113 , 9 - 2 8-7 0.
Title, Eng ine, and Components .  Fuel  pump,  Thompson.

Summary. Rework to accommodate d r i v e  sha f t  with 8- tooth  sp line

and to p rov ide  fo r c e d  feed  oil lubr ica tion  on J -6 5-P P C -6 7  a c c e s s o r y
gearbox only. 
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C U  ~- -:fl i ne
l ) e s c  r i p t  i o n ,  Na ~ v J-~~5— PPC— 64, AIR 4 1 1 3 , 9 — 2 8 — 7 0 .
I t b ’ .  i- :~-i~ m’~ am id C~)mponents. Magneto-Gene rator , TMG
I N -  l c n m t : U U n  ~-.vs t emmi .
Si imma  m y .  R , - w o r k  t o  a c c o m m o da t e  d r i v e  gear  wi th  8 - too th

~ p 1 i n e  5 , n n  t o  p r ov i d e  fo rced feed oil l u b r i c a t i o n  on J -6S-PPC -
17  a ’.  c e s s or v  I ) O X  onl y. Othe r models lubr ica ted  wi th  Plas t i lube
\ :U , ~‘ a f t e r  i h e c k i n g  ~~it h No-Go  involute  sp line gage.  Eleven-

( U  t h s ol :  m i e ,

4 1 .  Eng ine :  J 4 U 5

De s ’.  r U f l t : o n .  N a v y  J - 6 5 -P P C- 6 7  and A m e n d m e n t  No. 1.
A I R  S ~ ~2 I - J4 l  131 D . ~ _ 2 8 _ 7 0.
T i t l e ,  Eng n e, and  Components .  A c c e s s o r y  gea rbox ;  r e w o r k
t o  a c c o m m od a t e  8- tooth  sp line dr ive  gears  and p r e s s u r e  lubri -
ca t i on .  A c c e s s o ry  gearbox  Model 3 -6 5-W-16A and J - 6 5 -W - 2 0 .
S u m m a  i’v. ~~‘- w o r k  a c c e s s o ry  gearbox to accommodate  d r i v e  g e a r s

~ t b  s -t o o th  sp lines.  Provide  fo r ce  feed  oil l ub r i ca t i on  at  f u e l
p u m p ,  front and rea r h y d rau l i c  pumps and the m a g n e t o - g e n e  r a l o r
l o c a t :o n s .  Amendment  No.  1 changes AYC f rom 244 to 2~~4 in
R e f e r e n c e  h.

7a.  Eng ine:  3 -7 1
Desc r ip t ion .  A i r  Fo rce  T. O. 2 J -J 7 1 -6 3E  Supp lement T e c h n i c a l
M a n u a l  O v e r h a u l , i s s u e d  b y OCAMA (OCNTTAA) ,  10-16-68 .
Ti t le,  Eng ine, and Components .  USAF J -7 iA - 1  3, All ison eng ine .
S u m m a r y.  This supp lement was i s sued  to allo w the Specia lized
R e p a i r  Ac t iv i ty  an inc rease  in m a x i m u m  ~~ear  l imit  of the i n t e r n a l

• sp line of oil pump shaf t  PIN 6747679.  I n s t r uc t i o n s :  a. Pending
a v ai l a b i l i t y  of new or reworke d oil pump shaf t  the allowable we a r

5 - l imi t  is increased  f rom 10 to 2 5% of total  t h i ckness  of sp line as
m e a s u r e d  ac ross  top of sp line. ( R e f e r  to Fi g. 6-5 - 1  f o r  defini-
t i o n  of t e r m s . )  b. It is m a n d a t o ry  tha t se r ia l n u m e r  of the
eng ine into which shaf t s  exhibit ing wea r between 10 and 25~~ a r e
i n s t a l l e d  be recorded and f u r n i s h e d  OCAMA (OCNTTAA).

U 7b. Eng ine :  3-71
D e s c r i p t i o n .  Air  Force , w i r e  f r o m  T i n k e r  AFB to Quonse t  Point ,
NAVAIREWORKFAC , Ju l y 69.
T i t le , Engine , and Components .  Rewo rk p r o c e d ur e s  f o r  a c c e s s o r y
d r i v e  sha f t  P / N  6743844 on 3 -71-63  eng ine.
S u m m a r y.  I n t e r im  p r o c e d u r e  to be used  onl y u n t i l  new sha f t  g e a r
a s semblies a r e  available but  not to exceed 50 s h a f t  g ea r  a s s em blies .
P u r p o s e  of this  supp lement is to a u t h o r i z e  the  ri gid ~~e l d i n g  of
r a d i a l  d r i v e  bench g e a r  P / N  6728730 to the a c c e s s o r y  dr i ~~e shaft

4 55 ’
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gear P / N  6743844 ~~h en  t h e  m a t i n g  sp l ines  of the  s h a f t  ~ ea r
a r e  \\ o mn in e x c e s s  of t h e  l i m i t s  in T. 0. 2 J — J 7 1  — 6  i , p. 6 — 6 A/
) i -U B , Fi gu r e  6 - 5 - 1 . Elect  run  beam w e l d .

7c. Eng ine: 3-71
D e s c r i p t i on .  N a v y  T . O .  9 H 4-2 - 4 1 -14 .
T i t l e ,  Eng ine,  and Componen t s .  M u f f  des i gn , J - 7 1- A- 1 3 eng ine .
S u r v e y  Fo rm No. 181
Summa ry . It v~as repor ted  that  the T. 0. spec i f i e s  a Muff  dc-

si gn .  It ~~as r epo r t ed  that no f u n d s  ~~e re  a v a il ab l e  to make the
des i gn change .  Oil pump to hy d rau l i c  p u m p .  (A copy of the T. 0.
was not ob ta ined .

8a. Engine: 3-79
D e s c r i pt ion.  A i r  Force  IROS Low Re l i ab i l i t y  i tem c12 ta , \ V U C
No.  2373R , 1 - 1 3 - 7 0 .
T i t l e ,  Eng ine, and Components .  CSD i n p u t  s h a f t  on S u n dst r a n d
CSD f o r  F -4  a i r c r a f t , 3-79 eng ine.
Surve y Fo rm No. 198
Summa ry. Hi gh condemnat ion  rate  due  to w o r n  sp lines .  T h re e
E U R ’ s per month.  Monthly cost  $12 , 993.  Reason  f o r  e s t a b l i s h -
ing IROS p r oj e c t  is to inves t igate and reduce  hi gh c o n d e m n a tio n
rate of 85% at the t ime of ove rhau l .  Because  of worn  sp l ines ,
total  i s s u e  date f o r  both Field and Depot is now 2 , l 9 ’~ s h a f t s  f o r

one year .

8b. Eng ine: 3-79
Desc r iption.  A i r  Force  and Navy ,  NATC S T -l 2 8 R - 7 0 , 7 - 17 - 7 ( ) .
Title, Eng ine, and Components.  Eng ineer in g eva lua t ion  of \ \ e t
inpu t sp line s f o r  Sundstrand 30 KVA CSD in the F-4J  a i r p lane

• wi th 3 - 79 - G E - l O  eng ines .  Sunds t r and  CSD ~c e t  sp line .
S u r v e y  Form N o s . 19 6  and 198
S u m m a r y.  Fli ght  t e s t s  were  conducted to eva lua t e  a p r o t o t y p e  u n i t
of an oil  bath , wet sp line conf ig u r ed , S u n d s t r an d  30 KVA CSD to
d e t e r m i n e  po ten t i a l  of the oil bath concept  in r e d u c i n g  f r e t t i n g  cor-
ros ion on CSD input  shaf t  sp lines , sha f t  axia l v i b r a t i o n , and as-
soc i a t ed  wea r  on locking pin and p lug of A c c e s s o r y  Change  No . 17 3.
A tota l of 553 f l i ght h o u r s  s imulat ing f lee t  o p e r a t i n g  cond i t ions
were  f lown at NAVAIRTESTCEN us ing  an F-4J  a i r pl an e .  An addi-
tional 2200 fl i ght hou r s  were  a c c u m ul at e d  on modi f i ed  CSD u n i t s
in f l ee t  F - 43  airp lanes during an actual service suitabi lity evalua-
t ion  of the o i l  bath wet  sp line m o d i f i c a t i o n .  W i t h i n  the S CO ~~ C of
th is  tes t , the oil bath wet  sp line m o d i f i c a t io n  s ig n i f i c a n t ly r e du c e d
the f r e t t i n g  c o r r o s i o n  of the CSD input  s h a f t  sp line s and is satis-
f a c t o r y .  It did not h o w e v e r  r e d u c e  the inp u t s ha f t  ax i a l  v i b r a ti o n

~ 
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and a s so c i a t e d  ~‘ear on A C N  17 ‘. (o i ipo i : t l t — U . A l u b r i c a t i n g  oi l
loss p r o b l e m  w a s  e l i i i i i n 5 I t C ( !  b y lo~~ t l  I- , S i e s i c n  ‘ I t h e  CSI)
m o u n t i n g  fla nge . It is r e ’ . o i i l n i e n c l e d l  t h a t  t h e  ( 4 1 1  b a t h  \~ et  sp l ine
n i o d i f i c a t  ion be in c o r p o  ra ted !  on a l l  Sunds  t r a n d  30 N \‘A CSD
u n i t s  o p e r a t i n g  on J _ 7 U ~~ cI~~~1o e ng i ne s  in  F - 4  a i r p lanes .  Acidi-
t i o n a l  t e s t i ng  s ho u l d  be c o n d u c t e d  t o  ( a - l i n e  a rid e l i m i n a t e  the
CSD inpu t  s h a f t  a x i a l  v i b r a t i o n  p r o b l em .

8c. Eng ine: 3-79
Desc r i pt ion.  Navy  J -7 9-P P I I , No . 212  FAE- 34 , 12-6-65.
Ti t le,  Engine,  and C o m p o n e n t s .  Main f u e l  p u m p  i n s p e c t i o n  and!
l u b r i c a t i o n  of d r ive  sp l ines .  Fue l  p u m p  P/ N 512D892 .
S u m m a r y.  Specif y P las t i lube  Mol y No . 3 and u s e  s t a n d a r d  mi-
c rometer  to m e a s u r e  sp line tooth ~ ea r  a c r o s s  4 teeth .

8d. Eng ine: 3-79 U

D e s c r i pt ion.  N a vy  NATC S T- 5R - 6 8 , 1 - 2 3 - 6 8 .
T i t l e ,  Eng ine,  and Components .  Eng i n e e r i n g  e v a l u a t i o n  of \ \ e t
input  sp lines f o r  S u n d s t r a n d  30 KVA cons tant speed d r i v e s  in
the F-4J a i r p lane with 3 - 7 9 - G E -b  eng ines ;  S u n d s t a n d  CSD v~et
spline.
S u m m a r y.  L imi ted  e xp er i e n c e  ~~ith the Suncl s t r and  30 KVA CS1)
ins ta l led  on J - 79 - G E- 10  eng ines indicated  f r e t t i n g  c o r r o s i o n  of
i np u t  sp line could l imit s e r v i c e  l i f e .  Tes t  is to eva l u a t e  a mod-
f i c a t i o n  to CSD which  p r o v i d e s  co n t i n u o u s  oil to the inpu t
spl ine . R ep o r t  con ta ins  r e s u l t s  of f i r s t  150 fl i ght h o u r s  of t e s t i n g .

Two m o d i f i e d  S u n d s t r a n d  30 KVA CSD’ s S/N  Bl 015
and 13679 were  ins ta l led  in F -4J  B u N o .  153077 eq u i pped ~u~ th J 7 9
G E - l O  eng ines .  A i r p l a n e  was not ec 1ui pped \\ ith A W G - l O  m i s s i l e
c o n t r o l  s y s t e m .  Tes t s  w e r e  c o n d u c t e d  w i t h  p r o t o t y p e  equi pment
which ena bled c a v i ty  at the i n te r f a c e  of the t r a n s f e r g e a r b o x  and

U CSD to be fi l led ~~ith oil. Both t e s t  CSD’ s were  equ ipped  w i t h  the
0. 125 in.  d i a m e t e r shea r  pin ( A c c e s s o r y  Chang e 173)  to p r e v e n t
wi thd r awa l  of the CSD inpu t  s h a f t .

8e. Eng ine: 3-79
Desc r ip t ion .  Navy J -7 9 - P P B, No . 254 , AIR 4113 , 2 -5- 6 8 .
Tit le,  Eng ine, and Components .  3-79 t r a n s f e r  gea rbox CSD
sp line wear  inspec t ion .  CSD f o r  all J -7 9 - G E - 8  and 10 eng ines
on F -4  a i r c r a f t .
S u m m a r y.  Es tab l i sh  t r a n s f e r  g e a r b o x  (CSD) s h a f t  sp line \~ e a r
l imi ts  to be used  at o r g a n i z a t i o n a l  and i n t e r m e d i a t e  m a i n t e n a n c e
levels  p rov id ing  a v a i l a b i l i t y  of r ep l a c e m e n t  t r a n s f e r  gea rboxes
h a v i n g  CSD sp line wea r  w i t h i n  l i m i t s  of R e f e r e n c e s  ( a )  o r  (b )
S u n d s t r a n d  and GE sp line e ng a ge m e n t .
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8f. Engine: 3-79
D e s c r ipt ion.  Navy  NA TC ST-9R-69, 2 - 1 7 - 6 9 .
T i t l e ,  Eng ine,  and Components .  Eng inee r ing  eva lua t ion  of wet
input  sp line s f o r  S u n d s t r a n d  30 KVA CSD in F-4J a ir p lane with
3-79- G E -b  eng ines.  S un d s tr a n d  CSD wet  sp line.
Summa ry. Dur ing  test  118. 5 hour s  we re flown s imula t ing  f leet
ope rating conditions to evaluate oil bath , wet sp line conf ig u r a t i o n
Sundst  --and 30 MVA CSD unit .  Unit was installed on a 3 - 7 9 - G E -
10 eng ine in F-4J ai rp lane to determine potential of oil bath
concept in ceducing f r e t t i ng  corros ion  on CSD input  splines. Wet
spline equipped CSD has been fli ght tested f o r  a total of 2 54 . 3
hours .  F ~-etting corrosion has been signif icant ly r e d u c e d  as a
resul t  of the oil bath modification.  Excessive oil loss f r o m
within the CSD/Transfe r gearbox interface cavity was en-
countered throughout test phase. Testing should be continued
to f u r t h e r evaluate oil bath modif icat ion’s potentia l in reduc ing
f re t t ing  cor ros ion  and to resolve the excessive oil loss problem.

8g. En_gine: 3-79
D e s c r iption. Navy ECP SMA 750 7 1A -R 3 , ~- 1 2- 70 .
Title, Eng ine, and Components.  Incorpo rate wet  pad on J~~7Q
eng ine CSD connection f o r  F -4B a i r c r a f t .
Summa ry. Minimize sp line wear  by incorpora t ing  a v e t  pad on

5 the CSD input shaft .  This proposal  is for  the CSD onl y.

8h. Engine: 3-79
D e s c r iption. Navy Gene ral Di scuss ion  Items , Par t  II , Item K 10 ,
Sheet 1 (31 1D626P4) Q. P. NA VAIREWORKFAC Ltr 50 0 J F RC :j l ,
10 - 1 5 - 7 0 .
Title,  Engine,  and Components.  Transfe r gea rbox ho r i zon ta l
shaf t  CSD sp linc wea r l imits.
S u m m a r y.  N a t u r e  of Problem : T r a n s f e r  gea rbox hor i zon ta l
shaftlCSD spline wear limits. (NARAIRSYSCHOMHQ msg
09 22 3 0Z , Oct 68. ) Present  interim bulletin established revised

U sp line wear l imits  for  t r ans fe r gearboxlCSD horizontal  dr ive shaft .
Due to occasional problems in procuring new subject shafts ,
recommend revised l imits  be established as the new HOl and HMI

- l imits  and in te r im bu lletin be rescinded.  U

Magni tude  of Problem: The in t e r im sp line w e a r  l imits
per  IPPB26 1 w e r e  not in tended  to be p e r m a n e n t ly added to HOl
ari d HMI manuals .  Program: A c c e s s o r y  Bullet in No . 246 , which
directs incorpo ration of the oil ~vetted spline on all F4 Sundstrand
CSD’s should eliminate the rejection of CSD shafts and 3-79
eng ine TGB dr ive  shaf t s  f o r  sp line w e a r .  
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S t a t u s :  Inte  r i m  P PB 2 6I  (Oct 68) was i s s u e d  to
p m ’ . ) V i ( i t ’  exp a n d e d  TG 13 (2SD spl ine w e a r  l i m i t s  as an inte rim
nicasu me pendling procurement of sufficient quantities of shafts
to  s u p por t  o v e r h a u l  schedules  at which tin-ic the d i r e c t i v e
was to be cancel led.  C o n t r a c t o r  r ecommends  that ASO ins u re
tha t n e c e s s a r y  a c t i o n  has been taken to p r o c u r e  shaf t s  in su f -
f i c i e n t  d lu a n t i t i e s  to s uppor t  the ove rhau l  schedule  and that
IPPB261 be cancelled.

8i. Eng ine: 3-79
D e s c r i p t i o n .  Navy  c o m m u n i c a t i o n  f r o m  Quonse t  Point ,
N A V A IRE W O RK F A C;  Ref .  3 1 2/ J A W : sl m , 2 - 5 - 7 1 .
T i t l e ,  Engine,  and Components .  W e a r  f i x e s  f o r  3-79 eng ine
splines.
S u m m a ry .  All new des igns  a r e  u s i n g  \ \ et  or  l u b r i c a t e d  sp l i n e s .
F ixes :  a. Muff  sp lines —added  ‘0’ r ing  and g r e a s e  panels -
p r i m a r i ly f u e l  pumps , U~~~ Scavenge pump—added g rease,
i nc reased !  h a r d n e s s ;  improve  alignment , c. C S D - e s t a b l i s h  w e a r
lin-t i t s ; add \vet  sp lines.

9a. Eng ine: 3-85
Description. Air Force , 12-3-70.
Title, Engine, and Components. Kelly AFB Mechanical Branch
test stand evaluation of Nylon and MIL-L-7808 oil for gcnerato ;
sp line .
Surve y Form No. 99
S u m m a r y .  Depot exper imenta t ion  is being p e r f o r m e d  to 

U

a llevia t e sp line wear on the male sp line on T-38  gene r a t o r s .
Spline s exhibi ted s e r i o u s  w e a r  a f t e r  400 h o u r s  of t e s t  s t and
ope ra t ion an d in the aircraft. A Nylon-coated male spline was
eva lua t ed .  The male sp line was f i r s t  r educed  in s ize  by electro-

U discha rge machining . The r e s u l t i n g  sp line tooth s u r f a c e  f i n i sh
was 125 rms .  A Corvel  NC p r i m e r  was then app lied to the
male spline . Following th is , a black N ylon coa t ing  ( C o r v e l  NCA-
77-b lack-2178 , Type 11 , N ylon coating powde r )  was app lied to
the male sp line res ul t ing  in a thickness of 0.010 in. The Nylon
was ap plied b y a f lu id-bed p rocess .  Two 0 . 01 3- in,  d iamete r
laser-drilled hole s (180° apart) were drilled through the male
spline so that oil could seep into the sp line connect ion f r o m  the
gearbox.

A t e s t  stand (see  T .O .  l 6 G l - l 0 2 - - 2 )  was u s e d  to tes t

U the N y lon-coated sp line . The t e s t  s tand s i m ul at e s  a c t u a l  opera-
t ion  u si ng a g enerato r and a h y d rau l i c  pump. The gene ra to r
was loaded (6 KW) and cycled throug h its ope rational range of

~~~~~~~~~
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6 400 10 ~)bO 0 rpm.  The m i s al i g u n m i - r i t  of th e  m a t i n g  c o n n e c t i o n

~ as  un kn u ’~ i i .  Onl y one t e s t  ~ as p e r f o rm ed.

A f t e r  1 400 hours  of t e s t  s tan d  o per a t i o n , the
coating  w a s  s t i l l  in tac t  and had not ~‘ orn  e n o ug h to  exp o s e  the
meta l .  In add i t ion , th e  g e n e r a t o r  v i b r a t i o n  w as  les s  w hen  the
Ny lon-coated spline was used. U

A f t e r  1400 hour s  of t c st  s tand ope ra t ion , the un-
coated spline at the opposite end of the Ny lon -coa ted  sp bine
was  w o r n .  This  sp line is usual l y packed w i t h  a W e s t i n g house
grease , P/N 922B8l8-l. Furthermore , it is b e l i ev e d  tha t  the
misal ig n me n t  was also somewhat  r e l iev e d  by the coat ing . U

9b. Eng ine: 3-85
D e s c r i ption . Air Force , G. E. ECP 85L-88 ( r e c ’d 4 - 9 - 7 1 ) .
T i t l e , Eng ine , and Components .  Improved  A / B  fue l  pump
sp l ine s h a f t  fo r  J - 8 5- G E - 5 C /- 5 E/ - 5 F / - 5 G / -5H / - 5 3 / - 13
eng ines .
Survey  Form Nos . 233 and 238
Summary .  Excess ive  w ear on the pump end sp line  of the  A , B
fue l  pump s h a f t  caused  excess ive  par t  s c r a p p a g e  at  o v e r h a u l ,
u n s c h e d u l e d  eng ine remova ls , arid m i s s i o n  a b o r t s .  W e a r  w a s
a t t r i b u t e d  to i n t e r f e r e n c e  due to mi sa l ignmen t , t o l er a n ce  —

s t a ckups , and loss of gr e a s e .  It was  p roposed  to r e d u ce  sp line
leng th  and tooth t h i ckness  in o r d e r  to reduce  misa l ig n me n t -
induced  i n t e r f e r e n c e ;  to add s i lver  f l a sh  to m in imize  f r u - t t i n g ,
c o r r o s i o n , and w e a r ;  to add a seal to p r e v e n t  g r e a s e  loss due
to cen t r i f ug ing; and to add a small axial vent  hole to r e l iev e

• p r e s s u r e  changes  due to va r i a t i ons  in t e m p e r a t u r e  and a l t i t u d e  U

w h i c h  could de s t roy  the seal.  The vent  a lso  s e r v e s  to r e l i e v e
excess  g r e a s e  at a s semb ly. Proposed change  not put  into
e f f e c t  because  of cost  and be l ie f  that  it mi g ht cause  e x c e s s i v e
wear of the more expensive female splines.

-

~ 10. Eng ine: R - l 82 0
S Description. Navy NATC WST-99R-70, 6-2 3-70.

Tit le,  Eng ine, and Components .  Improvement  of Constant  Ra t i o

T r a n s m i ss i o n  ( C R T ) .  Sunds t rand  CSD.
• Summary.  This w o r k  unit  was  e s t ab l i shed  to de t e r m i n e  poss ib le

improve m -n&-nt s  to CRT sha f t s  u sed  on S- 2 D / E  and P -2  ai r p lanes
and to so l ic i t  f r o m  i n d us t r y  p roduc t  i m p r o v e me n t  type c o n t r a c t
proposals for needed improven-ients. Investigation s indicated

need for  improveme n t  of the Bendix CRT shaf t  P / N  19E29-3J
used  on the  S -2 D /E  a i r p lanes bu t  no need for  i m pr o v e m e n t  on

P-2 shafts . The Bendix Corp. was awarded a contract for

~ 
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d e s i g n  and  c onst  i- o c t  ion  of 4 imp r~ ) ~~~~ d I ~ ! 2  — 3K C RT shafts
f o r  u se  on S — 2 1 ) / E  a i r p la nes.  These  s h a f t s w e r e  t e s t e d  f o r
a t o t a l  (I f 1400 f l i g ht h o u r s  and \ \U ( re s a t i s f a c t o r y .  The t e s t s
als o resulted in a r e d le s i g n  of the S u n ds t r a n d  CSD
s h a f t  wh ich  c o n n e c t s  to the CRT o u t p u t  sp l ine.  The Bendix
P / N  l~~E29~ 3K CRT s h a f t  and the Sun d s t r a nd  P / N  709374
( ;sD s h a f t  a r e  r ecommend ed f o r  s e r v i c e  u se  in the S- 2D / E
a i r p l a n e s .  Inco rpo ra t e  a g r e a s e  seal.

ila. Eng ine: TF-39
Descri ption. Air Force G.E. Program BS-17 , 1 0 - 3 1 - 7 0 .
Title, Engine, and Components. Inlet  G e a r bo x  Ho r i zon t a l

Shaf t  Spline w e a r  on TF-39  eng ine .  U

Survey  Form No. 234  U

Summary. This p r o g r am  i d e n t i f i e s  seve ral  p o ten t i a l  changes
f o r  r educ ing  sp line tooth w e a r  inc lud ing  a less s t i f f  dup lex
ball b e a r i n g  with i n c r e as e d  radia l c l e a r a nc e  and less p re load , U

a f lex ib le  gaskosea l  r ing ( in  p lace of the b r a s s  r ing ) f o r  re-

ta in ing  oil in the sp line m e s h  and s e al i n g  off fan  p r e s s u ri z a -

t ion a i r  and an oil nozzle  wh ich  w i l l  more  than d!ouble oil f low

f o r  mesh lubr ica t ion .  Ali gnment  of the nozz le  and i t s  e f f e c t

on wear  is also to be evalua ted .  G r e a s e  seal .

l l b .  Eng ine : TF-39
D e s c r i ption. A i r  Force  G . E .  P r o g r a m  BS-4 , 1 0 - 3 1 - 7 0 .

Title,  Engine,  and Desc ri pt ion.  TF-39  and C F -6  eng ines .
Gearbox shaf t  sp line and j o u r n a l  w e a r .  C-5A a i r c r a f t .
S u r v e y  Form No. 235
Summary. Official 150 Hour Gearbox Dynamomete r Test and

• 1000 h o u r  s e rv i ce  t e s t , showed indica t ion  of sp line wear  and

bear ing  inne r race ro ta t ion  in spec i f i c  a r e a s .  Sp line w e a r  was

evident  at the Inlet Gearbox h o r i zo n t a l  and radia l  sha f t  sp line

• due to inadequate  lubr ica t ion .  Addi t ional  oil j e t s  will be p ro -
vided to pos i t ive ly l u b r i c a t e  the 1GB hor izon ta l and radia l  sha f t

sp line s to el iminate f r e t t i n g . Also , the h o r i z o n t al  shaf t  sp line

will be ha rdene d to m i n i m i z e  w e a r .

l2a .  Eng ine : T-53
D e s c r iption.  ARA DMAC S EO -A - G E N-E 0 1 25 .
Title, Eng ine, and Com ponents.  Gene rato r  and s t a r t e r -
generator drive shaft spline repair procedure , T-53 engine .

Survey  Form Nos. 129 and 133
S u m m a r y.  Pu rpose is to c l a r i f y the accep tab le  w e a r  tole rance

f o r  the sp lines of the d r i v e  sha f t  and! p r o v i d e  a method of repa i r -

ing those w o rn  beyond t o l e r an c e  : A.  D r i v e  shaf t  a s sembl y.

R e p a i r  the d r i v e  s h a f t  sp line if the  p in-to-pin d iamete r is less

t ~~*~A- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -i. 
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than  0 . 90 3 0  in. u s i n g  0. 0864 p ins : B. Spline repair. If spline
f a i l s  to mee t  d imens ions : 1 . Gr ind  d r i v e n s h af t  down , 2.  Ins ta l l

sleeve sp line P / N  23 050-1117 , 3. Pin the s leeve  in one p lace.

12b. Eng ine : T-53
Descr i ption. ARADMAC T M 5 5 -6 l l  5 -233-50 , 11 -20 -68 .
Title, Engine, and Component s. Gene ra to r  Model No. 30010-
000 , T- 53 eng ine.
Surve y Form No. 134
Summa ry . Pu rpose is to r epa i r  excess ive l y wo rn sp line on
d r i v e  sha f t  spl ine . D e c r e a s e  length of wo rn sp line shaf t  by
0 . 6 2 5  in. and c o u n t e r bo r e  and p rec i sion -hone  s h a f t .  A f t e r  re-
mova l of wo rn sp line a rea , t h o r o u g hl y chill g e a r  sp line P/N
30300-1162  in d r y  ice.  P ress  part  in p lace , check d i m e n s io n s
and grind if necessary. Apply MIL-G-3545 grease and ope rate
gene ra to r  at 8, 000 rpm with load of 300 amps at 30 vol ts  fo r
5 minutes.

13a. Eng ine: T-56
D e s c r i ption. Navy DIR 894, 9 - 1 2 - 6 7 , N A V AIR S Y COMR E P A C
( M r .  DeLong),  NA VAIREWORKFAC , Alemeda .
T i t l e , Eng ine , and Components.  Inve s ti gate and repo rt on
exces s ive  gene ra to r  sp line P / N  158280 1-2 .  AC gene r a t o r  S

T ype 2 8B 95-15.  T-56  engine. U

S Survey Form No. 210
S u m m a r y .  Alameda NW 03-SAS-22 speci f ies  P ioneer  No . 31
or  MIL-G-354 5  while NW Ol - 7 5 P A A - 2-4  p. 3-183 s p e c i f i e s
M I L - G - 2l l 6 4 .  Alameda u s e s  MIL-G -2 l 16 4 .  E x c e s s i v e  sp line
wear  was due to a combination of service  usage  and lack of
l u b r i c a n t . C e n t r if ug a l  f o r c e s  f r o m  r o ta t ion  of the d r iv e  shaf t
c a u s e s  some loss of lubr ican t . Recommend m a nu f a c t u r e r
r e v i e w  problem.  Recommend MIL-G-81 322 be used !.  Al l i son
p roposed a wet pad: EDR 6603 , Item No . 56 36. 1 . 2 . 05.

1 3b. Eng ine: T-56
D e s c r i pt ion. Navy  P- 3 LES N A O 3 - 5A S -2 2 / A L 4I -2 - 0 07 0 , 3 - 2 5 - 6 9 .
Ti t l e ,  Eng ine, and Components .  A-C  gene ra to r , d r i v e  sha f t ,
M i c rosealing of A-C genera to r , T-56 eng ine .
S u r v e y Form No. 2 10
Summa ry. New gene ra tor ’ s sp line shall be coated  w i t h  Mic
sea l  100-1.  If top land d imens ion  of tee th  on u s e d  g e n e r a to r  is
less  than  . 0 2 0  or  less than . 0 2 5 , rep lace d r ive  shaf t  a s s e m b ly.
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I 3c . En u i r o - : 1 St)
D e s c r ip t i o n .  N a v y  E FN , 3 — 3 1 — 7 0 .
T i t l e ,  En gine ,  and  C omp o n e n ts .  S J U _ 56 sta  r t e r  s ha f t  (I r i \ - e
sp line lub r i c a ti o n  (Al li son  p roposa l ) .  S t a r t e r  ( i n t e  mna l  s pl i n e s ) .
Summa ry . G r e a s e  l u b r i ca t e d  sp lines do not p rov ide  a d e q u a t e
l u b r i c a t i o n  to p r even t  w e a r . Provide  ad l ed lua t e  lu l ) r i c a t i d ) n  to
the dr ive  sp l ines  b y d i r e c t in g  p r e s s u r e  oil fr o m  the r e d u c t i o n
gea r lube sy s t e m  in to  the sp line c a v i ty .

l 3d. Eng ine: T-56
D e s c r iption. Navy EPN , 3 - 3 1 - 7 0 .
Tit le,  Eng ine, and Comp onen t s .  T- 56 accessory drive spline
lubrication (Allison p r o p o s a l ) .  A l t e r n a t or  and !  h yd r a u l i c  pump.
S u m m a ry .  G r e a s e  lub r i ca t ed i  sp lines do not p ro \ - i c l e a d e d lu a t e
lubrication to prevent w e a r .  Propose  to  p r o v i d e  a d equ a t e  lubr i -
cation to the drive spline s by directing an oil spra y to the sp li ne
c a v i t y. I n c o r p o r a t e  an ‘ 0 ”  r ing seal.

l3e .  Eng ine : T -5 6
Desc r iption. N a vy ,  Al l i son Ltr .  12-11-70  to  NASC A I R - 5 - i t U 2 .
Title, Engine, and Comp onents .  A 6 4 4 1FN -2 4 3  p rope l l e r
M .O .T .  R ef .  TH O- 19 3 1 L- J WE
Surve y Form No. 208
SummaLy ~ E x c e s s i v e  w e a r  on propelle r hub  sp l ines .  At  lea~~t
35 h u b s  w er e  r e t u r n e d !  to Al l i son  f o r  r e w or k . A l l i s o n  s’~~~~e s1s
the island spline w e a r  l i m i t  be r e d u c e d , m e a s u r e m e n t  be ma :e
between ba ll s a n d ‘-~e co r n n i e n ds  tha t  a DIR be c o n d u c t e d  on -248
prope ller.

• l 3f . ~~~~~ n e : T ~~56
D~~sc rj ~~~~ori . Na vy  , a- ea r  

~ 
m ov e m en t  data , Branch 3 31 ,

2 - 2 6 - 7 1 .
l i t l e , ~~~~~~a f l d I~~~~’n ~~~~~,!wi~ t s .  Al l i son  T -56  s t a r t e r  and acce s-
so ry d r i v e  sp l i n e s .
Sum ma ~~~~ P r o v i d e  a ’ :e~~u a t e  l u b r i c a t i o n  to  t h e s e  sp line s wh ich
is not a d eq u a t e  b y the g r e a s e  p a ck i ng  me thod .  This  is a s e v er e

S problem in the T- 5L en g in e s .  J ia- h yd r a u l i c  pump and a l t e r n a t o r
d r iv e  sp l ines  t r o u b l e  has  been c o r r e c t e d  b y th is  f lood- type
lubrication .

l 3 g. Eng ine:  T-56
D e s c r i p t ion .  N a v y  ACN l ’~2 

UT i t l e ,  Eng ine,  and  Comp onen t s .  1’- ~6 en e in e  d r i \  en c o mn r e s s o r
u s e d  on a P- 3 ai  r r a f t .

j
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S u mn i a  ry . It was  repo r ted that  the AC N L o i i v e  r t ed l  the  sp l i ne

c o n n e c t io n  t o  a w e t  pad .  The c o m p r e ss o r  d r i ve  is m a n u f a  lu r e d

by A i R e se a r ch .  i h e  sp lined sha f t  is capa ble of b a c k i n g  o u t

s irnila r to a typ ica l  CSD u n i t  b y means  of a l a rge  s c r e w  t h r e ad .

0. 11. is  2400 h o u r s  o r  on fa i lu re . A i Re s e a rch  s u g g e s t e d  the

N a v y  u se  the w e t  pad d e s i g n .  The d e s i g n  has been in use  f o r

some t w o  y e a r s  on the  P- 3C a i r c r a f t .  The g e a r bo x  c o nv e r s i o n

was  probabl y done at Alemeda or Norfolk. (A copy  of A CN  192

was  not o b t a i n e d .

1 3h. Eng ine :  T - 5b
U D e s c r i p t i on .  N a v y , m e s s a g e  f ro m  MA RAEREF I RANSRON ON E

F I V E  TWO to NAVAIRSYSCOMHQ , No.  RUAOBMA O 749 , U n -
U c l a s s i f i ed  p r i o r i t y ,  1 - 1 3 - 7 1 .

Ti t le , Eng ine , and!  C omponen t s .  Sa fe ty  U R / i n c i d en t  r e p o r t .

K C - l 3 OF  a ir c r a f t .
Summa ry.  N u m b e r  f o u r  eng ine d r i v e n  h y drau l ic  p u m p  lig ht

i l lumina ted  at 22 , 000-f t .  level .  Pump was s e c u re d  andi e n g i ne

f e a t h e r e d .  Three eng ine landing w as  made w i t ho u t  fu r t h e r  inci-

dent .  Pump,  h y d r a u l i c , eng ine d r i v e n , S . N.  A l -3 0 8 /W .  U . C .  ( i O l i e /

M. C. 9 0 1 6 6/ P .  N. 6 6 W B D - 3 0 0 -1.  Pump s e i z e d .  The d r i ve  c o u p L n e

sp line was damaged sli g htl y and the d ri v e  bush ing  sp line was

alm ost w o rn  smooth. Shaft  did not shear .

14. Eng ine : T-58
D e s c r iption.  Navy  PPC No.  85.

-
- Tit le , Eng ine , and C o m pon e n t s .  T -5 8  eng ine.

S u r v e y  Fo rm No. 229
Summa ry.  It was r e po r t e d  that th is  change r e q u i r e s  100~ rep lace-

• ment  of th e Pesco sp line connection and rep laces it w i t h  a U
1~I~S U ; i

S U

spline . Should process about 2000 per year. (A copy of the PPC

S - was not obtained. )

15. Eng ine: T-76
S D e s c r ipt ion.  Navy S ub con t r a c t s , Sou thwes t  R e se a r c h  I n s t i t u t e :

N a v y  Con t rac t  N 0 00 19 -6 9 - C - 0 404 , A i R e s e a r c h  P. 0. 967077 ;

Cont rac t  N 0 0 0 19 -7 0 -C - 0 362 , A i R ese a r c h  P. 0. 130688 and 130875.

Tit le , Eng ine , and Components .  Invest i gat ion  of sp line w e ar  in

~~P- ~ f u e l  env i ronmen t .
Su rve y Fo rm No s . 16 1  and 218
S u m m a r y .  The ob jec t ive  of this  p r o g r a m  w a s  t o  develop s y s t e m a ti c

e x p e r i m e n t a l  data on the wea r  l i fe  of sp l ine c o n ne c t i o n s  as i n f l u e n c ed

by sp line des i gn p a r a m e t e r s, sp line m a te r i a l s , and s u rf a c e  t r e a t -

men t s , w ith the sp lines ope rat i ng  in  a JP-  5 f u e l  e n v i ro n m e n t .  A

com p r e h e n si v e  p r o g r a m  c o n s i s t i n g  of twe lve  t e st  g r o u p s  was

~~
‘ --~~~~ ~~~~~~~~~~~~~~~~~~~ r~i~~~~~~~ 
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o r i g i n a  liv ‘i e  ye loped b y A i Re s e a r c h  t o  p r ovid! e a sys t en- la t i c
- e v a l u a t i o n  of the  r e l , v~t n t  v a r i a b l e s .  Sub se i -~u e n t l y ,  the  prog  ra in

r e (j u i  r e i i i en t  ~~as changed !  b y A i R i - s e a  rch  s u c h  tha t  some tes t
g roup s we  m t . a l t I -  r ed !  an d  m a n y  o t h e r  l e s t  g ro u p s  we re de le ted .
As a r e s u l t , onl y f o u r  l e s t  ~ roups , name l y: II , IX , III , and
XI II  h a v e  been p er f o r m e d ! .  The r e su l t s  have been s u m m a r i ze d

in A ppendix  A. a long  w i t h  the  r e s u l t s  of s eve ra l p r i o r  Navy-
sponsOr e( !  r e s e a r c h  p r o g r a m s  c o n d u c t e d  at  SwRI .

16. E n g in e  —
1k -scr i pt ion .  N a v y  N A T C  ST - 27R  - ( 9 , 4- ’~ -~~~ ) .

T i t le ,  Eng ine ,  and C o mp o n e n t s .  E v a l u a t i o n  1) 1 S u n d s t r a n d
30 kv a  CSD R e d e si gn e d  ‘‘Sc L f— AI i i . n in ,~ ’’ i npu t  Spl ine S h af t s .
S u n d s t r a n d  CSD w e t  sp l ine .
S u m m a r y.  This pro ieet was est ab l i shed  b y N A V A IR S Y S C O M
to p r o v i d e  f o r  labu r a t i )  m y  a n d  f l i g ht  t e s t i n g  of the r e d e s i g ne d

sel l_ a l i gn i n g  i n p u t  sp l ine  s h a f t s  fo r  the S u nd s t r a n d  30 k vu

CSD . This  is  a q u a r t e r l y repo  i-i of pro j e c t  s t a t u s  ~s r e q u i r e d  b y

AIRTASK A05- 5 3 b - H W ’ . The 10 r e d e s i g n e d  s h a f t s , o r d e r e d  f r o m
U the Sunds t ran c !  Corp .  wi l l  be d e l i ve r e d  a p p r o x i m a t e ly 30 J u n e  (U 0 .

L a b o r a t o r y  t e s t i n g ,  by the  A RIN G  R e s e a r c h  Corp .  wil l  c o m m e n ce

upon d e l i v e r y  of the s h a f t s .  F l ig ht t e s t i n g  and e v al u a t i o n  w i l l

commence  upon comp let ion of l a b o r a to r y  t e s t i n g .  It is  r e c o i l : -

mended  that  p ro j ec t  w o r k  be c o n t in u e d .  
U

17. Engine  —

D e s c r i p t i o n .  S u n dst r an d  R e p o r t  No.  AER 4 9 6 -2 , 3 -31 -68 .

Title, Engine, and Components. SST shaftpower spline drive. U

S u m m a r y.  This r epo r t  was the f i n a l  t e s t  and desi gn repor t  f o r

the Boeing Phase 2 SST. A k i d n e y - s h a p e d  gea rbox  was examined

at S u n d s t r a nd .  It conta ined  f o u r  mount ing  pads on one side , t h r ee
of wh ich  u t i l izec!  the S u nd s t r a n d  b reech- lock  desi gn while the  f o u r t h

u s e d  a U ~~~~~~~~~~~~~~~~~~~~~ - typ e clamp. This  gea rbox  is d r i v e n  b y shaf t

p o w e r  f r o m  the eng ine .  The sp lines w i t h i n  the shaft power are
U d e sig n e d  to accep t  3 d eg ree s  of misal i g n m e nt  and t r a n s m i t  U

453 hp . The sp l ines  u t i l i z e d  in this  connec t ion  a r e  c rowned  and

a r e  f o r c e - l ub r i c a t e d  ( w e t  p a d s )  w i t h  a b o u t  2 gpm t h ro ug h the

sp l ines .  (A copy of th is  r e p o r t  was not seen and is r e g a r d ed

i n d u s t r i a l  c o n f id e n t i a l . )
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APPENDIX F

- PREVIOUSLY SUBMITTED SwRI RECOMMENDA TIONS

Page

1. Misalignment of Inter face Spline Connection s
on Aircraf t  Eng ines and Accessor ~ :s F -2

2 . Improved Liaison Between Navy Organizat ions
- Having Cognizance of Interface Splines F-7

3. Pitting Damage on Three Upper Spline
U Connections on the Main Rotor Mast on

U :- UN - I  Helicopters F -b
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Jacuary 29 1971

- 

File; 09-ZC G6

Nav a lAi r  Sy3tems C~ nimand
Depa :tmant of the Navy
Wa~hind ton, D. C. 20360

U 
Attent ion: Mr . A. 3. ICoury, .AIR-4 117B

Subject: Recommendation No , 1 — I\-fisalI~rzmcnt of Interface
SpUme Connections on Aircraft  ~ n~ inas and Acce~ sorio~
Contract N00156-70.C-2 1S6

Dear Mr.  I’~oury:

As part  of our surve y and ~na1y3is of a ir c raf t  ~plhio i l i~~~
S S~~~

su~ j~~ct contract , we have found ove : ~1 ~piirte p - l  a:~ ’~~ o~
rni1i~a~-y ~ i:~ :aft. One of th3 cau~ e~ of ~~~o~~ ivo cp line v:ca~ i~
ni- .nt tv.’~ en the matins sp1i~es. W~ bziltcve the p~-ob1er~ via~ .-. i -~~ ~- -..vi--. vi
by thi~ Naval Air  Sy~tem~ Command in the int ~~~~~ of reducin,; ~~~~~~~
nanco and :cj laccment costs.

Tha majo rity of the sp Ume wear p obl~n~s cncoumt-.~red in th zi ~~~~~~~
hav~ ~~ en ~ a rface cp linea that co~ncct L~~ ~~~~~~ or ~~~~~ tj~~ry ~~~i,; :

to ~~~~~~~~~ :i-e i~ such at~ sta rto:~ , i-ato:.~. I i~-aulic p~i rri~~ . f~e1 pump3,
ctc , . ome 0 the interface spUme connoctio~~ may exhibit misa1i~rtment in
e~~~~~:~~~i~ o..~ t~~ t ~p~ cif i.~d in th3 AND and I~~S Standards , ~~~:e~ y accoL~:ating

- 
- 

~~~~~~~~~~~ ~.~~~~ i ’ •  . p lino miaaliCnment on cv thztulod ~earboxes and acces ries
1.. z~c raUy not measured at the overhaul facilities visited to date.

comrrien atioms

It is recommended that the following correctivo -actions be considered:

1. Measurerncnt.3 should be made of the actual ]atoral and n~ ’.iIa:
r,-~j sali~nm nts of all components conta ining Interface splines. Me uren-~cnts

.~e made afto - the components , I. e. , gearbox and accosaory, havo .com
c~~~pl~toly assembled after rework.

~ 

-- 
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2. Late ’al and anguLar  rnisali;nr.iants should be held with in

the ucif bed tolerances of the appropriate AkN D and MS Standards li~tcd

bclow:

.~cc-~~:ory M ount im ’~ F2~ m~ e L~~ -bn -’ Acce9~ O~ y !~~- 1V

AND Ty~ c I~NID Type

10260 X 20300 X
l02~ 1 XI 2000 1 XI - 

-

10262 ~ZII 20002 XII
10263 MIiI 20003 XIII

i0z~ 6 XVI 2003~ XVI
10267 XVII 20007 XVII
10270 XX 20010 XX

r~~n~~~~Acc~~~~ory D-1v’~ P - ~~Cc~~~d 3~.y

MS T_y~~ — 
!~~

-i’, ______________

U 3230 2. 6~ 3 T..C 5~cuare ~22~ 2 .653 :.c ~~~~~~~
3331 5.003 CC ~çua:e 332 6 5. 000 BC ~~~~~~~~~~ ~~~~

3322 5,003 CC ~ oun d 332 7 5. 003 CC ~~~~~~~~~~~~~

3333 ~, 000 3C Round 3323 3. OCO BC Bo~~:—
3334 10. 000 CC Round 3329 10. 003 B-C I~o~ad

3. Any culta~ ie ga~ in~ devic e may be used to r acu ~~
and a~~~tl ir  mISalL3nnlCntS. An example of si:ch a dev;ce is shown m the
attachment.

4. To facilitate p:opo: control, oasurcr~ents should £ir~ t be
pe :formcd only at the Naval Air  Rewo rk Faci1~ties.

5. In view of th~ cost of perform this operation. measure—
- -

~ mcnt. ~hou1d initia lly be confined to those sp Ume connections identif ied by

- 

each NARF as having exporienced excessive wear .

6. Once tt is vort fI~ d that improved a1i~nreemt roducce sp Ume.
wear, measurements should than be extended durin g replacements at the
Into U rnodiate Level Maintenance.

S-
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ -. ~~~ -2.. -. - - - - 
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;

___ ~~~~ -~~



F-4

‘— c - - c i ~~~~
- .

1. K~ Uy A~~C— Accord in~ to p -~.cri~~ l In the M chan ical  ~~ anch
of 3e:v~~~ in~~~:im:~ DiV is iOn , mi 1i~ nr .~en t of the into .ac-~ i p 1in~ 3 on
acc~~~.o~~ ~ is not m~a~ ured arter tho accessor ies have Lcc:~ ovc:i~auLd and
:~ a~~~~~~ - led. P r - ~ 1s ion :anch perco~ nel of ~erv~ce ~~~~~~~~~

-
~ni~ ~u?~ r ted

that .~;i~ alL~nmcnt of imtc .~faco op Iinc~ on ~n~ ines w~d arb o:- :os in i~et measured
the.~e units have been ove rhauled and ccm~.1ed. Loth b .a~ c~~ 3

rep ted that measurements of individua l pa~ L~ are c1~rc~~ d n~,ains~. tk.~ tol3:—
ance~ of oppropr iato drawth~ s and it is a ur.ie .~L tLzL t the in stz.U-ed un i t  will
g ive .~atisfactOry alignment.

2. Ti&~er AFB’— S vice I ~ i~~~e:inr  z~v:~~i-~~ ~~~~~~~~~~~~~~~ ~l ;- ,; : t~ d
that cpl :r~ mir.nli~ nmer~t on asscrri~icd acc .~~.-ies i~ not ~~~~ - -:11; ~~~~~~~~~~~~~~~~~~

L~al~~~~~rn t is coat:o]lcd th:ou~ h tc l-~ -a~ c-~~ -~~~~ ~~~~~~ P~~:-~~~~~- i  .v—
c:-~~e :icnced spu m e  misal nmemt ;) .. 3 - - ~r~~ v.~ t £1 ~~~~~~~~~~~ c~n~ ta: -.:~~-~~--
(CdD’4. L-~ orde r  to &olvo this ‘~ - -~ Jcrn, c~~ ck at h-d~~tack ~~~~~~~~~~~~~~~~~~~~~

arc c~~:d ~ Ue~-wcen the n-.atin; C D  a:~d e c ~:ator. Cr.~e ali ,, nin: . :~ aL-~ i.. -..--~~-

and aLached to the CSD. AU d-nr~ent is made by means or a ~~~~~~

aft er  ~~
• ‘

~~~~~~~~ the epoxy Is allowed to ~ct. The came proceiu .e  ic u~ -... ~~
ri ..~:ato: with another align ing plate and the £c~ e rater is then a c.:d ~

CSD.

Cuonset Point.NAflF —Aero.-paco ~~~~~~~~ :.e’; ‘~~~~~~~~~~~~~~~~~~~~ - ‘

~~~~~~~~~~ : o, ~tj ~ that lsalt2nrracat on a~~:~ m.~led umts sucn z.~ ~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~ er~- . accossortc s ~e not c~ nc:al1y m a : .  Cn~ ~~~~~~~~~~~~~~~~ ~~~-

~~~~~ gea -be~:. SpUme m a1idnu~e:~t i.~ check ed on this ~~~~~~~~~~~ -~~~~~~~~

r;.. . ~~~~~~~ U;nt pro~ 1ems have been eflCOu e~~3d ~V~dI each ~nt3 r acc — i - ’.-
t.~e ~~ ~~~~~~~~ mccc a tu~; cOfl~~c~~:abl3 rework.

Pensacola NA F—Accord n~ to Pc :picr~t and J ccec~~ciry

?~ ~~~~~~~ sp ume misalignment is not ~cneraUy r~~~~ u :~ d on
ac o:.es. cm~~nes , or goarbo~:cc. Parts are mcasu .ed to ciec!~ condc:rn ity
~~~~~~~ - - -Late d:av,inZ tol~~rance~ . Si-ia. ts ar e  ckeckcd to: st~~~’~~~~~~~,
a~~ ~~:-~~~:~~~~~ bo:c~ are chocked for fit and concentricity . On the ba~.is c~f L~~~se

o: -a-
~e.-1~ , a1i~nmcnt of tb-s installed accessory is assumed to be w ith in the

- 
O r id ~nal limits .

-

~~ 

5. American Airl ines—Personnel from Mrcraft  System ~~n~~ineerin;

~~~~~~ that misali~nrncnt of inte rface spUno conn~ cLion~ is no t norr.~ -U y
rr~oa~~~:ed. The airline had a pen anced a severe interfaco Cp liLt3 prc~ lem
at a hyd raulic-gearbox connoction. The misalignment of the female ~phne at

- 

- 

- - -I
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. ;~~~~~~~ : w~ s checked and fo~;nd ~~~~ ~~~~~~~~~~ -~~~~ A~~~~ ) .2L~~~:

by a f act~ : ~~ 2 or 3 to 1. The p:ob1~~ i \.- i V ~~~~~ --~ ‘-i ~~~~~~~~~~ Lhe

Very truly yourJ ,

. L. V r Ui_r : e.

g~ ai~ : :~~~~~~~c~ ~~~~~n~ e:
C~~~~~~

U . :a~.a ~ c CL. L~. and
Lab: cat ion Tec iaolo~ y

~~~~ LV:~~~.

Attachment

~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Precis  ion l inear and P r e c i s i o n
Th

~~~~ r o t a r y  bearing

- - 

- -  

LD ial indicato r Dj a l indicator

Male sp line Female sp l in e

A c c e s s o r y  —Eng ine or G e a rb oN

A ball-tipped s ty lus is employed to ride in contact  wi th  the s i d e s
of adjacent  teeth . Misalignment is m e a su r e d  by axially tr a v e r s i n g  the
s ty lus along the length of three or more equally spaced g rooves .  Dif-
fe rences in reading s can be converted to g ive latera l and angula r misali gn-
ments .  T rave r s ing  in both the axial and c i r cumfe ren t i a l  d i rect ion is made
poss ible  by affixing the dial indicator to a pre cision linear and rotary
bear in g.

In the event tha t misalignment  of a w o r n  sp line is to be m e a s u r e d ,
it would be neces sa ry  to sli p a sp l ined  cy l indrical  s leeve over  the spline
fo r  male sp lines  and a sp lined p lug into the female splines. Gaging measure-

C ments  a re  made on the sleeve or p lug . The splined sleeve or p lug must  f i t

• c losely wi th  the sp line being checked.

- .3

AN EXAMPLE OF SPLINE MISALIGNMENT GAGE

_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 
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January 28. 1971

File: 09-2866

Naval Air Systems Command
Department of the Navy
Wasatngton. D. C. 20360 U

Attention: Mr. A. 3. Koury , AIR-4117B

Subject : Rccomrnenc]ation No. 2 — Improved Liaison Between
Navy Organizations Havin~ Co1~nizance of Interface -

Spline~ . Contract N00l56-70-C-2 156

Dear Mr. Kou ry:

As a part of our survey and anal ysts of aircraft  spu me failu:cs
under subject contract , we have found that the majority of thc s?lir.e
wear probloms have been with interface sp1ir~es that connect the cmg tne
or accessory gearbox to accessories such as starters , generators .
hydraulic pumps , fuel pumps . etc. To the best of our knowled de . there
is no one eng ineering organization in eithe r the Navy or the Air Force U

that is responsible for the complete interface spu me connection. Im-
proved liaison between the existing groups could result in better control •

over factors affecting spu me wear. We believe the problem warrant s -
review by the Naval Air System s Command in the interests of reducing
maintenance and replacement cost.

Problem Area

t pline replacement rate is affected by many factors , in cluding
mIsali~ nment between mating spitnes , lubrican t 1 lubricating method and
frequency , material combinations, overhaul and inspection prac tices, and
spline wear rejection criteria. Our survey to date indicatea that control
over these factors is exercised generally by several different groups, and
no one engineering organization In the Navy, or the Air Force is solely
responsible for the complete interface spu me connection.

I

~

-

-

-

-

~ 

~~~~~~~~~~~~~~~~~~~~ 
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-
- 
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~~~ec o~~~:~~~~cnr ~~i tion s

It i~. r e c o m m e nded that the following corrective actions be
considered:

1. Improve the liaison between ~ roup~ rospousib le for
interface sp lines to ef fect better control over all factors aIfecttn~ splino
wear and to prevent individual g r oups from takin~ actions which might
result in Increased overall splin e maintenance costs.

4

Z. In the event signtftcar .t improved liais on cannot bc
obta~ned , it may be desirable to create an organization with the sole
responsibility for interface spu me connections.

~ ack grourt c~ Dctails

Spu me wear  problems can be kept to a minimum only by careful
control over all of the factors which affec t ~p linc w ear , includ ing mis-
al1~ nment between mating splines , combinat ion of spline niatcrialz ,
lubricant and lubrication practices , cleaoin~ ~~ ~p1In.s when co~~~~~-~ ats U

are sep.~rated . an~ s?Une r ejection cr it .~ria. Lif cctivc control cv~~ all of
t hes e  fa c tors Is possible only if close liai~ cn is maintained . b~ tw~.cn .~ii

~roops concerned with interface splines. i-Iowever . the factors Lwo~vcd U

are diver se arid control must extend from dc~ i ,n throu gh manufacture ,
lr~it ial  a~ ceptazzco inspection , operational r~:athtcnance , ar.d de 0t \.‘o:~ .
Control over the factors which affect sp iin~ wear is compLicatc~ Ly the
fact that the major compo.ient (eng ine or n rbo~) and accessorie~ are
usually n~anufacturcd by thffercnt  cc.mpanics. in addition , the two co.~ -
ponents are frequently overhauled and reworked by different or~ amizati onz .
often diDtant from one another , and lubrication and field maintenance are
perIo:mcd by other groups entircly.

C It appears that a group could take inc~ividual action that could increase
interface sp itne replacement rate. For example ,

1. Either manufacturer might select a material, hea t
treat .r~ent, surface fLuis~-’, or coating that would aggravate wear of the
complete interface spUme.

2. At depot or intermediate lcvcl maintenance facilities ,
local eng ineering specifications are often initiated in the intorests of
reducing local maintena nce costs. These specifications may involve

LP - 
- ~~~r % . -  

- - 
.~~

- - 
_ _ _



_ _ _ _ _
_ _ _

rswor~tng of splines or chan~os in tolerance s, materials, heat treatment ,
surface finish, composition or thicknesa of coatings , and spu me r ej ection
criteria. Any one of the foregoing actions could result in increasc i overaU
splino rep lacement rate , and hence should not be taken without careful
considerat ion of the ir overall effects.

Very truly yours ,

MLV:d l M. L. Valtierr a
Senior Rosearch Engineer
Department of Fluids and

U Lubrication Technology

U .  )

—

~
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January 2~, 1971

File : 0~~-Z~~~~

Naval A i r  Systems Command
Depa~ tmcr.t of the Navy
Washington , D. C. 20360

Attention : Mr. A. S. i~oury, AIR-41l7~ -

Subject: Recom mendation N ..  3 — Pitting Da mage on Three
U ppe : Splin~ Connections on the ~ ‘aln hotor ~~aJt
on UR-1 Fielicoptors, Cont1~act N00156-70-C-2l 56

Den: ~~~~~ . Kouz-y:

As part of our survey and an a1ysi~ of a i r cr ~ It ~plin~ fai 1i~ -~~

s~ Lject contract , we unders tand Irom ~~~~~~~~~ Corpus  Chr i ct i , T~~ a.;,
that th~ main rotor masts (l3ell P /N 204-c~ll -4~ 0) on U~-i-L~, C, ~~~, C, ~- ,

aau E h~ liceptcva require frequent ~-ep lacer.~cnt duo to p itting da~~a : .~
encountered on the threa uppe r ~pline cu~ ncctior .s. Simila r p~~~~L~:r~ are
n1~o e,~~i:i~ nced v it h  main rotor masts t L-ell P/N s  204-010-4 10 a.iu
209-010-45c~) used on other Model UI-i-i ~rtd AR-I  helicopters. \Ve i.,cliCVC
the problem v.’ar :ants review by the Nava l Ai r Systems Command in the
interest 01 reducing maintenance and replacement costs.

P:o~-1em A ~ea

Th.~ main rotor mast (2o11 P/N 204-011-450) on UI - i -ZB, C , Is’~ C,
• F, and ~~

-! helicoj ’ters is repo~ ted by ARA DMA C to requir e ~~~ r kcement
due Lu pit t ing damage c~ p~ rienced on th3 th rue  upper spu me con ct ion& (i. e. ,

lutes A , l~, and C shown in the attachmem ). ~ ach ma in roto r mast coets
app:o~ imate1y $59 0, exclusive of laLor cost. This main rotor maz t i~ used
on a vast majori ty of the helicopters overhauled at ARADMAC ; in ad~ ition ,
aimi lar  p i t t i n g  problems have been o,por ienccd on BeU P/Ns 204-Cl 0-4 10

• and 209-010-450 whIch are used on othe r UI-I-i and All-i so:los helicopte .~s.

Dur ing ove rhauls performed at ARA D~~AC , MIL-C-11796 , Class 2
corrosion-preventive compound is app lied to sp linos A an4 t , and MIL-C-
2 7  cren~io is app lied to cp line C. Splinca A and B are rocoatac1 with

- IL-C-1l7~~ corrosion-preventive compo~nd at ova haul or disassembly
o~ the rr .aizt rotor mast assem bly. Spline C is rclu~ricatod with MIL-G-
2~&37 grease at 1 00-hr intervals.
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It is recommended tha t the following corrective actions b~
n~ iderod:

1. Splinco A , B, and C should all bo lubricated with an appro-
priate grease during ove rhaul, and rolubricated thereafte r at 100-hr intervals .

2. Nu Lth~sr MIL-C-11796 corrosio n-prev entive compoun d nor
l~ IL -C-Z5 537 g rease La a good ap line lubricant; their use should be dia . U
continued.

3. In place of the above , use MI L-G-21164 gr ease for sorv ice
temperatures up to ~5 0 F  and )4IL-C-81322 greas e for serv ice temperatu res
up to 350’F.

13ack~ round D~~tai1s

Information gather ed at ARADMAC may be summarized as
follows:

1. The main rotor m~s~ is I :ica~a~ or AL~X 4340 (M~C 6-t i 
~ )

ste-si, and the splirte~ a r o not plated or coated by the r .ianufacture.. ~ e:in g
ova r~auls at ARAD~~AC, spUme ~ is cadmium-p lated in accordanue ‘e~ ih
~CC No. UH-L-TQ Z11~~.

2. £plines A, B, and C, located outside the transmi~ 3iu~ ha VC

shuw.-~ pitt ing damage , with splut e B cxitib~~ng the greatest dema~~ . Spiuies
c L e ~ at L~MAC are rejected when ~~o pit dep th exceeds 0. OiO Lnth - 

-

as measured by a ncedl~ -point~d dial indicator. Pit s of less depth arc
rem oved by blasting with dry glass beads,

3. Durin g ove rhauls atARA D~~AC, a MIL-C-11796 corrosion-
p v ~mtLvo compound (only) is applied to eplines A and B, while a ~~IL-C-
2~~ 3? greas e is applied to ~pUmo C in acce:~danco with TM S5-1~ 2O-2I0-20,
Ci~ .2tor 3, M ain and Tail Rotor Groups, and Chapter 2, I~zbrLcat ion Instruc—
tions, respectively.

4. TM 55-1520-210-20 specifies that splines A and ~ be :ccoatcd
with a M XL-C-11796 corrosion-prev entive compound whenever the main mast

• assembly 13 overhauled. The main rotor n~ast ass embly baa an 1130-hr overhaul
p~ri~d, but can be overhauled more frequently wh~nover ft has boon run at
excessive speed . - 

-
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5. T . - 55 1520 2 10 20 calls for in-service to! :ic~~~~n c~
l~~ C ‘wi!i~a MIL—C—25537 grease at 100-hr intorval~. Thu~io it~~t;uc.

tions s~ ucify hand-’spplicat lon of the grease, which Is not a dlfricult
opa ration.

6. Spu me I), located In the transmission is aU-lubricated and
baa not been a oo:toue maintenance problem.

Vary tr uly you rs.

14. L. V~lt Lo r ra
Senior Research Engineer
Department of Fluids and
Lubrication Technology

).~LV:gt

Attachment 

~
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- Spline A

Spline B

Spline C

- Spline D

Main Transmission -

LOCATION OF SPLINES ON MAIN ROTOR MAST
OF UH-1 SERIES HELICOPTERS

I.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _


