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ABSTRACT

This report records the history of the design, manufacture,
shop and devel opnment tests, craft installation, operations,
inspections and nodifications of the large bevel gears, pinions,
and associ ated conponents of the USS PLAI NVl EW (AGEH 1) foil-
borne power transm ssion systemfromits inception in 1962 to
the premature deactivation of the craft in 1978.

Al t hough the report concentrates on the details of the
problems such as design deficiencies uncovered during the de-
buggi ng and craft operations periods, the basic design proved

to be sound and is considered applicable to future large
"Z"-type drive transm ssions.

O the 268 hours of foilborne operation, 268 hours were
at 60 percent rated power and 20 hours were at 90 percent
power . After the deactivation of the AGEH the transni ssion
systens were renoved, inspected, and stored. The final in-
spec-tion of the gears, pinions, bearings, and couplings
indicated a relatively healthy system which has nany nore
hundreds of hours of operational life for sone future
applicati ons.
ADM NI STRATI VE | NFCRVATI ON
This study was sponsored by the Naval Sea Systens Conmand (NAVSEA)#* under Task
Area 50337001, Task 01700 and was adm ni stered by the Advanced Hydrofoil Systens
Ofice, David W Taylor Naval Ship Research and Devel opnment Center (DTNSRDC) under

Wrk Uit 1150-002.
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Csaky, Code 2721, DINSRDC.

| NTRODUCTI ON

This report records the history of design, development, test, installation,
operation, inspections, and nodifications to the USS PLAI NVI EW (ACEH 1) foil borne
transmssion  system

I nformati on has been obtained fromthe ship builder's reports of tests and
operations; the gear manufacturers' development and test reports and design cri-
teria; the support contractors' inspection and nodification reports; the Navy Tech-
nical teams evaluation, inspections, and reports and the craft 1 ogs.

*Definitions of abbreviations used are given on page Vvii.



A technical history of the high power, bevel gear "Z" drive, propeller trans-
m ssi on system and documentation of the |essons |learned will be valuable for future

Navy ship projects that contenplate this type of power system

DESCRI PTI ON OF USS PLAI NVI EW ( AGEH 1) TRANSM SSI ON SYSTEM

The arrangenent of the port and starboard sides of the propul sion systemare
mrror images so that the rel ati onship anong the foil borne transm ssion system
conponents on one side is the same as those on the opposite side.

The principal elements of the transnmission system are shown in Figure 1. Power
fromthe port and starboard main propul sion gas turbine engines is transmtted
through the engine drive shafting, the single reduction gearbox, the single reduc-
tion gear output shafting, the wupper strut bevel gearboxes, the strut vertical
shafting, the lower strut bevel gearboxes, to the pod auxiliary equiprment and
finally to the propeller shaft assenblies.

Table 1 gives the weights of different conponents of the transm ssion sys-
tem.l* The total weight of the port and starboard systens is alnost 18 tons.

Tabl e 2 gives the design characteristics of the bevel gears on the transm s-

sion system

I NI TI AL CONTRACT REQUI REMENTS FOR GEAR DEVELGPMENT

The purpose of the spiral bevel gear devel opnent programwas to provi de the
capability for design and nmanufacture of spiral bevel gears for the foil borne
transmssion  system

The design and devel opnment effort of the gears was undertaken by the General
El ectric Conpany (GE) under contract from G unman Aircraft Engi neering Corporation
(Gumman), the prine contractor for design of PLAINVIEW

This contract called for GE to acconplish the following:2

1. Design spiral bevel gearings and associ ated hardware for the transm ssion
system

2. Develop the netal lurgy and manufacturing techni ques necessary to produce
the bevel gears.

3. Design and nmanufacture test equipnent to run |oad tests on the gears and
beari ngs.

*A conplete listing of references is given on page 93.
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TABLE 1 « COVPONENT WEI GHTS OF FO LBORNE
TRANSM SSI ON SYSTEM

.. Wei ght
Transm ssi on Conponent s (1)
Engine Drive Shaft 1,274
Single Reduction GCear Unit 6, 088
Single Reduction Gear Qutput Shaft 1,933
Upper Bevel Gearbox Assenbly 3,534
Lower Bevel Gearbox Assenbly 3,208
Strut Shafting Assenbly 1,626
Total Wight per Side 17, 663
Total. Wight per Ship (Port and Starboard) 35, 326

4. Run load tests on the gears and bearings to determ ne design character-
istics of the system

In Septenber 1962, Gunmman produced the "Specification for Main Power Trans-
m ssion for AGEH Hydrofoil Research Ship." 2 This specification described the re-
quirenents for the design, manufacture, and test of the foilborne main propul sion
drive systemwhich included all the power transm ssion nmachi nery between the out -
put splines of GE Mbdel 7LM15C0PC101 turbo shaft engines and the propellers; not
included were the propellers.

Perti nent details from the specification are:

1. A target weight for the entire drive system of 46,250 |b.

2. Vibration pick-ups nounted on each gearbox "in critical places and
directions.”

3. Overall drive systemso designed that overhaul interval shall not be |ess
than 1,000 hr.

4, Cears and bearings in the struts and pods designed for a mninumlife of
2,000 hr for bearings and 30,000 hr Zapproximately 20 yr) for gears when oper ated
for 20 percent of the tine at take-off power and 80 percent of the time at maximum
continuous power. (Take-off power per engine is 17,500 hp at 5,500 rpm and maxi-

mum continuous power per engine is 14,000 hp at 4,950 rpm)



TABLE 2 = SPI RAL BEVEL GEAR CHARACTERI STI CS
(FOILBORNE SYSTEM)

Input  Horsepower (Continuous

Arrangement

Hor sepower / Mesh
RPM | n/Qut

Pitch D anmeters In/CQut

(in)
N
Ng

Nunber Teeth N_/N
P g
Ratio (N_/N)
P g
Pitch
(in.)
D anet er
Ratio

(degr ees)

D anetra
Face Wdth
Bevel Gear
Cont act
Angl e
Angl e

(in.)

Maxi mum
Face

Spi ral
Pressure
Mat eri al
Heat

(degr ees)

Tr eat

[nput Torque (lb-in.)
Load (Ib)
(I'b-in.)
(Ib-in.z)
(Ib-in.z)

Tangent i al
Uit Load
Bending Stress
Conpressive Stress
Scoring | ndex

Pitch Line Velocity (ft/min)
Lube Gl

CGearbox Weight (Ib)

Vi ght Ratio (1b/hp)

Rat i ng)

nunber
nunber

(in.)

of
of

pi ni on

gear

teeth
teeth

Upper Lower
14,000 14,000
7350 (52.5% 7350 (52.5%
1414/1387 1387/1414
25.5/26.0 26.0/25.5
51/52 53/51
1.0196:1 0,9807:1
2.0 2.0
5. 405 5. 405
26 26
2.37 2.37
30 30
20 20

Al'SI 9310
Carburize, Rc58-63 Case
Rc30-38 Core
327,409 333, 850
25, 680 25, 680
4751 4751
28, 290 28,290
136, 690 138, 630
18, 096 17,920
9441 9441
Mobile RL-285C |(MS 2190TEP)
4005 3735
0. 286 0. 266




NAVY SPONSCRED BEVEL CGEAR TESTI NG

CONTRACT W TH CGENERAL ELECTRI C

Early in 1964 GE becane a subcontractor for the transmi ssion system to the
PLAINVIEW buil der, Lockheed Shipbuilding and Construction Conpany (LSCC). During
this period, GE was perfornming load tests on the bevel gears for PLANMEW Early
BUSHIPS correspondence files show that GE was experiencing difficulties with the
bevel gears. CE stressed that the required pitch dianeter of 26.125 in. was |arger
than any that had ever been designed and nmanufactured in the United States. Until
then, the |argest spiral bevel gear design handl ed by GE had a 20-in. pitch
di aneter. The Navy awarded GE a separate contract for extensive testing of the
PLAINVIEW bevel gears; issued early in 1964, contract NObs 90348, work was to be
conpleted by June 1964.

The contract called for devel opnent testing on a bevel gear test unit that
was representative of those to be used in the PLAINVIEWfoil borne transm ssion
system The gears were to be tested for:

1. 50 hr at 100 percent speed, 75 percent |oad.

2. 100 hr at 100 percent speed, 100 percent | oad.

Testing was not conpleted by the specified date; another agreenent was issued
by the Navy on 27 June 1964, increasing the contract funding and extending the
conpletion date to 31 Decenber 1964. Again the work was not conpleted by the
specified date. CE was given three nore extensions; the |ast extension, signed
on 25 January 1966, required no conpletion date but did require the follow ng
additional tests and information:

1. 100 hr at 1,720 rpm and 328,000 Ib-in. torque.

2. 50 hr at cruise rpm and 383,000 Ib-in. torque (20 percent above cruise
torque).

3, 50 hr at cruise rpm and 398,000 |b-in. torque (25 percent above cruise
torque).

4. A final technical report covering all the work done in the contract.

The tests were finally conpleted in 1966 but for some unknown reason(s) the
report was not issued until Novenber 1969 (only after Navy insistence that the man-
ufacturer fulfill his contract). Authored by Srrith,4 much pertinent technical data

and information was m ssing.



TEST FAC LI TIES AND TEST CONDI TI ONS

A sketch of the bevel gear test facility is shown in Figure 2. This is a
standard four square test rig; it uses a | oad gearbox to close the torque | oop
with the bevel gearbox under test, a torquing device, and a power source. A
PLAI NV EW | ower bevel gearbox was used to support the test bevel gears and was
mounted to the base of a vertical cylinder. The test |oad gearbox was nounted on
the top of the cylinder and connected to the bevel gearbox by two parallel vertica
shafts. On one shaft, a large hydraulic torque applier was installed. Power was
provided by an 800 hp d.c. electric notor connected to the bevel gearbox horizonta
output shaft through a speed increasing gear set.

Test plans called for periodic inspections of the bevel gear tooth contact
pattern and overall condition of the gears by dropping the | ower portion of the
gear casing. Such i nspections enabl ed detection of tooth surface distress as well
as any early stages of unfavorable contact; thus, major damage coul d be avoi ded
and corrective action taken

Torque | oading the bevel gears in the test rig differs fromthe torque | oad-
ing when the gears are installed in PLANMEW For both the rig and PLA NVEW
the bevel gears are arranged within the casing so that they are rigidly fastened
to each other, that is, they are back to back, each one engaged by its nating
pi ni on. In the PLAINVIEW installation, the torques of the back-to-back gears are
in the sane direction (Figure 3); however, in the test rig, the torques of the
back-to-back gears are in the opposite direction (Figure 4). In order to duplicate
the gear reaction and bearing | oads to the greatest possible extent, the hand of
the spiral bevel of one of the sets of test gears was reversed. Thus, all of the
gear reaction |oads and bearing and casing | oads are identical, except for the
direction of the tangential |oad of the set with the reversed spiral. It should
be noted that this nmanner of test |oading does result in dissimlar deflections
of the back-to-back gear shafts (conmpare view B in Figures 3 and 4).

Thi s back-to-back torque speed test rig has a | ow power requirenent because
the only power required to operate this assenbly is that necessary to overcone

gearbox |osses (about 1 percent of the tested hp/mesh).
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TEST GEAR MATERI ALS AND CEAR SETS
Al four sets of bevel gears were designed and nmanufactured for test purposes.

Two sets were fabricated of aircraft quality AISTIE9310 normalized forging and one
set of consunabl e el ectrode vacuumnelted (CEVM Al SI E9310 nornal i zed forging.

The fourth set, fabricated of an aircraft quality 5 percent nickel, 2 percent
aluminum nitriding steel, normalized forging, was not machined into a finished
gear set: there were indications that nitrided gears woul d not possess the |oad
capability of case-hardened gears. (The forging is now at the Hydrofoil Special
Trials Unit (HYSTLJ) at Bremerton, Washington.) Except for the CEVMM nmaterials, all
of the gear blank forgings were fornmed i nto a pancake shape, then pierced, and
then forged into donut-shaped rings. The CEVWM material, a 16-in. cube of steel
with known grain flow line orientation, was hamrered with the die faces nornal to
the flow lines to produce a pancake; the center was then pierced, and a final
formng die was used to produce a conical-shaped gear blank.

The essential difference between the aircraft quality 9310 and CEVM 9310 i s
that the latter requires closer quality control over such "dirty" elenents as
phosphorous and silicon. Table 3 gives the material and physical properties of
Al Sl E9310.

TEST RESULTS

The Al SI E9310 gears were ordered from d eason Wrks in May 1962 and initi al
tests began in August 1963. After approximately 36 hr total test, of which over
20 hr were at full load or higher, the test was termnated in February 1964 due to
a tooth failure. Full torque load in these tests of 360,000 |b-in./mesh was
equi valent to an 80 knot ship with a propeller speed of 3,130 rpm these test
conditions simulated the four engine. (70,000 hp) 80 knot ship that PLAI NVI EW was
originally designed to be.

In addition to the tooth failure, there were problens as well wth the bear-
i ngs. The inner races of the large heavily-loaded roller bearings (located on the
hori zontal gear shaft and at the bottomof the vertical gear shafts) had rotated
on their shafts and showed signs of fretting corrosion. The bearings were MR 234
roller bearings with a rated radial |oad of approximately 30,000 I|b each. These
beari ngs had been installed with the bearing manufacturer's recomendati on of a

0.0006 to 0.0014 in. interference fit of the inner race. Before the next tests
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were  schedul ed,
fit and fitted with
steel keys of 32-38 Rc materia
of the race.
board gearboxes.

Wth the teeth profile nodified to ensure inproved tooth contact,

TABLE 3 - PROPERTIES OF AISIE9310 STEEL4

Chenistry Laﬂ;;rég:ﬂgsis

Car bon 0.08-0.13
Manganese 0.45-0.65
Silicon 0.20-0.35
Phosphor us (maxi mum 0.025
Sulphur (maxi num 0.025
Chrom um 1.00-1.40
N ckel 3.00-3.50
Mol ybdenum 0.08-0.15

Physi cal Properties
Tensile  Strength 135,000 psi
Yield Strength (minimm 100,000 psi
Har dness 30-38 Rc
Reduction of Area 60 percent
El ongati on 16 percent
Lmpact, |zod 93 ft/1b

| dentica

scored shafts were plated up to 0.002-0.003 in.

steel keys nade of nild stee

which were later replaced with
between the shaft and slots mlled into the ends

alterations were al so nade to the four PLAI NVI EW shi p-

i nterference

a new set

of bevel gears was fabricated from Al SIE9310 and tests started again in June 1964.
Testing was term nated after approxi mately 48 hr at 100 percent torque |load, at a
speed of 1565 rpm (100 percent of 50 knot propeller speed), because of a |oud noise
coming fromthe test gearbox (vibration increased from0.5 to 1.5 mils). Exam na-

tion of the gears revealed a broken tooth in the 52 tooth forward i nput gear which
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rotated about the wvertical axis (Figure 5). Further examination showed that
anot her tooth was badly cracked and held into the gear blank only because the

crack had not yet penetrated to the surface at each end. A chenical analysis of

material taken fromthe failed gear showed the follow ng percentages of inpurities:

Mat erial s Percent of Inpurities
Car bon 0.13
Manganese 0.64
Phosphor us 0. 009
Sul phur 0.019
Silicon 0.40
Chrom um 1.20
Ni ckel 3.30
Mol ybdenum 0.10
Vanadi um 0.03

Al'though these inpurities would have been acceptable for aircraft quality gears,
they were considered unacceptable for the heavily |oaded design under test.

The two fractures were very simlar and are exanpl es of "case crushing," an
uncommon type of tooth failure that is caused by collapse of the carburized case.
In effect, the carburized case acts like "thin ice," breaking up under conpressive
| oads (the designed case depth was 0.060 in.); when the case cracks, damage is not
linmited to any specific area of the tooth profile but extends over nost of the
addendum and dedendum regions. The subsurface cracks apparently approach the
tooth surface normal to the tooth profile

Based on the two failures, WIlis® made the foll owi ng reconmendations for
producing a new set of gears:

1. Change gear material from Al SI E9310 to CEVM 9310, the result being a
tighter specification of the chemical properties of the steel

2. Inprove fiorging techniques in the gear blank forning process.

3. Increase the case-hardened depth, after finish grinding, to 0.100-0.120 in.
to strengthen the areas where nmaxinmum subsurface stress occurs.

4. Increase operating backlash to devel op opti mumtooth contact under rolling
torque | oad.

14



5. Increase the tenpering tenperature to 305°F and hol di ng time tenperature
to 4 hr after case carburizing; this is done to relieve residual stresses.

In July 1964, the CEVM Al SI E9310 gears were ordered from d eason Wrks and a
year later, 1in June 1965, tests were started again. In April 1966, having suc-
cessfully met the contract test requirements of 250 hr at 100 percent torque | oad
and 100 hr at 115 percent torque overload, these tests were conpleted. Figures 6
and 7 show teeth patterns of |ower starboard gears, tested at various |oad condi-
tions, prior to installation in PLAI NVI EW

The gears were inspected by the magnafl ux process; there was no apparent
failure or distress noted in the teeth. However, after the |ast nmagnafl ux inspec-
tion, at the end of the 100 percent |load tests, observations showed that gear webs
had developed longitudinal cracks; they traveled frombolt hole to bolt hole (Fig-
ure 8). Twelve cracks in the web flanges were found between bolt holes, and one
crack not located at a bolt hole.

According to the gear inspection report, 3 test gears underwent the follow ng

loads when the flange cracks were discovered:

Torque (lb-in.) Hor sepower Hour s Cycl es
320, 500 17,500 at 1720 rpm 250 25 X 106
366, 285 20,000 at 1720 rpm 100 10 x 106

It was believed that the cracking was associated with fretting corrosion: fretting
had been observed after all the first three devel opnent test runs. In an attenpt
to nininize the effects of fretting, lubricant was added to the shims in the gear-
shaft assenblies. The web and hub rmounting areas al so showed signs of fairly
intensive fretting.

Fretting corrosion is known to cause cracking of steel at stress |levels as
low as 8,000 psi, regardless of the physical properties of the naterial. I'n gen-
eral, fretting has been a common problemin |ightweight high power transm ssion
systens wherever two surfaces are bolted or pinned together and exposed to hizh
vibratory energy.

Subsequent analysis, reported by Smth,' indicated that the flange face
fretting and cracks were at least partly due to the method of testing. Figures 3
and 4 show the unsymmetrical force reaction tending to bend the output gear
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Figure 8 « Test GCear with Cacks in Gear Wb

18



flange and gear assenbly. This force pattern, which can be cyclical, produces a
traveling wave as the gears pass through nesh. Smal | notions of deflection can
cause sliding between the gear flange and the shim thus causing fretting. It was
surm sed that the ship installation and operation would not produce such a simlar
traveling deflection wave through mesh; it was assuned that the forces woul d be
symmetrical with no resulting deflection.

According to GE, production schedul es for PLAI NVI EWequi pnent made it neces-
sary to interrupt devel opnent testing of the CEVMM gears in spring 1965. This
interruption occurred, however, after the case-crushing failures and, thus, gears
identical to the CEW type were delivered to the ship. The gears were delivered
before the conpletion of the 350 hr of test. GE originally requested that devel -
oprment work begin a mnimumof 18 no ahead of the ship hardware contract. Con-
tract personnel awarded these contracts only 6 no apart; this resulted in parallel
procurenent and manufacture of both test and ship hardware. As a consequence of
the | ong devel opnent and procurenent cycle of a new conplex system this contract
scheduling hindered developnent of the CEW gears. Thus, shipboard gears were
fabricated and delivered to the ship before testing was conpl eted and, thus,
before the problem of flange cracki ng even becane apparent.

The | ater discovery of the nmounting flange cracks led to a series of stress
and defl ection anal yses to deternmine the source of alternating stresses which
could cause such cracking. Analyses, however, indicated | ow stress |evels rel a-
tive to the mterial involved.

It was, therefore, decided to instrument a gear and pinion assenbly with
strain gages and then apply a torque load to the systemto obtain actual stresses
for a nore accurate conparison with the material capability.

One of the test gear assenblies fromthe earlier tests was instrunented. Bot h
faces of the mounting flanges of one pinion and one gear were instrunented wth
rectangul ar rosette (three-elenent) strain gages |ocated above and between alter-
nate pairs of bolt holes.

The gear assenbly was nounted in a special test stand and torque applied in
both parallel attitude (nornmal |oading for ship installation) and opposed attitude
(ship torque test condition) at the follow ng percentages of the assumed cruise
torque value 314,330 |Ib-in./nmesh: 25, 50, 75, 100, and 115 percent.
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The strain gage tests, like the anal yses, showed | ow stress |levels; this could
not explain the cracking which was assuned due to high stress |evels. However,
fatigue cracking requires cyclic stresses which apparently were associated with the
conditions created in the third load test. This also is believed to have produced
the interstice fretting that was observed. As previously nentioned, fretting cor-
rosion is known to cause cracking in steels at |ow stress levels (reported to be as
low as 8,000 psi). With this circunstantial evidence, it was concluded that periodic
i nspection of the gears for evidence of fretting corrosion would be required during
the life of these gears so that any problemcould be dealt with imredi ately.

In July 1966, NAVSEA and NAVSSES representatives visited GE to i nspect and
di scuss the cracked test gears since PLAINVIEWwas scheduled for trials early in
1967. 6 (Trials using the foilborne transnission actually started in Cctober
1967.) At the tinme of the aforementioned casualty, GE had one ship strut trans-
mssion available. O inmmediate concern was whether or not this strut trans-

m ssion should be delivered to the ship or be held up for nodifications which
could then result in further delay.

After a detailed inspectien and di scussion with GE personnel, two alternative
proposals were suggested

1. Construct the gearbox to be perfectly rigid, thereby elimnating relative
motion which was the cause of the fretting

2. Accept the relative notion between mating surfaces and attenpt to reduce
resultant fretting through other neans

Wth regard to the present nanufacturing capabilities, the |atter approach
was considered the nost adaptable to PLAINVIEW According to NAVSEA, the proposed
modification to the gears would do the following:6

1. Replace steel shins between gears and shaft with "fretting resistant”
silver-plated bronze shins.

2. Shot-peen nounting surfaces of gears and shafts, thereby reducing
tendency to crack by inducing a residual conpressive stress.

3. Coat gear flangeface and locating bore with Teflon.  (This is generally
an effective lubricant to retard fretting.)

4, Install body-bound fitted bolts between gear flanges to reduce slippage
and novenent. (Since the nounting surfaces are lubricated, torque will be trans-

mtted alnmost entirely by the bolts.)
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5  Fill space between gears with danping material such as | ock foam and
rubber .
It was estinated that these nodifications of the existing gears would del ay the
ship approximately 8 no.

Based on the 350-hr gear tests, CE advised NAVSEA that the ship could safely

operate with the existing or unnmodified gears for 250 hr foilborne at full power,

after which transmssion overhaul “"would be inperative." 6 According to NAVSEA

GE was unwilling to guarantee much nore than 250 hr of full power operation even
with the nodifications. It was also tentatively decided, wth NAVSEA concurrence,
that the unnodified gears would be installed in PLAINVIEW and a set of nodified
gears woul d be manufactured and tested prior to PLAINVI EWconpleting 250 hr foil-
bor ne operation.7 It is of interest to note that NAVSEA never rel eased funding to
build the nodified gears.

SH PBOARD EXPERI ENCE AND PRCBLEMS

EARLY PRCBLEMS AND MODI FI CATI ONS

The unnodi fi ed CEVM gear box assenblies procured for PLA NVI EWwere shipped to
LSCC in md-19865 and installed in the struts; one assenbly was spin tested and
inspected during this year. Following this spin test, the assenblies renained
idle; neither was flushed with lube oil until Cctober 1967 when the foil borne

trials began. Thus, for 2 1/2 yr, the gear-bearing shaft systens sat with no pro-

tection against corrosion. Several failures of the pod scavenge punp in February

1968 led to a general inspection which revealed salt water had entered the | ower
transmssion unit; this was the result of inproper sealing around the propeller
shaft assenbly after the spin test inspection.

Duri ng subsequent short time foil borne operations, salt water entered both
port and starboard lube oil systens. An inspection of the gear assenblies in
May 1968, triggered by a failure of the pod scavenge punp, disclosed danmage to the
large roller bearings and scoring of the forward nesh of the port |ower gear. O
the 16 roller bearing races in the four gear assenblies, 12 races had broken after
less than 10 hr flying. Al races had failed in the key slot fillets. In each
case, the crack appeared to start at one corner of the race retention key slot and

then to propagate diagonally across the race until the race failed in hoop
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t ensi on. The cracked corner was the one loaded in tension by the key which tried
to keep the race from turning. Wter corrosion was also evident in all fractures.
CE stated that the ship was operated for "some hours"” in the hull borne nmode under
foi | borne power and that approxi nately 50 percent overl oad was inposed on the
transmission system bearing failures were attributed to these conditions, 4 LSSC,
however, in subsequent correspondence took issue with this finding, citing the |ack
of both power and torque data; nevertheless, LSCC admitted to the "probability" of
torque overloads on the transnmission. (During inspection, it was noted that all
bearing sets which carried broken races displayed slight wear by fretting.)

Shafting and gearing were renoved fromthe craft and returned to the factory
where detailed inspection showed:

1. No evidence of fretting.

2. No evidence of cracking after all gear and pinion nounting flanges, shins,
and shaft flanges were magnetic particle inspected.

3. Evidence of light scoring of the port-Iower bevel gear teeth; however,
it was concluded that the scoring nmust have been due to vibration which itself was
the result of the cracked bearings. (The scoring was not severe and several ex-
perts advised that any attenpt to renove' the scoring woul d be nore harnful than
leaving it alone. They indicated that normal operation should polish out the
scoring.)

After a thorough analysis of the failed parts, GE proposed the follow ng
modi fi cati ons:

1. Plug the gear shaft stubs (under the bearing race) which had been "bottle-
bored" to reduce weight. This would nake the shaft a solid section, thereby in-
creasing its stiffness under the bearing race. This would reduce the conpressive
strain of the shaft and maintain the high interference fits necessary for roller
bearing race retention. "Bottle-boring" of the shafts to reduce wei ght had pro-
duced shaft bore contour which generally matched the outer dianeter (QD) profile.
It was felt that this practice contributed to the fretting probl emsince shaft
rigidity and stiffness was reduced in areas where maximum rigidity is necessary.
(Bottle-boring of these forged shafts reduced the weight of each bevel gearbox by
approximately 280 1b.)

2. Increase the key slot corner radii from0.010 to 0.030 in. to 0.050 to
0.080 in. In addition, two radial grooves of 0.250 in. radius would be added to

each side of each key slot to relieve stress concentration.
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3. Reduce the original fit interference froma nonmnal 0.0038 in. to a nom na
0.0029 in.

4. Fill with epoxy the key slot area as a seal against water entry into the
gearbox; the epoxy woul d al so seal the key assenbly agai nst water contact at key
slot fillets.

Duri ng negotiations between CGE and LSCC, NSSC stated they had only been
advi sed of the damaged bearing probl ens and requested that LSCC provi de oper a-
tional data which mght be pertinent to analysis of the transm ssion systemfail -
ures and proposed fix. In an interimreport, LSCC provided the follow ng
i nformati on: )

1. Total turbine running time

Port = 10 hr 32 mn
Starboard -« 10 hr 40 mn.
2. Total foilborne tine - 32.5 nmin.

3. Typical values for thrust torque in various nodes of operations (Table 4).

TABLE 4 - TORQUE AND THRUST FOR VAR QUS
FO LBORNE MODES OF COPERATI ON

Ope;izional T?:Ei?e (il?qtf;s) Ig;m%
Port Starboard Port Starboard ps
Hul | bor ne 3, 200 3,300 81 78 37
Before Flight 2,900 2,800 61 46 20
Take- O f 5, 050 5, 050 165 148 59
5, 000 4,900 148 122 48
Foi | bor ne 4,700 4,700 120 101 40
Steady State 4,700 4,600 108 98 39

Wiile the data in Table 4 are froma flight on 30 March 1968, LSCC indi cated that

they were typical of all readings made on several voyages
Smith4 made the foll owi ng recomendati ons on ship operations and gear box
i nspections:
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1. (Qperate the ship for a total of 100 hr at cruise | evel |oading.
2. Renove one unit of spiral bevel gear assenbly after 100 hr of operation
and conduct a conplete inspection for flange fretting, bearing race condition,
and tooth integrity.
3. Repeat No. 2 after 500 hr of operation if there is no evidence of failure.
4. Make the follow ng design changes if flange fretting is noticed after
100 or 500 hr:
a. Add thick clanmp rings under bolting at each gear and pinion flange to
stiffen assembly against cyclic deflection.

b. Change nmounting flange bolts from "clearance” to "fitted" type.

REASSEMBLY AFTER MO DI FI CATI ONS

In Septenber 1968, SLIJPSHPS 13 called for Navy technical assistance "to
establ i sh a know edgeabl e Navy basis for eval uation of gear box reassenbly and
future  perfornance. n8 A team of gear experts from DINSRDC and NAVSEA assenbl ed at
CE (Seattle) to witness the reassenbly of the spiral bevel gearboxes, discuss
i nspection procedures, and obtain experience for future Navy controll ed i nspec-
tions and reassenblies. The sets were being reassenbl ed after nodifications had
been made to the bearings that incorporated stress relief grooves and insertion of
"plugs" in the shafts wunder the bearing races. During the visit, the two | ower
gearboxes had been "buttoned up;" one upper box was in the process of reassenbly,
and one was still to be reassenbled. The team concl uded that the assembly pro-
cedures were satisfactory and made the following recomendations

1. No-load contact patterns would be obtained during all future inspections
since the assenbly procedures using no-load tooth contacts patterns are satis-
factory.

2. Inspection of the gears should be made after the next 3 or 4 hr of foil-
borne operation to include a tooth contact check and observati on of tooth surface
condition and bearing conditions.

3.  The technical manual shoul d be expanded to include nore conplete dis-
assenbly and assenbly procedures, conplete with tooth contact diagrams and nethods
of correcting poor contact.

4. Tenperature and vibration | evels shoul d be nonitored during operation to

supply a baseline for proper operations.
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As Samuell® and  Schnei der 1 report, the team concluded that the nodifications of
the bearing inner races and the "plugging" of the shafts were an inprovenent, but
a close watch was to be mintained for any incipient failures. The teamal so con-
cluded that the backlash in the gears must be a mnimm of approximately 0.020 in.
In addition, a long list of technical questions were addressed to both GE and LSCC
(Appendix A). The teamfound that the gearboxes reassenbled with the new bearings
and plugged shafts did not produce satisfactory contact patterns when the original
shims were used to position the gears. To obtain the proper contact, shimthick-
nesses were changed, thus changing the backlash on sone of the gears. However ,
all the backl ash readi ngs were between 0.025 and 0.030 in. although it was noted
that stanped on one of the |ower gearboxes were the followi ng backlash figures:
0.025 in., 0.038 in., 0.033 in., and 0.046 in.; and stanped on the upper boxes
was 0.024 to 0.035 in. It was suggested that the differences mght have been

dimensional ones among the bearings and/or permanent gearbox distortion.

INSPECTIONS OF SHI PBOARD | NSTALLATI ON

I n Decenber 1968, SUPSHIP 13 and CE personnel inspected the PLAI NVI EW gears
which had operated for approximately 5 hr. An unusual "double wear" pattern was
detected on the port |ower gearbox (Figure 9). The upper starboard gear showed a
high "toward toe" no-load contact pattern which, as reported by Schneider, 13 was
the best that GE said could be obtained follow ng installation of the new bearings
(from August to Cctober 1968). Figures 6 and 7 show tooth patterns on the starboard
| ower gears for conparison.

In February 1969, a DTNSRDC technical representative inspected the gearboxes
at the request of SUPSHIP 13. Approximately 8 hr of foil borne operation has been
accumul ated prior to this inspection. The double wear pattern on the port gears
showed no increase or deviation from the Decenber 1968 inspection (Figure 10).
Apparently, a "polishing" action between mating surfaces was taking place and a
"run-in" had been achieved. The starboard gear tooth patterns deviation was not
considered serious but for long term operation, a closer scrutiny was recommended.

An inspection of the bevel gears was nmade in June 1969 after approxi nately
14 hr of foilborne operations. 12 Three of the four gearboxes were exam ned, both
upper gearboxes (port and starboard) and the lower port box. |n both the upper

gearboxes, good tooth contact was observed and no wear pattern was visible; thus,
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it was concluded that gear operation was in the region of hydrodynanic |ubrica-
tion (Figure 11). The lower port gear again showed some netal -to-netal contact
over approxi mately 50 percent of the contact surface; this same pattern was ob-
served in the mating pinion. However, there was no progressive deterioration
observed. A question was raised about the determ nation of the proper backl ash
for the gears. Earlier, GE had attributed sone of the test gear failure to im
proper  backlash, thus indicating that backlash was critical. A GE assenbly draw
i ng showed that the recomrended backl ash was approximately four tines |arger
than that recommended by deason Wrks Conpany. CE was contracted for clarifica-
tion.

During inspection, the backlash between the forward |ower port gear and its
pinion was neasured at 0.051 in. The assenbly drawi ng called for backl ash of
0.024 to 0.028 in. between a production gear and nmaster gear. Since a master

gear has a theoretical tooth thickness which usually cannot be duplicated exactly
in a production gear, the backlash in assenbly of production gears nmay be 0.048
to 0.056 in. A CGE technical representative was al so present and gave the gears

a "clean bill of health."

During this same inspection period, measurements were made on the transm ssion
drive shafts (both port and starboard) between the bearing pedestal and the Sl gear-
box. There appeared to be a | arge discrepancy between the port and starboard shaft
alignment with the starboard shaft indicating greatest nisalignnent. Maxi num design
and installation msalignnent was 0.130 total indicator reading (TIR. Wile the
port side was within design lintations, the maxinum neasured on the starboard shaft
was 0.331 TIR There is no record to indicate what action was taken to resolve
the msalignment.

In Cctober 1969, DINSRDC proposed an inspection procedure for the PLA NVI EW
bevel gears. 14 The procedure was based on the assunption that fretting corrosion
had caused failure in the early test gears and that the same could occur to the
operati onal gears. Although ship gears had, until that tinme, only accrued approx-
imtely 14 hr, it was considered inportant that a close watch be kept for any indi-
cations of fretting corrosion.

Because of the potential problens caused by gear fretting, as outlined by CE
prototype tests, NAVSEA was contacted about the feasibility of obtaining spare gears
under warranty provisions of the procurenent contract. ! In Cctober 1969, NAVSEA

proposed two possible courses if a high probability of gear failure existed:
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1. Inspect gear webs before or wupon reaching 250 hr of foilborne operation.
In the event of a deficiency, the warranty provisions woul d be invoked and repl ace-
ment and costs nade contractor (LSCC) responsible.

2. Initiate procurenent of a replacement set w thout conducting an inspec-
tion. (Since this procurenent would have to be paid for out of limted R&D
funds, this action was never taken.)

The next inspection took place in early April 1970, after the craft had
accunulated a total of about 25 foilborne hours, It was also deternined that
until then the gear system had been operating only at about 60 percent of maxi mum

power . Taking into account these facts and the short period of tinme since the
previous inspection, no great changes in gear tooth pattern were expected

The doubl e contact pattern on the forward nesh in the | ower port gear
appeared to be the same as previously seen. This indicated that the conbination
of hydrodynam ¢ and boundary | ubrication was capabl e of naintaining the | oad
inposed on the gears. Except for the lower port, no metal-to-netal contact was
apparent on any teeth, and the black oxide was still present (Figure 12). |t was
estimated that the average contact surface was about 85 percent of the available
surface with the center shifting toward the toe, except for the lower port forward
and aft pinions and the starboard | ower forward pinion where the contact pattern
was running off the toe. However, it was concluded that since the average contact
pattern covers so much of the tooth surfaces, adjustnments were not necessary at
this tine and that at the next inspection period, backlash adjustments woul d be
made if the contact patterns were changing noticeably.

During this period there was an opportunity to inspect the helical gears in
the SI gearbox. On both gearboxes, port and starboard, the contact pattern was
clearly visible along the whole tooth face width. In the port box, the contact
was concentrated in the pinion addendum while on the starboard gears, the portions
of pinion addendum and dedendum showed contact pattern. It appeared that oil
film thickness on these gears was less than that of the bevel gears. The Sl gears
appeared to be functioning properly. No teeth patterns were recorded; visual
observations appeared to suffice

As reported by C:saky16 a visit by a DINSRDC representative to both GE and
d eason Wrks was nade in May 1970 to discuss past and present features and nod-

ifications to PLAINVIEW bevel gears and to discuss the possible nanufacture of
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spare gears. Qdeason Wrks, producers of the basic gears (tooth geonetry, gear
cutting, grinding, and testing), enphasized again that the proper contact pattern
under no-load is the prerequisite to satisfactory operational conditions and is
even nore inportant than backlash. |t was stated that, at first, a gear is ground
to have a central toe contact pattern; afterwards it is subjected to deflection
testing under 1/4, 1/2, 3/4 load, and full load. Each time, the tooth contact
pattern is observed and photographed. Wth increase in |oad, the contact pattern
spreads toward the heel (Figure 13). |f the contact pattern at each of the men-
tioned loads is not satisfactory, the gear is corrected by grinding. The correc-
tion is made by using different diameter grinding wheels. Wen a no-load pattern
on a corrected gear is taken, the resulting pattern may be different fromthe
initial one. However, this latter pattern should be used for the assenbly
and reassenmbly operations. Typical contact tapes taken after gear corrections
were nade showed the length of the contact pattern to be about 1/3 of the total
face width and a shift off the width center toward the toe.

D scussions were held in May 1970 with GE representatives who indicated that
maxi mum val ue.  DTNSRDC
claimed that the instructions in the Technical Mnual on GCear Reassenbly No.

the mninmm backlash should be 0.025 in. with "no

4-2-5-2, Item 24, issued by LSCC were too general and, therefore, not adequate.

CE agreed but clained that they had worked out the reassenbly procedures in detail
and had provided sketches of contact patterns and complete instructions to LSCC
LSCC quoted that because of "disagreements with regard to cost of editing an
anendment to the existing Technical Mnual,” the Mnual was not issued in the form
proposed by G  CGE forwarded to DINSRDC a copy of their instructions which had
been sent to LSCC, a conparison with LSCC instructions revealed that the latter

had been condensed and failed to include the sketches of contact patterns. These
are an inportant feature of the gearbox reassenbly, and they should have not been
onmtted.

During these same discussions, the subject of fretting corrosion of the gears
disclosed inconsistencies and contradictions about the causes of corrosion. The
concl usions of the Bevel Gear Devel opnent Test, as reported by Smith4 in 1969,
enphasi zed the fact that fretting corrosion could only occur in the test gear
configuration. In My 1970, CE altered its position and concluded that various

conditions could contribute to the devel opment of fretting corrosion under actual
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operat i onal conditions. As reported in GCsaky, 16

CGE and DTNSRDC agreed that the
following  considerations, nodi fications, and changes woul d inprove the life of
future gears:

1. Incorporate fitted bolts in gear nesh assenbly to prevent "slippage" or
oscillation between gear and gear flange.
Increase surface finish smothness of joint faces.
Increase thickness of gear web to increase natural frequency.
Maintain close control of bolt tension in installation.

Provide better distribution of bolt conpressive stress over contact area.

S o B oo

Electroplate areas subject to fretting corrosion action.

Gear Box Inspections

On 21 July 1971, the foilborne transm ssion |ower starboard gearbox was opened
for inspection. 17 CGeneral observation showed sea water lying in | ow places within
the housing; rust was beginning to formin a nunber of places such as the.aft ring
gear, bearing outer race, and bolt heads. The bearing ball and roller paths, how
ever, showed no signs of rust. Fresh oil was poured on all gears, bearings, and
shafts within the gearbox to help flush out the water and reduce corrosion. Lube
oil sanples taken from the oil tank showed no sea water present. Gear contact wear
patterns for the starboard | ower gear revealed little change fromthe April 1970
i nspecti on.

The next inspection of the bevel gears took place in Septenber 1971, after a
total of 33 foilborne hours has been accumulated. 18 This was an unschedul ed event
whi ch took place because of sea water flooding the starboard strut-pod after a
voyage on 8 Septenber. (A schedul ed inspection had been set for after 35 foil-
borne hours.) As reported by Csaky, ! thé foil anchor pin access plate in the
watertight area had developed a leak around a fastener. (The bolted access plate
was replaced with a welded plate for an interim fix.) The flooding also caused
lube oil scavenge punp notor failures in both the lower and upper gearboxes. The
upper box punp failure' resulted fromflooding of the upper gearbox when the struts
were retracted. It was feared that the water had penetrated the | ower gearbox
during this flooding; this proved to be true. \Wen the |ower gearbox was opened,
several pints of water were renoved after which the gears were "washed down" with

several buckets of oil. The present configuration of the access cover plate for
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the gearbox is difficult to seal. It is virtually inpossible to construct an
effective sealing gasket which nust contain 36 bolt holes and be over 6 ft in
length and approximately 1 1/4 in. wide (Figure 14).

It was found that several teeth were spotted with a light layer of rust which
could be easily wiped off. Al bolt heads were also lightly rusted. On the outer
race of the roller bearing, on the vertical shaft, and on the face of the bearing
cage a layer of rust was clearly visible. The water was renoved from the casing
and the teeth were cleaned thoroughly. The bolt heads were degreased and sprayed
with a zinc primer. Fretting corrosion on the gear flanges and bolt surfaces was
suspect ed. Because it was practically inpossible to check for flange face fretting,
one bolt was renoved and inspected. M croscopic spots of corrosion were detected
on the bolt body on 120 degrees of arc at about the mdpoint of the bolt I[ength
(Figure 15). This was proof that fretting was taking place on the flange surfaces.

The condition of gear teeth in the aft and forward gear (lower starboard gear)
and on the aft and forward pinion (upper starboard gear) were found to be simlar
to the condition after 25 hr of operation. no netal-to-netal contact was observed.
Oh the contrary, some spots of Red Dykem on tooth ends still renamined, thus con-
firmng the presence of oil film between teeth in action.

The next gear inspection took place in Mrch 1972 19 This was pronpted after
water was again found in the starboard strut system after a foilborne operation.
(Qperational tinme on the gear system was approximately 50 hr.) The crew observed
a noticeable list to starboard after the craft had been on the hullborne node for
about 1/2 hr. Wen the starboard foil was raised, a vast amount of water drained
from the strut. After returning to port, the starboard bevel gear system was
drai ned of nore than 300 gal of oil mxed with about 30 gal of water. The gear
systemwas refilled again with clean oil and sprayed by the oil jets to help wash
out any remaining oil/water mixture. A second draining produced over 5 nore
gallons of water so the gear system was filled and sprayed a second time and
drai ned. No water was detected this tine.

The bevel gears in the lower gearbox appeared to be in very good condition.
There were a few small superficial rust spots on the teeth that were easily w ped
off, and some rust was seen on one of the roller bearings in the |ower box. Agai n,

only small portions of the bearing race were visible.
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Water was found as usual in the various conpartments forned in the gearbox

by the stiffeners. (Note: This is a design deficiency which requires correction.)

Single ldler Gear Inspection

As described in a Boeing meno report 17 and Liljegren, 20 the foilborne trans-
m ssion systenms ST gearboxes were opened in January 1972 for inspection by Boeing
and GE representatives. The starboard pinion and idler gears were in excellent
condi tion. The port pinion showed sone wear through the zinc phosphate coating to
the nitrided case, particularly on the left-hand (aft) helix. Tooth contact pat-
terns were made of both helices (Figure 16). No significant wear on the idler
gear was noticeable; however, the finish on the gear teeth appeared coarser than
the pinion and the starboard idler gear. The low speed (LS) gear was in good
condi tion. Total foilborne tine at this inspection was in excess of 50 hr.

The SI gearboxes were opened again in February 1972 for inspection by Boeing
per sonnel . 21 The starboard pinion and idler gears were in excellent condition,
showing no change from the previous inspection in January. The port pinion showed
very little additional wear nor was there any noticeabl e change detected on the
idler gear. The LS gear was not inspected. Total foilborne tinme was approxi mately
57 hr.

Anot her inspection of the SI gears was made in March 1972 and detail ed by
Csaky. 19 A total of 72 hr has been accunulated to this date. The gear teeth
showed signs of scuffing with the port gear showing the nost wear. The zinc
phosphate coating "wearing away" was noted as in previous inspections although
the wear did not seem to be serious at this tine. It was pointed out that the
port Sl gears had the root of the teeth on the pinion hand honed to correct an
evident error in fabrication. It was recommended by DINSRDC that a repl acenent
pinion gear for the port Sl gearbox be ordered as soon as possible. It was also
urged that an inspection of the pinion and idler gears be nade after each 10 hr
of foilborne operation so that the wear rate of the pinion could be nonitored.

A sudden increase in wear coul d cause extensive danage and thus expensive repairs.

In June 1972, the PLAI NVIEWtransm ssion system consisting of the upper
port and starboard bevel gears and the Sl gearbox, was inspected after 118 hr of
foilborne operation. Summaries of the inspection are given by Csaky 22 and in a

Boeing neno. 23 Al gear sets and visible bearings appeared to be in good condition.
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The port bevel gears showed signs of netal-to-metal contact. The oxide coat-
ing was worn through in a 1/8 to 1/16 in. wide band along the pitch line of the
teeth exposing bright nmetal. A quart of water was trapped in the gearbox in spite
of a very low water content analysis in the lube oil. This mxture apparently
spl ashed about during retraction as gear faces had salt spots present which, when
wiped away, left a dark mark on the oxide coating. The starboard gears showed
signs of past corrosion including surface rust on the edge of several bearing
races. The condition of the teeth was good.

The port pinion of the SI gear system showed signs of fine pitting. The Red
Dykem appl ied after the March inspection still filled nost of the old fine pits
but new fine pitting had appeared. It was noted that this pitting should | essen
with tinme if it represents a nornmal condition. The wear of the phosphate coating
was essentially unchanged.

On the starboard pinion a 3/32 in. dianmeter chip of coating was m ssing at
the center of each tooth. It was suspected that a piece of hard material had
passed through the mesh, producing the noted marks and possibly the recent doubling
of vibration output nonitored on this pinion. Both the port and starboard out put
gear showed excellent tooth contact over the l|oad face.

It was recommended that the SI pinion gears be exam ned approxi mately every
50 hr of foilborne operation to keep a close watch on progressive or rapid pitting,
wear, or coating |oss.

The | ast voyage of PLAINVIEW prior to being laid up for extensive repairs
and overhaul, occurred on 2 January 1973. However, the last foilborne operations
had taken place on 11 Decenber 1972 at which tine approximately 195 foil borne hours
had been | ogged.

CGEAR COUPLING PRCBLEVS

From My to August 1968, when LSCC was reinstalling the foil borne transm ssion
after repair to PLANVEW it was discovered that the port and starboard i nput
coupling assenblies, joining the power turbine and SI gearbox, were pitted, cor-
roded, and rusted. g This two-piece, three coupling shaft assenbly (sonetines re-
ferred to as high speed shaft) (Figure 1) is supported mdway by an antifriction
pedestal bearing and is designed to transnit 17,500 hp at 5,500 rpm Cose inspec-
tion of three other simlar couplings shows simlar problens, but to a nuch | esser
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degree; on disassenbly of the port turbine shafting (the section fromthe turbine to
pedest al bearing), simlar signs of deterioration were observed on the forward

coupl i ng. LSCC stated that excessive heat caused the danmge; for exanple, the
starboard aft coupling had nolten netal extruded fromthe teeth, |eaving deeply
pitted tooth surfaces on both the exterior and interior teeth.

At the same time, the Navy notified LSCC that the shaft m salignnment exceeded
the specification. The port and starboard shaft couplings, |ocated on the Sl
gear box shaft and pedestal bearing shaft, were msaligned; the port eccentricity
was 0.125 in. and the coupling face run out was 0.027 in., while the starboard
eccentricity was approximately 0.250 in. and the coupling face run out was
0.019 in.

Since there were no spare couplings and they were not readily obtainabl e,
LSCC convi nced the Navy that operations could be continued with the damaged
couplings since the coupling teeth did not transmt enough | oad per tooth to cause
a gross failure, In addition, LSCC prom sed that tests woul d be undertaken to
determne the cause of failure of the couplings. It was planned to operate the
craft for a very limted tine (about 1 hr) to obtain data from accel eroneters and
di spl acement neasuring devices placed at each foundation point. The couplings
woul d then be reopened and inspected. Future corrective action was to be based on
the results of -this inspection.

Al though the Navy expressed concern over the use of several danaged mnain
transm ssion couplings during schedul ed sea trials, the trials took place in
Novenber 1968 and the couplings perforned satisfactorily. Wile foilborne
operations |asted approximately 2 hr, there was no evidence of additional wear in
the couplings. LSCC stated that further nonroutine inspection of the couplings was
unnecessary and, thus, the spline gear couplings would continue to be utilized
until replacement parts were received and installed. This would be done subsequent
to Prelimnary Acceptance Trials.

Ali gnment measurenents were nade using extensioneters, acceleroneters, and a
laser unit. ) Two kinds of relative novenents between the turbine and Sl gearbox
becane evident, a continuous oscillation novenrent and a fixed novenent, the anpli -
tude of which is related to such dynamcal factors as applied power, flying

height, and rudder noverents.
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Al the accel eroneters and extensi ometers showed vibration moverment: the
gross fixed novenents were between the pedestal bearing and S| gearbox. The star-
board side showed greater vibratory and gross novenent than port but not suffi-
ciently different to indicate abnormalities. There were also indications that the
Sl gearbox, which is mounted to the overhead structure, rotated toward the pedestal
bearing when power was applied from the engines, Al novenents were directly
applicable to the result primarily of power application although flying hei ght was
responsible for movement too. As both actions normally occur together, it was
difficult to determne the percentages of responsibility of each. For one 40-knot
flight, it appeared that the Sl gearbox and bearing pedestal canme together 18 to
22 mls, depending on whether port or starboard side was being neasured. By using
the laser technique, it was determined that the S| box also exhibited rotary
notion about its upper forward edge. Depending on the exact |ocation of the center
of rotation, the starboard SI box rotated between 15 and 20 nin of arc toward the
pedestal  bearing.

Sorre neasurenents were nade to determ ne the msalignnent between the turbine
and SI gearbox. During a foil down position, face and radial deflection readings
were taken of the relative position of the SI gearbox coupling fromthe pedestal
bearing coupling. In a wvertical plane position, face alignment varied by 11 mn;
and, in the horizontal plane, the nisalignnent was 8 mn. A sinilar situation
existed on the port side. It was further concluded that wunder flight conditions,
the transm ssion msalignment tends to correct itself fromthe cold alignment
measurenments at  docksi de.

LSCC stated the couplings could have failed for any one or conbination of the
following reasons:

1 Msalignment in flight.

2 Inproper oil supply.

3. Excessive hullborne speed with main transmssion power.

4 Coupling sleeve bolts too short.

It appeared that the failure coul d have been attributed, in part, to poor
| ubri cation. Althoug'h lube oil is sprayed from a nozzle, the spray to the
coupling teeth is blocked by two oil retaining rings. The ID of the ring which
is located close to the teeth is snaller than the ID of the gear teeth so that the
oil cannot be sprayed directly into the teeth mesh area.
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The coupling designed by CGE may be described as a quasi-flexible coupling
because only the tips of the teeth are crowed. The angul ar m salignment capacity
of this coupling was reported to be +1/4 degree, due mainly to backl ash between
the teeth.

New CGE couplings were installed in the transm ssion systemsonetine in late
1968 or early 1969.

In March 1970, after the craft had accumul ated 25 foil borne hours, coupling
failure again was di scovered after excessive vibration had been detected. One
coupling located on the pedestal bearing end of the high speed shaft, connecting
the engine drive shaft to the Sl gearbox (port side), was damaged beyond repair.
There was severe surface damage to the hub external teeth and extensive pitting
on the internal teeth. Signs of extruded molten nmetal were clearly visible on
several teeth; as reported by GCsaky, 24 evidence of the same kind of failure was
observed on two other couplings though to a lesser degree

The inspection indicated that failure was caused by insufficient msalignment
capacity of the couplings, The static msalignments required a coupling capable
of taking distortion of approximately t1 degree; along wth dynanic misalignnents,
the coupling capacity should be at least #1 1/2 degrees.24

It was decided to replace the original CGE-type couplings with a redesigned
coupling that would tolerate larger mnisalignnent and provide better [lubrication
Subsequently,, Zurn self-lubricated flexible couplings were ordered for specific
locations in the transmssion train. These gear-type couplings have fully crowned
teeth (in all three planes) and permt angular msalignment up to *1/4 degree,
al t hough the manufacturer clainms higher limts. (In sonme applications, fully
crowned splines have been successfully operated with even as much as 3 degree
m sal i gnrent . ) Zurn couplings use a self-contained high viscosity oil |ubricant
(Lubriplate 8); in contrast, the original GE couplings used a low viscosity gear
oil (2110 TH); it was believed that under the high heat conditions produced by

excessive msalignment the heavier oil would help keep a filmon the coupling teeth.

The damaged couplings were replaced with avail abl e spare GE couplings until the new
Zurn couplings were available.

In August 1971, after 1 to 2 hr of foilborne time, the CGE coupling (located
at input to the Sl gearbox on the high speed shaft) failed. Shortly thereafter,

three Zurn-type gear couplings were installed in the foilborne transm ssion
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systems, one each at the SI gearbox input in both port and starboard systens and
one at the port |ow speed pedestal bearing position.

On 6 Septenber 1972, both port and starboard Zurn couplings failed after
about 107 foilborne hours. Failure occurred in the couplings at the Sl gearbox
on the high speed shafting. The cause was assumed to be the result of shaft nis-
alignnent, which produced failure of the lubrication seal retainers in the cou-
plings and subsequent |oss of the [lubricant.

The foll owi ng sunmari zes actions taken in an attenpt to resolve the coupling
failures. In July 1971, a two-phase contract was issued to Zurn Industries to
(1) review and propose nodifications to the foilborne transni ssion system and
(2) design and devel op working drawi ngs for the selected concept. In April 1972,
Zurn was contracted to supply both high speed and | ow speed shafting and couplings,
with the | ow speed shafting having a disconnect feature; in this way, the main
engines, wth their connected hydraulic punps, could be operated with the pro-
pellers  disengaged. However, it was discovered that the couplings and shafts
would not fit through the strut-attached shaft, and the Zurn design produced
excessi ve overhang weight to the LM 1500 gas turbine along with insufficient axial
flexure to accommodate thermal grow h. 25

D ehl and Lundgaard, Inc. (D&L), was therefore contracted, in January 1974, to
redesi gn the high speed coupling shaft systemso that the existing GE couplings
could be incorporated with the nodified Zurn couplings. D&L also established the

alignment procedures for the port and starboard transmssion systens. 26

OVERHAUL | NSPECTI ONS AND MXDI FI CATI ONS

In order to verify the condition of the transm ssion systemand to assure
integrity of the drive systemduring the | ong overhaul period, inspection of the
gears and bearings was undertaken in My and August 1973 by DINSRDC, Boei ng, and
D&L personnel. Reports were issued by Boeing, 2 D&L,28 and Csaky. 29 The dis-
assenbly included separating all four struts fromthe hull and placing themon a
bar ge. The attached propellers could be rotated 360 degrees and, thus, all gear
teeth could be exam ned. It was difficult, however, to inspect gear teeth on the
vertical shafts because they were obstructed by structural parts of the gearboxes.

Table 5 tabulates inspection results, coments, and recommendations by the
three different inspection parties. Mst of the observations and conments are

quite simlar and consistent.
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TABLE 5 - INSPECTION REPCRT COF PRINOPAL CGEAR SYSTEMS ON pss PLANMEW 195 HOURS FOLBCRE TIME
(300t Hours on Entire Transmission Systen)

Bevel Gears

Upp Lower ST Gears Comment s/ Cbser vat i ons
Port St ar board Port St ar boar d Por t St ar boar d
DTNSKDC Backl ash neasur ed Doubl e tooth ron- Tooth pattern No excessive Al bevel gear teeth in good con-
(13 Aug 1973) | jto he 0.040 in. act pattern leontact {s good. |lcoating, .rewaual|dition. Some rust spots present
This is within noted on forward Browni sh de- Sone teeth wear which were easily renoved. Bl ack
linmts. mesh.  Sinmlar posits seen in starting to show |oxide coating seen apn teeth
condi tion noted rearbox. especially on flanks. Contact pattern covering
in  1969. out put gear. about 90 percent of total area.
I nspection of bevel gears nade
- No pitting ¢r scoring. ' = No pitting or scoring thru open cover. Recommend com-
on helical gears. plete disassenbly of gears and
hearings for nore detailed in-
spection. Recormend better sur-
face finish to stbhd idler gear
by honing. See reference 29 for
nore details.
Boeing Consi derabl e salt [No change since Good tooth con- |[Mderate anount Slight random Transm ssion systems not in op-

(13 My 1973)

Jiehl §
Lundgaard
(13 Aug 1973)

residue in gear-
box. Salt spots
on teeth. Gear-
set wiped off and
fogged with
"523."

Rust spots on
teeth. Backl ash
0.040 in. Brown-
ish deposits from
lube oil in gear-
box.

| ast

i nspecti on.

tact pattern.
ly nininal
signs of con-o-
sion seen.

of water in

sunp. No corro-
sion  seen.

Br owni sh col or
noted on gearset.
Slight progres-
sion in wear of

| oad face coatine
on  pinion.

coating breaks.

M xture in sunp
consi sts of about
30 percent water.

eration for 3 mo prior to inspec-
tion. Al gearsets and visible
bearings in good condition.

Last operation of transm ssion
had been with Mgbilarama 523
(rust preventative lubricant).
Port |ower bevel gearbox was in-
accessible due to lack of stag-
ing. Both output shaft pedestal
hearings need repl acenment be-
cause of static corrosion on
halls and races. Both sthd gear
coupl i ngs need replacenent be-
cause of pitting in center of
male crown tooth contact area.
See reference 27 for nore de-
tails.

Rust spots on
teeth.
penetration of
bl ack oxi de
coat i ng.

Browni sh deposits
from lube oil in
gear box.

Signs of

No pitting, scoring, cracks.

Pi ni on/idl er
tooth contact
pattern is good.
Qut put gear box
has rusty | ook.

Fwd hearing run-

ning near 190°F
too hot.

Pinion/idler
tooth contact
pattern is good.

Qut put gear shows
about 0.001 in.
to 0.002 in. wear

along root and at
ends of teeth
caused by contact
with nitrided
idler.

No pitting, scoring, cracks,
etc in gear teeth.

Al four bevel gearboxes in-
spected thru open cover on gear-
box. Tn all cases the running
tooth contact patterns appear to
be 80 percent or better. All
contact patterns are acceptable
and no corrective action is rec-
ommended. Recommends removing
and completely disassembling one
gearbox for close inspection.
Correct stbd SI idler gear sur-
face finish. Scavenge pump
drive shaft (in upper stbd gear-
box) sheared off. See reference
28 for detai’s.




An extensive series of inspections were undertaken between April 1974 and
August  1975; the purpose was to scrutinize the entire transm ssion systemand rec-
omrend repairs and nodifications for inclusion in the repair and nodification con-

tract which was then being formlated.

BEVEL  GEARBOXES

ne of these inspections, nmade by D& on 29 April 1974, invol ved renovi ng
first the port upper bevel gearbox from the strut and then the horizontal shaft.
After disconnecting the gear flange bolts, the forward gear was separated from its
mounting surface. At that tine, the aft gear could not be separated fromits nount-
ing surface, apparently because of a tight fit on the pilot diameter

I nspection showed little fretting or corrosion on the face of the shaft fl ange,
gear flange, or spacer shim The absence of mounting face fretting on the inspected
gear was considered significant since, as reported by Smith,A this was the area of
greatest fretting damage on the prototype gears. Nevertheless, both the shaft OD
and gear |ID surfaces showed extensive fretting. It should be noted that this was
the first time one gear flange had been renmoved fromits shaft since its initia
installation in 1965.

Al though only one gear and its mounting surfaces was inspected, there was a
suspicion that the other gears were subjected to the same fretting corrosion. This
was verified by the 19 Decenber 1974 inspection when the other three bevel gear

d. 31 The horizontal

units were renoved from the struts and conpletely disassenble
shafts were renoved fromthe gearboxes and the gears and bearings renoved fromthe
shafts. Al the shaft inspections displayed noderate fretting on the gear pil ot
surfaces (Figure 17). The percentage of fretted area on the 16 surfaces varied
from 10 to 90 percent with depth of fretting ranging from 0.007 to 0.020 in. The
fretting on the base surface of the gear pilot was significantly | ess severe than
on the shaft (Figure 18). On the port |ower bevel gears, corrosion depth varied
from 0.001 to 0.012 in.. as measured in random areas. Figure 19 shows the port
| ower gear carrier; fretting corrosion is evident on the gear pilot surfaces.

In January 1975, Boeing nade a detailed inspection of the three other gear-
boxes and reported the foll owing general conditions existing in all four of the

.32
gear boxes:

46



uoTsoxroy Jurlioaj YITm 1JeYS Ieey aaddn - /T 2an3Tyg




o

Pl

Fretting Corrosion

18 = Ring Gear

Fi gure

48



ITU[ A9TAIBR) ABDYH I9MOT 3a0Jg

61 2In31yg

& Ty

g,

49



1. Rust on various parts of the gearbox housing, enough to warrant correc-
tive treatnent
Rust spots on nost of the bevel gears.
Rust on the inner and outer end of the vertical gear shafts.
Vter in the gearbox housing.

Foreign material on various areas of the gearbox housing

S

Fretting corrosion on the horizontal drive shaft of all four units, at the
gear nounting surface and the gear register surfaces.
7. Signs of discoloration, rust, pitting, loss of plating, and oil drain

holes plugged with sludge on all bearings.

PROPELLER AND STRUT SHAFT
In addition to the gear and bearings inspections, the propeller shaft system

and the strut shaft assenblies were inspected and reports issued by D&L33’34 and

Boei ng. 35 Results showed that the propeller shafts and bearings were in good
condition with very little work required for their reuse.

As reported by Boeing, in the detailed inspection results and recomended
actions, the wvertical drive shafts were in relatively good condition considering
their exposure to water |eakage. 35 The shaft guides suffered severe corrosion
however, with enough pitting in the "0" ring grooves to conpronise the seal. Shaft
splines showed noderate corrosion while all the gear coupling splines evidenced
corrosion pitting and chipping of the teeth at the outer ends. In addition, al
the shaft bearings had been subjected to corrosion and galling fromlack of |ubri-
cation. Wth one exception, all of the oil holes in the ball seats were plugged
with dirt; the oil hole free of dirt previously had its dianeter increased from
the original 0.18 in. to 0.708 in. The detailed inspection results and recommended

actions and disposition for these systen535 are recorded in Tables 6 and 7.

BEARI NGS

I nspection of the large 230 and 234 type roller bearings (over 6.5 in. bore
and 12 in. diameter) led to a recomendation to replace or repair all the bearings.
There are four 234 type bearings and two 230 type bearings in each gearbox, making
a total of 16 of the fornmer and 8 of the latter. In addition, there are 3 duplex
ball thrust bearings in each gearbox, nmaking a total of 12. Cne duplex set is

mounted on each horizontal and each vertical gear shaft.
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TABLE 6 (Continued)
1tem Damage Found Di sposi tion
St ar boar d
Propeller Shaft | Mderate axial scoring all around forward bearing |3and work to clean up journal as follows:

journal caused during bearing inner race renoval.

1. Use fine enmory cloth in a shoe-shine, cir-

cunferential stroke.

2. Take care to mmintain a uniform anount of
polish all around.

3. Pnalidchshould only .»ameve proud material
along scores. Do not attenpt to renove all
trace of score marks, as this wll reduce

fit of inner race.

Thrust  Bearing Entire bearing is in excellent condition except This bearing is serviceable. No action recom-
for some new scattered corrosion stains. nended.
Forward Radi al 1. Very mnor rust stains on both races. Roilers |L. This bearing is serviceable except for inner
Beari ng in good condition. race bore scores.
2. Bore of inner race has noderate axial scores 2. Hand work bore in accordance with instruction
corresponding to those on starboard shaft. for shaft given above.
Aft Radial 1. Both races and rollers have scattered ninor This bearing is serviceable except for heat damage
Bearing rust stains. »n inner race. Repl acenent is recomrended if a
2. Inner race has 2 in. wide heat damaged area spare bearing is available. If a spare bearing is

which appears to have been caused by excessive
use of heat during disassenbly.

Propeller  Shaft
Seal Assenbly

1. Inner seal carbon ring has a few corner nicks
at inner and outer edges of face. Inner edge

has a 0.06 in. wide worn band all around which
corresponds to a hole in the seal runner
pl ating.

2. Inner seal runner has a 0.001 in. to 0.003 in.

wear step plus a small hole in plating.
3. Quter seal carbin ring has two small areas of
surface erosion on face which could be |eak

pat hs.
4. Quter seal runner has 0.001 in. wear step and
has several areas of erosion and/or de-plating

in seal .area,

10t available, consideration could be given to the
rontinued use of this bearing as follows:
1. Check hardness in heat danaged area. |If
less than 60 Rc, replace inner race.
2. If hardness is 60 Rc or better, re-finish
inner race roller path area to a surface
_finish of 16 nns or better.

leplace entire seal, or overhaul seal

fol l ows:

1. Re-machi ne inner

2. Re-plate and
face.

3. Re-machine outer carbon ring face.

4.  Re-machine outer seal runner face. If sur-
face damage does not clean up, re-plate and
then re-nmachine face.

assenbly as

carbon ring face.
re-machine inner seal runner
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TABLE 7 -

INSPECTION REPCRT CF PCRT AND STARBOARD STRUT  SHAFT  ASSEMBLI ES

Item Danage Found B _ Disposition
Srut Shafts |The shafts are in generally good condition. There ara nn signs Clean 2!l wver with wdivend.
of journal scoring and no deterioration of gplineg, The black Hand work polish journals using fine emory cloth to renove
oxide coating appears to have been renoved by hand work in a corrosion stains and to restore surface finish.
band 8 in. to 10 in. long at each journal location. This was Investigate possibility of applying new black oxide coating
probably done during assenbly of the shaft to the struts. A- where coating has been renoved.
nost all of these areas have some mild corrosion attack, par- Qorrosion attack above bearing indicates long term exposure
ticularly in a band just above the bearing. Snce these shafts to noisture pockets above bearing. This night be prevented
are extrenely vulnerable to loss of fatigue properties from by daily or even weekly use of the |ube system punps to
surface corrosion, | believe that the black oxide should not flush noisture away.
have been renoved. If possible, a black oxide coating should
be restored wherever it has been renoved.
Hexible Al have an accunulation of rust and corrosion products, but Qean all over wth solvent.
Qoupl i ngs have no evidence of significant tooth deterioration.
Sleeve None of the bearings show any sign of heat damage or wear. Do NOT renove from spherical seat. Qean up both seat and
Beari ngs Several have gouges caused by entry of the shaft splines during bearing Wth sol vent.
installation. Light hand work using bearing scraper to renove any proud
netal around gouges. This work should be done by soneone
experienced wth scraping sleeve bearings.
Investigate re-assenbly procedures which wll prevent fur-
ther danage to bearing surfaces.
Spheri cal These are generally 1n excellent condition. Snce they are Qean up all over with solvent.
seats stainless steel, there has been little or no corrosion other Any seat which cannot be aligned by hand force should be
than staining from corrosion of outer housing. Several of the disassenbled (nale from fenale) and hand polished to free
spherical seats are very stiff and their ability to self-align up its self-aligning feature. Carefully polish nale part
is questionable. evenly all over its spherical surface using fine emory
cloth in a shoe-shine notion.
Bearing These are all badly corroded all over. Vapor blast all over to renove rust and old protective
Housi ngs coati ngs. Limt blast exposure on inside nachined surface
to prevent loss of fit.
Re—apply zinc phosphate (Enduricn) coating all over.
Paint* all exterior surfaces. Ql or grease inside sur-
faces prior to assenbly. - -
Shaf t These are mldly corroded on outside surfaces wth sone scat- Aty shaft cover with significant inside rust should be
Housi ngs tered nild corrosion on the inside surface. The nost serious vapor blasted all over and zinc-phosphate coating re-

corrosion appears to be at the "O" ring seats.

applied. Paint* as bel ow
Al other shaft cover's can be treated thusly:
e Solvent clean.
Wre brush outside and "0" ring seating surfaces.
Paint* outside surfaces and '"0" ring seats.
Ql spray inside surfaces after painting outside.

*Use a good, oil resistant, corrosion resistant paint.




Vi sual inspection of the thrust bearings reveal ed a general state of corro-
sion, evidenced - to varying degrees « as pitting and/or discoloration on the balls
and outer races. (The inner races were not inspectable w thout bearing di sassem
bly.) Al bearings fromboth starboard gearboxes showed very mnor effects of
corrosion conpared to those from the port gearboxes. Table 8 summarizes the ob-
servations from the inspection,

As discussed in reports by D&L36 and Boei ng, 37 inspection revealed that all
the roller bearings in the gearboxes had been subjected to different degrees of
corrosion damage. It was recommended that all roller bearings should be replaced
to assure 100 percent reliability for future operations. However, due to long
lead times, high initial cost, and few avail abl e spares, alternative plans had to
be substituted. (Reports by D&L38’39 40,41

tions, installation techniques, clearances and fit, replacenents, exchanges, and

and Boeing detail additional inspec-

final installation status of the bearings of the foilborne transnission gearboxes.)

SUMMARY OF MAJOR MODIFICATIONS

The maj or work acconplished to produce a zero tinme and reliable foil borne
transmssion system for PLAINVIEW included the follow ng:

1. Al 24 roller bearings in the gearboxes were replaced. Conpared with
the original 41 nm diameter rollers, the new 234 type bearings have 32 or 36 mm
diameter rollers.

2. On the four horizontal gear shafts, the fretted nmaterial was nachined away
to a depth of 0.060 in. so that the final shaft dianmeter is now not |ess than
10.875 in.

3. The gear retainer bolts were nachined to 0.820-0.0005 in. and the matching
hol es were reaned 0.820-0.0005 in. dianeter; this was done to reduce fretting and
retain realignnent and concentricity. Bolt material is AISI 4140 or 4340 and
hardened to 33-38 Rockwell C

4. The ring gear register surfaces were hand worked to renove fretting
material .

5. Cear couplings have a narrow range for misalignment capacity. In the
PLAINVIEW  installation, this misalignment capacity for both the original CGE and
Zurn type is approxinmately the same, *0.23 degree. It is believed that the latter

will hold up |l onger because its higher viscosity oil tends to naintain a better oil
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TABLE 8 - BEVEL CEARBOX BEARING | NSPECTICN
. GE Dw Mf f
Locat i on No. g No% )Sd/s Outer Rollers Inner
Port Lower Gearbox
Foriz Ait | 961B98% | MRC 3 120° arc of rust stains.  Good. God.
MRZ234E1
Horiz P 961B98.2 | MRC 7 Single scattered rust Most good, one roller Good.
MR234E1 lines nearly all around. with bad rust line.
Can get 90-120° clear of
rust. Barely acceptable.
Vert Aft Lo | 962B982 | MRC 4 Good. Good. Many rust stain lines.
MR234E1 Sone wth depth. Mrgin-
ally acceptable.
Vert Aft H |[961B981 | MRC 05 90° arc of rust stains. Good. Fair - K
(Rej ect) R230E One bad pit due to
fatigue or particle,
Vert Fnd Lo [961B982 | MRC 2 Fair. Fair. Sngle rust stain line at
MR234E1 nany roller locations all
around. No apparent
depth « K
Vert Fwd H |9618981 [ MRC 09 ®od. ®od. Sngle rust stain line at
R230E each roller location all
ar ound. No apparent
depth - K
Port Upper Gearbox
Horiz At 961B982t SKF 207 Good. One rust line. Several rollers with deep | Fair.
| 45691 pit line.
L .
Horiz Fud 9618982 SKF SGABL |Fair. Some single rust Some rollers with single Fair.
45891 lines. Barely accept- scattered rust pitting.
able. Barely acceptable.
Vert Afr Lo [961B982 | SKF SGA4L | Good. Good. My rust stain |ines.
45891 Sone with depth. Mrgin-
ally acceptable.
Vest Aft H [961B981 | MRC 3 God. Mbstly good, one roller Many rust stain lines.
MR230E with single pit. Replace |No apparent depth. OK,
roller if possible.
Vert Pnd Lo [961B982 | SKF SGA3L |Fair. Fair. My rust stain |ines.
(Rej ect) 45891 Qe or two deep ones
| nearly across. No good.
Vert Fand H |[961B981 | MRC 012 Good. Mbst good, several wth Mnor scattered rust
MR23GE nedi um deep rust pits. stain lines. sone snall
Mrginally acceptable. rust pits at outboard
| end. &K
Note: Al bearings were replaced during RAV.
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TABLE 8 (Continued)
- @ Dig Mg ME
Locati on &
NO. NO. S/N out er Rollers I nner
Sbd Lower Gearbox
Horiz Aft 961B982 | SKF E6 Mnor scattered rust ®od. 3 shallow score lines all
45696 stains. Acceptable. around (2 IB 1 CB.
Accept abl e.
Horiz Pwd 961B982 | MRC 5 God. God. Several shallow score
MR234E1 lines at IB end.
Accept abl e.
Vert At Lol 961B982| MRC 8 Near |y 1800 of bad rust. Four rollers badly rust- | Qe shallow score around
(Rej ect) MR234E1 ed. IB end.  Several deep
rust lines across. 30°
of rust patches. Rgject.
Vert Aft H| 961B981( MRC 08 Near |y 180°% arc of rust Medium rust stains, sone |Mnor rust pits nearly
(Rgj ect) R230E 1/2 across or better. with depth. all around. &K
Vert TFwd Lol 961B981 | MRC 6 ®od. ®od. e deep score line all
(Rej ect) MR234E1 around at IB end. Qher-
wise looks good. Reject.
Vert Fwd H | 961B981| MRC 06 30° arc of rust stain God. One shallow score line
R230E nearly all across. all around at IB end.
(e patch of rust stain
1/2in. x 1in in area
Mrginaly &K
Sbd Upper Gearbox
Horiz Aft 961B982 |SKF SGA6L [180° ac of rust stains. Several rollers wth deep | God.
(Rej ect) 4569614 75 percent across. rust pits = reject.
Horiz Fwd 9618982 |SKF SGA5SL [Good. Good. God.
456961, ~
Vert At Lo| 961B982 | KF SGAZL [Sngle, scattered rust Qre or two lines of rust Many single rust stain
456961 A lines nearly all around nearly all across. lines = no real depth.
all across. Question- Quest i onabl e. X
abl e.
Vert Aft H | 961B981 [MRC 04 90° arc of rust stains Medi um rust stains. Mnor rust pitting and
(Rej ect) R230E nearly across. Rej ect . lining all around. K
Vert Pwd Lo| 961B982 | SKF SGAIL |Double rust lines gcat- Mst ook good. Few with|[Sngle, wde rust line at
456961A tered all around. Al single rust line. each roller |ocation.
acr oss. Quest i onabl e. Depth questionable. Pos-
sible reject.
Vert Fwd H| 961B981| MRC 010 90° arc of rust stain Medium rust stains, sone [Mdium rust pits and
(Rej ect) R230E 1/3 across. wth depth. lines - some wth depth.

Rej ect .
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fil mbetween the gear teeth under excessive msalignnent conditions. Zurn
couplings were installed.

6. Each assenbl ed gearbox was subjected to a spin test at 25 percent torque
| oadi ngs.

GEAR ASSEMBLY AND TESTS

During reassenbly of the four bevel gearboxes, a spin test of each overhaul ed
gearbox was made with the assenbly loaded to 25 percent torque. Satisfactory tooth
contact patterns were found on three units in the assenbled condition. From a
report by D&L, 42 Figures 20 through 24 show tooth patterns finally produced. In
addi ti on, backl ash nmeasurenents norrmal to the tooth surface at the heel were nade
on each gearbox; Table 9 summarizes these neasurenents and the factory stanped
backl ash before PLAINVIEW operation. Since these tests were run at 25 percent
| oading, 100 percent torque wll obviously change the pattern of teeth contact.
Experi ence has indicated that increasing torque to 100 percent tends to broaden the
load flank pattern toward both toe and hell, tending nore toward the heel than toe.
Therefore, a centered inpression or one contacting slightly toward the toe is con-
sidered ideal at 25 percent torque.

n assenbly of gearbox conponents, each gearbox was subjected to the follow
ing test:

1. The test drive notor was started and the gearbox brought up to 100 percent
speed in 25 percent speed increnments. Each speed was held for 10 min in order to
monitor tenperatures, noise, and vibrations. The 100 percent speed was held for
30 min (100 percent speed = 1,570 rpm shaft speed).

2. At the conclusion of the 100 percent speed run, speed was increased to
110 percent and held for 5 mn.

3. The speed was slowy reduced to shut down.

4. A the conclusion of the test, the gearbox was rotated by hand to insure

there were no tight bearings.
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TABLE 9 - BACKLASH MEASUREMENTS ON GEARBOXES

Measur ed Back-
Reassembl y Backl ash St anped lash on Gear
Cear box on Gear (in.) :
Dat e (in.)
For war d Af t Forward | Aft
\
Port  Upper 1/13/76 0.024 0.025 0.027 0. 029
Starboard Lower 1/19/76 Not available | 0.046 0.041 0.044
Port  Lower 1/23/76 0.025 0.038 0.036 0.044
Starboard  Upper 2/10/76 0.035 0.038 0.041 0.035

POSTOVERHAUL EXPERI ENCES

FO LBORNE OPERATIONS

After the long overhaul period with major nodifications to various systens,
PLAI NVI EWresuned operations and flew for another 74 hr before being taken per-
manently out of service. During this period an attenpt was made to operate the
craft at its highest power level, that is, by getting about 14,500 hp from each
engine, while holding the craft in the hullborne node. This operation failed be-
cause of bearing trouble in the port-side high speed pedestal bearing assenbly.
It was shortly after this that all operations with PLAINVIEWwere term nated. A

total of 268.5 foil borne hours had been accumulated in the 15 yr |ife of PLAI NV EW
the largest hydrofoil craft in the world.

FI NAL GEARBOX INSPECTION

A final gearbox inspection was nade on 1 Novenber 1978. Al though the upper
gearboxes had been removed from the craft, the two l|ower gearboxes were still
mounted in the struts. The upper gears could be rotated through 360 degrees for
exanination of all the teeth. Since the lower gears were still connected to the
long drive shafts in the struts, conplete rotation of the gears was inpossible.
The teeth and bearings of the gears were inspected by renoving the inspection
covers.
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Generally, the surfaces of all visible teeth in all the gears were in excellent
condition except for spots of surface rust at the toe of sonme of the teeth. Contact
patterns were observed to be satisfactory. The running tooth contact pattern
appeared to be 80-90 percent of the total tooth surface on the | oaded side of the
teeth. The coast or unloaded side showed a nonuniform pattern. On sone of the
teeth, the contact pattern occupied about 30 percent of the total tooth surface at
the mddle of the teeth. Details of the final inspection are given in an NSRDC
meno  report. 43 gures 25 through 32 show the tooth contact pattern and give
explanatory notes about the general condition of each gear and pinion.

The rollers and races, where visible (bearings were not disassenbled), were
generally in good condition; however, the ends of sone rollers and races of the
port upper gear box evidenced some spots of rust. It should be noted that during
the previous overhaul in 1976 new bearings had been installed.

In the gear coupling of the starboard and port upper gear boxes, nost of the
coupling teeth were covered by a dirty deposit of salt crystals (salt by taste) from
apparently contamnated lube oil. Heavy spalling and fretting were observed over
90 percent of the width of the 2 1/2 in. wide tooth. This is very typical of a

tooth spline type coupling. Figure 3 shows the starboard l|ower gear at inspection.

VI BRATI ON CHARACTERI STICS I N THE PONER SYSTEM

Structureborne vibration data taken in 1970 on the port and starboard SI gear
boxes, while the craft was in the foilborne mode. showed about 0.4 in./sec maxinmm
vibration in a frequency range from 200 to 1300 Hz.

Data taken in 1972 on the bevel gear boxes, again under foill borne operations,
indicated a maximum vibration of 0.2 in/sec at 68 Hz with other vibration peaks
at much lower |evels.

In 1976, postoverhaul testing of the port propulsion gas turbine produced
excessive vibration levels, 0.010 in. double anplitude and high tenperatures at the
turbine drive shaft pedestal bearing. Normal vibration values for the LM 1500 gas
turbine are 0.001-0.005 in. double anplitude. These synptons appeared to indicate
turbi ne unbal ance and ball bearing skid in the pedestal bearing, the latter due to
lack of proper |ubrication. In conparison, industrial standards for rotating
machi nery signals from the port unit at rotational frequency were in the "rough"
to "very rough" region. Levels up to 0.002 in. double anplitude were observed at

the questionable bearing. Conparable neasurenents on the starboard unit were |ess
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« Wear patterns on load side are just appearing thru the oxide coating.
« Some scattered pitting seen. Not considered a problem.
« Backlash feels all right = by hand turning.

Figure 25 - Tooth Contact Pattern: Port Upper Input Pinions, at 268 Hours
of Cperation

65



CCCCCC

CCCCCCC

AAAAA




11/2/78

VERY LIGHT — CONVEX

ToE
>:%//// |_OADEDC ?4“5'23]\(5 AT TIP = .
/. ROOT N

TOE //7/////// // TiP HEEL

Uilditizzzzzz7) LoAD
CONCAVE x

« Could not move gear for backlash.
« Wear pattern just appearing.
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Figure 27 - Tooth Contact Pattern: Port Lower Gears, at 268 Hours of Cperation
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Figure 33 - Starboard Lower Gear Box
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than 0.001 in. double anplitude. Subsequent adequate [lubrication reduced the
bearing vibration level to acceptable limts and recomendati ons to inprove turbine
bal ance were nade.

In 1977, a vibration survey was taken to establish a vibration monitoring
system for the foilborne transmssion system Again the bevel gears indicated
low vibration levels, less than 0.4 in./sec.

Figure 34 illustrates vibration levels of different conponents and systens of
advanced craft, as described by Harbage. 44 Most of the vibration data is in the
“slightly rough" and "rough" regions of this rotating nachinery vibration chart;
sone vehicles show even higher vibration levels. It should not be assumed that
because of the high levels indicated, these gears or conponents are headed for
immnent failure; rather, they exhibit different characteristics from the conven-
tional relatively "heavy and slow speed" systenms for which this guide was
est abl i shed.

The gears listed, for instance, are usually small and lightweight (0.2 to 0.5
1b/hp) for the large amount of power they transmt and, thus, have little or no
internal danping qualities. They are run at high speeds, so balance and alignment
of the power systems are critical. Aignment is difficult to maintain because of
the flexibility of the alumnum hull structure and foundations. These gears are
designed to be nore closely related to helicopter gears than narine type gears, and
it is known that the former routinely run at vibration levels exceeding 5 in./sec.
Only a greater nunber and |onger operation in the marine environment wll help
establish a nore realistic criteria for vibration |evels.

Recent data obtained frombevel gear systens in both Navy 160-ton air cushion
vehi cl es show operating vibration levels range from0.5 to 2.0 in./sec. These
gears operate in a power range of about 2600 to 7600 hp and have a weight which
ranges fromO0.08 to 0.17 1b/hp.

SUMVARY
This report traces the operational life of the PLAINVI EWfoil borne transm ssion
systemfromits devel opnment in 1962 to the retirenent of PLAINVIEWIin 1978.
The transm ssion system bevel gears were designed to have a |life of approxi-
mately 30,000 hours when operated for 20 percent of the time at take-off power and
50 percent of the time at maxinmum continuous power. They are considered to be the

| argest gears ever manufactured for the power output = = 26 in. diameter and
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17,500 hp/ nesh. The history of the gear systens shows that nost of its operational
life was at a reduced percentage of rated design power. For exanple, in over 350
total hours of operation (through February 1978) nore than 268 hours were at
approxi mately 60 percent of rated power. About 20 hours were at 90 percent of
rated power. This sumwas accumul ated fromtotaling all the take-off power condi -
tions; records show that nore than 500 take-offs were nade.

Three prinicpal problens were predom nant in the power transm ssion system
(1) ogear fretting corrosion, (2) bearing corrosion and damaged bearings, and
(3) spline couplings failures. The first was due primarily to vibratory forces
separating the bolted ring gears from their shafting; the second was caused by water
penetrating into the lube oil system the third was the result of m salignnent of
the driven system Al these problens can be resolved by nore attentive design,
manuf act uri ng, and assenbly details.

It is believed that in their present condition, the gear sets are capable of

many hundreds nore hours of operation.

FUTURE DESIGN  CONSI DERATI ONS

1. A gear drive systemcannot tolerate water in its lubrication system
Throughout the life of PLAI NVIEWhe transm ssion systemwas exposed nany tines
to considerable seawater contamnation. Al though the gears and conpani on bearings
were enclosed in a sealed gear box, water entered the box through many inproperly
sealed pipes, cable penetrations, and instrumentation connections. \Wile oil
pressure seals around the propeller shaft are successful in keeping water out,
conpl ete sealing of the gearbox may not be possible and other precautions must be
incorporated in redesign. Serious consideration should be given to using lubricants
which will tolerate sone water and yet still forma protective filmon netal sur-
faces. An oil-water separator has to be an inportant part of the lube oil system
Careful monitoring of lube oil for contam nation nmust be part of the operational
pr ocedur es. Each gear box should have its own independent |ubrication systemto
avoi d contani nation spreading by way of a common sunp or supply system

2. To prevent fretting in the gears thenselves, the gear and its shafting
should be an integral unit. If this is not possible, because of the consequent size
and weight increases, extrene care nust be taken to ensure a tight fit between the
gear and its shafting through body-bound bolts and dowels. (Appendix B gives cal-
culated effects of fretting corrosion on reduced capacity of bevel gears.)
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3. Athough proposed by sone experts, it is inpractical to consider the use of
integral inner roller races in the | arge size bearings because of the very high
cost of replacing shaft and bearing if any failures occurred

4. Cear boxes should be designed to elimnate inside structural nenbers where
water or dirt can be trapped. For structural strength, ribs shoul d be added
exterior to the box, if possible. ™0" ring sealing should be used on renovabl e
i nspection plates.

5.  Some experts say that the present |ightweight transm ssion systemis not
structurally sturdy enough to operate satisfactorily over the long termat high
power requirenents. This claimcannot be resolved at the present tinme. Mre test
and operating data at full design conditions are needed, and it is reconmmended t hat

the present system undergo a vigorous shore based test to resolve this issue.
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APPENDI X 710,11

QUESTI ONS PUT TO GENERAL ELECTRIC (GE) AND LOCKHEED SHI PBU LDI NG AND
CONSTRUCTI ON COMPANY (LSCC) ON AGEH 1 GEARSETS
12 SEPTEMBER 1968

(Q Wi designed the gears? deason or GE?

(A) Basic design by GE in cooperation with deason (tooth data and cutting
data by Geason). After grinding by deason, GE set up and torque tested
gears, and if contact pattern was doubtful, sent gears back to Qd eason for
correction to achieve good contact under torque test in actual gearbox.
(Note:  This may account for stanpings of 0.038 in., 0.033 in., and 0.046

in. on lower gears.)

(Q) What is "circular thi ckness"? \Were and how neasured?

(A Answer not known.

(Q) To what extent has the actual tooth profile (geonetry) of gear (which had
wear pattern) been established?

(A No information on this.

(Q) Wat are GE's (LSCC's) intended procedures and objectives during the
reopening inspection of the gearboxes?

(A) The lower port unit showed slight scuffing (or polishing, depending on
interpretation) was schedul ed by LSCC to be opened at two to ten hours
foilborne operation depending on test schedule. Inspection wll be
visual check for water intrusion and general condition of parts, particu-
larly bearings and gear tooth scuff pattern. Vibration data (fromtwo
pi ckups on gear cases) will be available for study (to date, pickups have
been installed but no data recorded). It was pointed out that nore gear
units shoul d be inspected due to high incidence of bearing failure. As
an additional mninum the tw top units should also be opened. LSCC has
not formally agreed to do this but McKernan (LSCC) said, "we will open
them" It was enphasized that ten hours might be too long for visual
i nspection since it was desired to see the tooth contact devel oped under
| oad on the blued teeth and observe for any other potential trouble at an
early stage of operation. It was agreed that the inspection would be nade

after two to four hours of foilborne operation. LSCC agreed that hull

operation with the foils down would be Iimted to ship operation preparatory
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to "flying." NAVSEC was particularly concerned about possible gear over-
|l oads resulting fromthrust for displacenment operation going up to hunp

exceeding that after hunp and thus exceeding gear design |oads.

(Q) Wiat are principal stress |evels and behavi or of the bearing which caused
bearing failure, and how has this been alleviated by the bearing fix?

(A) No specific information on actual stress |evels avail able.

(Q) Have the plug roll-pins been installed per drawine (GE) 662E747?

(A) SUPSHIPS wanted confirmation that roll-pins are all in place. It could be
verified that plugs are in place but pins are not visible. No verification
is possible without disassenbly. W nust assune GE at Lynn foll owed
drawi ng.

(Q) What is the stress concentration factor on the revi sed keyway notch?
(A) Not known.

(Q) What is the reason for the necessity of different sized shins to obtain
assenbly of port [|ower gearbox?

(A) Not discussed again as was covered in general background information and
general coverage of one, two, three and four and may be cleared up by

information to be requested from Lynn by local GE representative.

(Q) Wiat is the history and conclusions of the requirements on backlash as a
result of GEs gearbox failures?

(A) Local CE representatives’ (who worked in Cear Departnent at CE plant)
opinion is that insufficient backlash is the critical factor; if thereis
sufficient backlash ( which usually begins at 0.020 in.), he doesn't
believe it is inportant beyond that if there is good contact pattern
Question remains as to what stanped backl ash on gears nmeans and CE reported
concern for it in prototype developnent. Further information from GE nay

clarify.

(Q) Has the axial alignment of the gear shafting (i.e., in gearboxes) been
checked? Wen and how?

(A) Local CE representative assumes this was done in original product i on.
It has not been verified locally (no facilities). He feels that the
ability to get good uniformno-|load contact tapes now in his shop shows
there is no permanent deformation of gear boxes.
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11. (Q) What procedure for reinstallation; inspection and alignnent in reassenbly
and obtai ning proper wear patterns will be followed?

(A) Technical Manual on gearboxes is now inconplete and too brief on this. At
Navy request, LSCC will ask GE to supplenent present information to include
how to adjust gears and what correct tooth contact should | ook Iike from
tape contact test.

Not e: The manual for the hullborne transnission is nore conplete as regards

assenbly requirements and procedures, and it is essential that the foil borne gear-
boxes receive at |east equal treatnment so standard approved procedures are avail abl e
for future guidance of naintenance personnel
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APPENDI X B

HORSEPONER CAPACI TY OF THE BEVEL GEARBOX

USI NG ALTERNATE DESI GN LIM TS

1. Calculations of horsepower capacity are presented to determ ne the actual

capacity estinmated on the basis of present guidelines, and to determ ne the reduced

gear capacity due to the observed fretting corrosion. The

pilot surfaces of the shaft during ship operation.

2. Hor sepower capacity of AGEH 1 gear boxes based on the fati gue bendi ng
stress at the root of teeth, which may be assuned equal to 35,000 psi for 1010

cycles, is given by the -equation: 45
p Sab n d «F «J Kv
b 126,000 P, . K K K
d 0 s m
wher e
HPb = Maxi mum cont i nuous hor sepower based on bevel gear bending strength
criterion
Sab = Al owabl e bending stress for 1010 cycl es
nP = Pinion rpm = 1572
dP = Pinion outer pitch diameter = 25.5 in.
F = Face width = 5.4 in.
_ 45
J = Ceonetry factor = 0.32
Kv = Velocity factor = 1
Pd = D anetrical pitch =2
K0 = Overload factor = 1
KS = Size factor = 0.8545
. . . 45
Km = Load distribution factor = 1.1 for straddl e nounted gears.
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Substituting the above values into Equation (B.l)

HPb = 10,289/mesh

The torque capacity of bevel gears/mesh

_ 10,289 . 63,000 _ .. .
Trrax = 1572 = 412 945 1b-in.

During the testing, the maxi mumtorque inposed was 395,000 | b-in./nesh.

3. Horsepower capacity, based on all owabl e conpressive stress near the pitch
line of the tooth, which may be assumed to be equal to 200,000 psi for 1010 cycles,
is given by FEguation (B.2): 45

wher e
HC = Maxi mum cont i nuous hor sepower based on all owabl e conpressive stress

C = Constant = 0.0368

C0 = Qverload factor = 1

CS = Size factor = 1
CV = Dynamic factor = 1
Cm = Load distribution factor = 1.1 for straddl e nmounting

dp = Pitch dianeter = 25.5 in.

Pi nion rpm = 1572

=3
I

F = Face width = 5.4 in.

| = Ceonetry factor = 0.092.
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Substituting the above terns into Equation (B.2), we have

Hc = 18,688/mesh

Since the horsepower capacity based on the fatigue bending stress at the root is
much lower than that based on conpressive stress, the actual horsepower capacity of
bevel gearing should be considered to be governed by the fatigue stress.

4, Horsepower Capacity of the Fretted Surface Shaft. During the testing of
the gearboxes by GE the nost serious problemwas the fretting corrosion which
appeared on gear flanges. During the ship operation, nore serious fretting corro-
sion appeared on pilot surfaces of the shaft. Consequently, the horsepower capacity
nmust be governed by the strength of the shaft, not by gear capacity.

Figure B.I shows the principal dinmensions of the shaft and of the bevel gear
assenbly required to calculate torque capacity and the stresses in the shaft.

The forces transmtted by the gear induce a maxi num bendi ng nmorment in the shaft
in the cross section 55 in. from the bearing centerline. Due to the shaft rotation,
the bending noment should be considered as an alternating stress. In addition, the
shaft is subjected to torque inducing a shearing stress.

Assuming that alternating torque is equal to 20 percent of the maxi numtorque,
we must distingui sh between a steady shearing stress induced by the steady torque

and an alternating shearing stress induced by the alternating conponent of the

t or que. In consequence, the shaft will be subjected to a steady stress, SS, and an
alternating conbined bending and shearing stress, Sa, havi ng conponent s, Sba and
Ssa‘ Al steps required to cal culate the above mentioned stresses, in order to
determine the factor of safety of the unfretted shaft by nmeans of Coodman D agram
will follow Finally, assumng the line of failure of the fretted shaft the torque
capacity will be calculated.

Assum ng t he maxi num conti nuous horsepower of the gas turbine = 14,000 and
propeller rpm = 1572;

The propeller torque T = 63, 0001 ;(7214’ 000 - 561,069 |b-in.

The tangential force at the nean dianeter/gear (Figure B.1):

85



)
|

MEAILI DIA. /

D, = 22.4

16.5

D

Figure B.l - Bevel Gears Assenbly.
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Wt = 504 % 2 25,048 Ib

The axial force at nean di aneter

W =0.7x Wt 0.7 x 25,048 = 17,533 |b

a

The radial force at nean di aneter

wr =0.11 wt 0.11 x 25,048 = 2,755 |b

1he bearing | oad

W= -\/25,0482 % 2.7552 = 25,200 |b
Bendi ng nonent at the fretted zone

Mb= 5.5 x 25,200 = 138,600 Ib-in.

The alternating bending stress is given by:

oM ex
“ba |
wher e
r = Shaft: radius, in. = 5.5 in.
I = Moment of inertia of the shaft cross section = 0.049 (11% - 104) =
227 in.%
138,600 x 5.5 _ )
Sba 2 57 = 3,358 psi

The steady shearing stress:
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wher e

Pol ar momrent of inertia of the shaft cross section = 2 |

[
1

S6-06——55 = 6,797 psi

wn
il

This stress is plotted on the horizontal axis of the Coodman Diagram Figure B 2.

The shearing stress induced by the alternating torque

S =0.2x8 = 0,2 x 6797 = 1359 psi
s4a s

The conbined bending and shearing alternating stress

fal - 2 2
8, F \/(Kt X Sba) + 3([(s X Ssa) (B.4)
wher e
Kt = Stress concentration factor at bending = 1.87 for r/d = 0.05 and Dd = 1.5
- ; . _ 46
Ks = Stress concentration factor at torsion = 1.7
) 2 _ .
Sa = -[(1.87 x 3358)7 4 3(1.7 x 1359.4)° = 7445 psi

This stress is plotted on the vertical axis of Figure B 2.

Endurance lint Se of the Al SI-4340 steel for conbined alternate bending and shear-
ing has been assumed = 40,000 psi for unfretted steel and 10,000 psi for the
fretted zone, 4 yield point for the steady stress = 100,000 psi. Point A on Fig-
ure B.2 shows the condition of the stresses in the shaft. For the unfretted sur-
-face, the factor of safety is about 4, while for the fretted zone only 1.2
Assuming the factor of safety in case of fretting equal to 4, the all owable

shearing stress sz is as follows:

1.2 1.2 _ .
== SS = X 6797 = 2039 psi

o

sf
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S, = 40,000 psi

540X 1 T I | I ] I T I
& FAILURE LINE
wn

=4 _
g 30 FS
-
wn
O —
=
-
g
4
i —
w10 .
2 RETTED SURFAcE

| ] ] ] ] ] 1

10 20 30 40 50 60 70 a0 90  100x10°

STEADY STRESS, S, Syp = 100,000 psi

Figure B.2 = GCoodrman Diagramfor the Shaft
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The allowable torque that nay be transmitted by the shaft in case of fretting

Sep x J
- _Sf _ 459 _ .
T, = T = 2,039 x = = 168,310 lb-in.

and the maxinum horsepower capacity of one bevel gearbox is

168,310 x 1,572
HP = . ! =
max 63,000 4,200 hp

As the last alternate design lint, consider that the fretted zone has been elinna-
ted by removing 1/16 in. on the radius and the alignnent of the gears with respect
to the shaft has been provided by body-bound bolting.

The new shaft diameter of the shaft d = 10.875 in.

| = The nonment of inertia of the shaft cross section
4 4

I = 0.049 (10.875" = 10') = 195 in.4

The bending alternate stress

138,600 x 5.438

Sy4 = 1% = 3,865 psi
The polar noment of inertia
J=721=2 %195 =390 in 4
The steady shearing stress
_ 561,069 x 5.438 _ .
5, = 390 = 7,823 ps

The shearing stress induced by the alternating torque

S _ = 0.2 x 7,823 = 1,565 psi
Sa
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The conbi ned bendi ng and shearing alternate stress on the basis of Equation (B.3)

Q

5, F -VQ1.87 X 3865)2 + 3(1.7 x 1565)2 = 8570 psi

The point representing the condition of stresses in the shaft is now Point B, Figure

B.2. The factor of safety with respect to stresses at Point B is about 3.55.

Assuning the factor of safety equals 4, as in the case of the fretted shaft

nmaterial, the steady shearing stress

SS = 8570 x éjéé = 7605 psi

The shaft torque capacity based on the above stress

~ 7,605 x 390 _-.,c 475 4, _.
T - 5 438 - 545 lb_ln‘

and the horsepower capacity of the gearbox

_ 545,475 x 1,572
Hp = 63, 000

= 13 610

If the AGEH-L gearboxes (or simlar designs) are to be used in the future, certain
steps should be taken to elimnate or alleviate the fretting corrosion. The
fretting corrosicn was believed to be caused by the menbrane node vibration of the
gear flanges and torsional vibration of the gear assenbly. This hypothesis was
supported by test results of simlar bevel gears built by GQeason in 1964 for a
500-ton hydrofoil concept. The reconmmendation to introduce the body-bound bolting,
proper distribution of the conpressive stress over the contact area on the flanges
and stiffening of the gear assenbly by addi ng clanmp straps under the bolting, were
proposed by the Navy in 1975.48 These recommendati ons were supported in the GE

final report.
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