AMERICAN CONSULTING ENGINEERS COUNCIL'S

HEAVY MOVABLE STRUCTURES
MOVABLE BRIDGES AFFILIATE

SBRD BIENNIAL SYMPOSIUM
NOVEMBER 12TH - 15TH, 1990
ST . PETERSBURG HILTON & TOWERS

sS7T. PETERSBURG, FLORIDA

SESSTON
WORKSHOP NOTES

Session (5-9)

"State Of The Art Mechanical Gear
Systems" R.L. Cragg, Engineering
Consultant, Maple Glen, Pa.

Disclaimer
it is the policy of the Bff:l-ation *a provide & mean for informatian interghange, It ZOES NOT
srapagaie, recgtmend or endoree any of the information inoerchanged as Lo re. lates to fzalEn
t POSIUT 3nd/or sont a,:=“ hereln. Al. Zata

Princlp.es, processes, or products presented at The Sy
are the author's and NCT the Affiliation’s. Application of information interchanged s the

responsibility of the user to vaiidate and verlly its INIegrity drior 1o use.



STATE OF THE ART MECHRNICAL GEAR DRIVE SYSTEMS PaGE 1

im the irntroduction to Volume II of his book, "MOVABLE BRIDGES.
Otis Hovey, Assistant Chief Enginger of American Bwﬂdm S at
the time, has outlirmed +the desireable characteristics of the
.
1%

machirnery to move the sparn. fmorng other things he points ou

- the machirnery should be laid out in the simplest possible wav.

~ the machinery should be such that the rnumber of parts is
small.

—~ gach part should be of the simplest cormstruction to do the
Wk,

-~ the first cost and mainternance should be mirnimum.

Although these instructions were writtern over sixiy yeEars &go
they are surely just as true today as they were in 1327,

Orice movahle bDridges advanced beyond the stage of a 1og
positiorned across a gully, or a glatform croszsing the m@oat
survraunding a8 castle and the ouwaint, marually lified sparns  so
popuiar across the carnals of the Netherlands it is logical the

Evipiveere and Desigrners selected pears as the heart of the
machinery systems to move the spans.

Ofter all, gears are cocne of Man’s oldest mecharical devices, they
have served Mankind for over ZO@E vears, they areg ome of the most
masic machirnery glements. indeed, irn Charlie Chaplin's movie,

Predern Times” were symbolized with gears and pinions: Aube
Goldberg?’s offspring, the recerntly oopwlar childrern’s oamns
"Mewsetwrap"  included a tvpe of gears; ever the service organiza-

tior Rotary Irtermational is identified by a gear symboly  many
advertisements ivclude gear meshes and outstanding coroorations
such as XEROX include gears in  their corporate publicity o
convey the assurance of successful entities working ftogether.

Gears are certainly ore of fhe most  recognized machine elements
and create impressiorms of positive action, coordinated movement,
repeated accuragy and efficiency in the public mind.

They have instilled respect and confiderce in reliable operfor-
marnce arnd integrity of operaticn. It is no wonder Engivgers chosg
them to move the massive soans of the hizghway and rallvoad
bridges in their crossings of ravigable waterways throughout the
United States arnd the World.

Today we are going to look at gear driven movable bhridge coerat-
ing machivery systems and find out ust what & State of The Art
System locks and scounds  like, what compornernts 1t ivecludes  and
what maintemance it reguires.

Basically the ogperating machirnery is & simple , straight forward
system that converts a moderate rotaticral soeed, iow torgue
ivput to & low speed, hiph torocwue oubtput. It comsiszts of o

1. A prime mover such as  an electric motor, inteernal combustion
erngine, sSteam srngine or even animal or human powsr that in-
tyraguoes rotary motion o
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2. A series of pinicns, gears and shafis that reduce the speed
ard irncrease the torgue to a firal member which introduces
moticr to the span.

Such a system is shown schematically in Fig. 1. Of course, hers
we aleg see the asscociated compomente of bearinps to support the
shafts on which the gears and opinions are mounted, couciings to
Jain the shaft ends ftagether and a brake. This basic sysienm
permits easy modification to meet the rmesds of variocus design and
cperating  reguirements. For  instarce, when fTwo pirnions  are
recessary, it is easily accomplished by merely adding anosther
shaft extension with the recuired gears, shafts and bearings; and
wher load sharing is reouired a pgear type differential is inco-
roorated. {(Fig. 2)

Notice the basic system is suitable for use on any tyoe of bridge
~ sWirng, bascule or vertical 1ift . OF course a vertical 1ift
would not  incorporate a differential; but, as has been oointed

cut, this does rnot change the basic system.

The folliowing characteristics arnd berefits of gear drives ar
recognized to be of prime importance to movable bridoe operating
machirnery : :

They are rupged and deperndable.

They are forgiving arnd carn sustain substarmtial abuse

without catastraophic failure.

2. They reguire little mainternance and what mainternance
is reguired can be dome without the aid of hichily
traived technicians.

4, They are capable of handling shook loads well i excess
of their desipgn capacity without failuwre or evern oermn—
anent damage.

5. Orice the ratics are set they do rnot change so that
motions argd repistrations will repeat themseslves time
after time after time.

£. The components lend themselves to shop aszemnbly inta

cammon: Frames and oanto olatforms so that accurate alic

ment is prossible under shop conditions which also simoli-
fies field installation.

3 e
.

There are few records concerning machinery on many of the sarly
movable bDridges in this country; therefors, I'm rnot certaio Just
wher the first gear set fourd & home on onge of these struciures.
However, as the railroads pushed westward, &s eleciricasl power
becamse available and was distributed and as the use of the

glectric motoy became feasible s was  the popular agolication of
geare to movable bhridoes advanoed.

As a result, mamy bDridges desigrned and completed in the 188&°s
and 18%9@'s were eguipoed with gesr drive sysiems.

Scme of these were rim-—bearing swing spanms -~ and many are still
in use today. A typical desiprm  would house the motors  and con-
trols topether with the orimary gear reductioms v the machinery
house, located iv the middle of the span above trachk level. Two,
or more drive pirvnions  were novrmally used so that & differential
mechanism was ircluded in the system. Trarnsverse shaftis extended
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fraom the differenmtial output shafts +to bevel gear sets, fre-
guently miter boxeg, that trarnslated the rotation from horizon—
tal shafts to vertical shafts. Additiconal gear reductions  were
included, if reguired, in comtinuing the drive to the rack pinion
shafts. {(Fig. 3}

At this time gears were sxposed and the shafis sugported on cast
iron or Babbitt bhearings, axial location was maintained by thrust
faces o the bearirgs and gear hubs or shaft sheulders. It was
pormen to of fer some protection to the upper ends of vertical
nirnicns by providing a cover, or shroud, fc help keep junk  from
erntering the mesh. 05HA was not in business at the time &0 o
orotective gear gurards were reguired arcund  the oopen  gearing,
poplings and other rotativng eguipment. bear type couplings were
some time away in the future so shaft ends were Joirmed by rigid
flange, sieeve or Jjaw type couplings.

£ swinmg bridge of this pericd is the Chicago, Central & Pacific
Hailroad bridge across the Missourl River betweern Courncil Bluaffs,
Iowa arntd East Omaha, MNebraska. In additiom to the fact 1t 1s wold
- egrected  in 18393 and still operating umtil Junme, 1388, when a
tornado caused the destruction of several rack armd track sections
rerndering it incpgerable — it is an interesting installation since
the crossing consisted of two swing spans, each with its  pivet
pier ov  the river barnk and havivng a common rest odier in the
middle of the river.

The East sparn 1s cperated by two separate electric motors driviesg
gears on a common shafi. The second redugtion bull gear incor—
porates a twe piviorn, Devel pear differential whase two cutout
shafts gach drive & set of miter gears inmediately Followed by
ancther vertical shaft spur gear set driving a vertical shaft to
a pirnion which is meshed with two gears on the rack pinion
shafts. Thus there are fouwr rack pinions driving the span. Load
sharing betweern each set of ftwoe pinices is  achieveo by tne
differential irn the machirery house, but rmno  load sharing 13
orovided betweern the two rack oinions at ome locatior.

Mow  remgmber, these photos show eguipment -  gearsg, bhearings,
shafts, couglings — that have rendered rearly 1806 years of
service. Machirnery exposed to the elemenits - vrailn, Srnow, dirt,
pigecon droppings - bearings havimg years of accumulated dirt and
contaminated grease piled high on thelr worling surfages. The
Fart this machinery has comtirnued to word  under such  adverse
corditions i a tribute to the erncirneers for desigring such
rugged eguinment, & commendaticn fTo those who Duild and installed
the eouioment Tor the gquality amd irteprity of their workmanshio
arnd a testimony %o the reliability and soundrness o The gesar

drive sysiem.

With the materials harndling egulomernt and the tococls of the geric
it was & remarkable feat just to get the machivery inm slace. Thi
was a cumberscome imstallation; each gear and simion had to b
individually alipned, each bearing positiorned avd shimme QFQDEV“
ly ard all mounting beli heles drilled and reamed in tue ?ield ¥
assure correct fits with the mourting bolts. The rumber of aiece
was great and installation time considerable.

N
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Maintenarce costs, other than occcasiomal iubricatiorn, have been
mimimals; yet the machirnery corntiviued to do its Job until cutside
foreces interrupted its operationm,

Similar opern gear drives were used on bascule ard vertical 1ift
oridoes.

fis time went on someorne got the idea to  incorporate the gears,
shafts and bearings intoe arn enclosed housimg and ~ Loty a Speed
Reducer: Babbitt bearirngs yvielded to brormze bushings and they o
self-aligrning, sealed, amti—-friction besarings and rigid couplings
disappeared irn favor of flexible grid and gear couplings. Inac~
curate cast tooth racks ard composite tooth form gears were
replaced by gears having accurate, gpenerated involute orofile
teeth: shafting materials have improved arnd the mechanical
machinery systems rnow have even more veliability than those of a
century ago.

Today's State of the Art Gear rive System basically is notb
subhstantially different from earlier mechanical systems: however,
it is supericr since it includes @ improved materials:; more
accurate manufacturing arnd guality assurarnce; advarnced desion
considerations; a better understanding of the coeratirng reguire-
merts and specific features espercially included to satisfy the
reeds of the 1ob at hand.

Rather than re-invernting the wheel, peEar drive systems have
prafited from the experiences of thousands of mecharnical, heavy

movable structures, machirnery installatiorns. Thess systens
recogrnize  that  the object is to move the siructure from one
positicon to ancther -~ opern or close the spam — in the easiest,

most reliable manmer possible without the aid of complicated,
sophisticated, sensitive ecguipment betier sSuited to iunar land-
irngs or submaring excursions.

Machirmery systems should be desigred with several coals in mind:

Simple, uncomplicated desigr.

High overall system efficierncy.

Easily irnstalled.

Readily maintairnsd.

High reliability.

Econcmy of over-all cost. .-

LA - PO VI

3

With these geoals highlighted let's take & look at today’s mecharn—
ical, gear drive system. The prevailing Standard Specifications
of both AAEHTO (2.5.1) arnd A.R.E.A. {(E.5.58) set the stape for cur

comsiderations, foor they state: "The machinery shall De  simpl
and of substamtial comstruction.

For  our investigation we shall use a represertative deive as
showr: inn Fig., 4. The overall ratic of £#38.6:¢1 is accomplished in
ome, Cifferential, cuadruole redurcer. Two @ HMP drive motors are
coupled directly to the iwnput shaft, brakes are also locatec on
the hiph speed shaft and the outout shafts  are coupled to float-
ing shafts which cormmect directly to  the rack oinions. Spherical
Roller Bearirng Pillow Blocks supoort the twe rack pinlon shafttis.
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This system is pertainly very simple, for what could be more
direct and basie. Notice that the only cpen o exposed pears are
at the rack/rack ginion interface; cormecting shafts are "float-
ing”, thus elimiwating the reed for additiornal bearings anc
supoorts; Flexible counlings unite the shafit ernds so that precise
aligrmment is rnot beyornd reasonable amounts achievable in the
field. Irndeed a simple, prapmatic approach.

High Overall System Efficierncy

The machinery is desigrmed and sized to move the span  agairnst
frictional resistarces, ingriia, ard  unbalanced conditions
ivcluding various wind, srnow and e locadings. Certain of the
frictional considerationms are cutside the ecuioment ithat causes
the sparn to move {(i.e. The losses developed by trurmion bearings,
center bearivgs, balarnce wheels, rim vrallers, the berndirng of wire
rope arcund drums, flat and cuwrved track plates, stc.) arnd are
present no matter what type drive is used. However, the friction
irtroduced by the members of the drive system vary depending upon
the eguipment selected. Desirably the eroineer will select com—
povernts to maintain the maximum overall system efficiency.

A.RVE.A. and AREHTO pgive certain coefficients for the DbDearings
and gears to be used iv determining the machinery losses: sleeve
hearings ~ 2,85, anti-fription bearirngs - 2.%1 ard open gear sets
- &. 9.

The efficiency of this machinery, as an coen pear tyoce drive,
would be calcoulated at  about 36% following A, R.E.Q, and RASHMTO
values, However, by using speed reducers and mournting the shafts
an anti-friction bearirngs the losses are now only 1% oer reduc—
tiem, argd the overall efficiency is now about 9%,

Easily Installed

Field installation of today's machirnery 18 eased considerably
sirmce shop assemblies are made of  the major components and field

work is held to a minimnum.

Tr this case the reducer, motors, brakes arnd elecirical control
devices are mounted on a commor 2latform. The oinion bearings are
secured to the structure afier aligming the rack and pinion
Aligrment of the main machinevy frame is  thern made with the
cimion shafts arnd the Trame orouted ard bolted to the sier.
allation of the rack pinion bhearingz has oeewn made easier an

way Seidgss since  AABHTE now  recommesnds providing s

1
noles iwm the housing feet  of ardi-fricticon bearirg 2
o

1

i
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mlace all Four reducticons in one reducers,

Denergding Upom the avallable room, and ofther cowmsiderations, one

orimary ant two secorndary reducers could e ugsed without decreas-

ing Fig. 9). Ivstallation Drocegures
Eny

n the overgll esfficiency (Fig.
would e similar, ZHosdt that the sscondary  reduycers would  be

vl
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aligred with the pinion shafts first and then the primary reducer
sssembly aligrned and installed.

Other fpatures may be included in the soeed reducer to reducs the
rumber of parts that must be put together ivn the field., For
gxample, an emergency drive shaft can be orovided at  little
acdditional cost. This shaft is suitable for hand cosration,
grivimg with & portable preumatic o hydrawlic moetor or an
electric drill. Whern this feature is irncorgorated a safety inter-
oeR switch is snaa1ieé ov: the shafi end cover to prevent acci-
dertal starting ]
shaft is i use.

Readily Maintaired

Mairtaining an enclosed drive such as this is opretiy  much rele-
gated to pericdic audic—visual survelllance, lubrication of tne
bearings, CoUDIivIZE, soged reducers and rack/rack oivicons as

desigrated by the marufacturer and, of couwrse, houseksening.

e soec: ‘zlized eguilpment, gages or instruments wor techrnically
med oersonmiEl are necessary to competently maintain the

Bearings and c&uﬂllﬁga must  be abssrved visuwally to assure the
seals are retalrivng the grease and that the fasterers are tight
arnd not  detericrating through corvosicon. Ond, of course, Lhey
rmast be lubricated periodically.

The gears in speed reducers are automatically lubricated by
ther a gpiash or ocirgulating svstem. In most cases the bearings
are lubricated in the same way. However, some times  this is not
nossible and separate grease Tittings are provided to lubricate
the beqwzﬁfm. The Ilubricatinmg oil im the reducer reculires per-

iogdip chanmging, Just like the oil in orne's car.
Tver a opeEriod of time it becomes dilubted, acoumulates Torelion
materials armd locses 1its ability to effectively Derfarm its job
™ ary wicely From summer to

Also, where the ambient temperatures v

orade of odl is mot suitable.

Nhserving the oil level in a soeed regucer 1= normally dorne by
a o i

mirding the sight level pape or using a dig-stick; howsver g
car be moritored at the ﬂmeratgr’ﬁ Corveole by lopatisg am ol
level senzor  in the reducer casing that will send a signal when

the level is Iow.

High Relial

i Ay

ilii"
ibe

tziky

i’“'

Bear drive systems have already establisghed their reliablility
through the many yeares of service they have fulfilled. Today that
reliablility is ircreassed for ssveral reascms:

+

Hoth AASHTO anmd ALRGELA. reguire soeed reducers to be desigred in
conformance with Smevican Gear Marnufacturers Oescociation Starnd-
ards. SABHTD goes ore stepn further ard imposes this same recuire-
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mert on opeEw dearing alsco. The two appropriate stardards conmgern—
img spur arnd helical gears are ANSI/ZAGMA 20@L1-BEBE (& revisiorn of
aGMA 2:18.21), for evaluation of opew gearing, and AGMA 420, 84,
for speed reducers.

These standards represent an advarncement over the modifised Lewis
Formula used for determining the allowable loads  orn gear teeih
ser RABHTO 2.6.12 amd A, R.E.A. 6.5.153, They take inmtc account the
Beometry Factors, Dyramic Factors, Load Distribution Factors and
other conditions that influsnce satisfactory gear set nerformance
iv ratimg each reducticrm for SBurface Durability (Pitting Resis—
tarmce), Bending Strennth and Yield Strergth Hovsepower, In most
casgs or movable bridgee the Surface Durability FRatimg is  the
critical conmsideration.

fAdditicrnally, most speed reducsr marnufacturers make ample orovis-—
iorn to hamdle instarntarnecus overloads without damage to the unit.
AEME Stancard 480, @04, Bectiow 4.7 suggests a maximum momenitary or
gstarting locad of MQQ% rated load. However, the spesd regucsr
oroduced by most manufacturers will  permit much higher loads
without destroving or vendering the umit incperablie.

Armti-friction bearirvngs used in the speed reduters asz well as
thﬂa susporting the variocus shafts are sglested with a minimum

ife expectancy of 42, 202 hours. Now, a 40,208 hour mivimum life
t”aﬂ lates to about 10 vears for a span cpoening L1008 times a
morb b,

Ivy & similar marmer the shafts and couolinmgs are desigrned o
accommodate the loads develoonsd at 158% full rated motor torguse,

Certainly, high reliability is assured.

The availability of a greater variety of rot only  raw materials
bot also improved commercial oroducts has orovided the emoginser
much greater Flexibility ivm desipr. This is particularly evident
iv the steels used Tor gears, pinions and  their susoorting
shafts.

Proper selegction of steels with suitable responsse to haau treat -
ment assists irn obtairvning Ffulfillmenmt of the reculred soeciftica~
tions., In speed reducers this is especially  imoorftant since the
gllowable stresses are a Tunctionm of fthe material hardress amd it
is eszential that those hardresses e achieved.

The samz is  frue of shafite, counlings amd bearings. Ire the case
of bearirngs the very hlgh reliahility amti-frictiorn units achieve
contributes significantly to increasing the irntegriiy of  the
system since they do mat "wear" — that is, increase their interr-
al, or rurning, clearanges - as slegeve bearings do. BArocorginzly,
arnti-fricticn bearings will mairmtain the correct cernitegr distances
iy gear sets and assist in reducinn sccelerated tauth wWear.
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mMavufacturing procedures have alsc been refired so that surface
finishes, tolerances and guality mot fouwrd  in early eguipment is
rot only achievable but stamdard practice today. For  instancs,
large diameter, coarse pitch rack teeth the were orevicusly
imaccurate, Yas cast" teeth are rnow grecise, peneratec or form-
cut teeth holding AGMA, Guality & or better tolerarnces.

The Sottom 11 il these cornsiderations 1s lornger, more
trouble-free 1ife and higher reliability.

Ecomomy of Over—all Cost

At Ffirst glarnce 1t might appear that a gear drive system is more
costly tharn a hydraulic system sized forr the same operating
conditions.

We all agree the origimal orice of the hardware is probably less
for hydrawlic egulipment, How much lese  becomes somewhat of  a
oroblem to identify due to the mamner in which the bid items ars
defined. For instarnce, many times the coperatinmg machinery is
lumped topether with the trurmiicn assemblies, lock machirery and
imstallation costs. Thus the actual hardware cost of the machin-
gry is combined with other related and ron-related costs.

Ogditiornally, hydraulic and mechanical reguire differemt struc-
tural attachmernts as well as pier desigms that dom’t even show up
iy the machinery package costs. Together with this are the anmti-
cipated maintemarnce costs - historically they are  known for
mecharical drive systems but they are Just rnow being accumalatsd
for the few hydraulic systems in coeratior.
Daramournt in determining maivterance costs 18 DEFrSOMNEL EXDETNEES.
fre our presernt pecple able to do the Job? Will  they reguire
gpecial Training? Will additiornal oeonle with other skills be
reguired?

Other costs that canm be sigrnificamt iwclude those associated with
maintenance of traffic in the event of a seriocus breabkdown. Past
superignce indicates it is & rare possibility that such an event
will ooouwr on a mechanmical system. The irack recort on hydraulics
iz not yvet esstablished.

Useful 1ife of the machinery also has & osart i its cosi. Every
day traffic iz goinpg over arnd under moevaikle bridges fthat have
heer in service S8, &8 . 72 or more yvears and are still ocperating
with the origimal machinery with few, 1f arny, replacement 2aris
and  svern scant malinternance, Today's systems will serve sven

IO eT.

The fact of the matter is the true costs of & system consist of
marmy elements: the oposts of - original havdware, siructural
attachmerts, nalinternarnces, renair and replacement, Dublio incorn-
verience and useful life exgectarncy.

Iw summary, the sSresent gay gear drive system offers fthe owner
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comfort in the fact that it is simple, assures high system ef-
Figiency, 1s easily installed, readily maintairned, very reliable
armd most economical in over—all cost.
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