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ABSTRACT

There are many types of couplings used on high p _ro mance
turbomachinery. Explained are the differences in the various styles
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and configurations, and when one is preferable to another in certain
applications.

INTRODUCTION

There are three main types of high performance couplings: high
performance geat, disc, and diaphragm. There are also high per-
formance quill shaft and elastomeric designs. Furthermore, these
can be in various combinations, especially an clastomeric on one
machine shaft and a gear, disc, or diaphragm on the connected
machine shaft, or even a gear type on one shaft and a flexible
clement disc on the other.

So, what is a high performance coupling? What is the difference
between a high performance coupling (also called special purpose)
and a general purpose coupling? Once a train designer knows that
he needs a high performance coupling, which type of high per-
formance coupling should be selected? An improper selection can
mean years of troublesome operation. These topics are discussed in
this tutorial, along with design details and failure modes.

OVERVIEW OF FLEXIBLE COUPLINGS

Historically, rotating equipment was first connected by means of
rigid flanges (Figure 1). Experience indicates that this method did
not accommodate the motions and excursions (that is, misalignment)
experienced by the equipment. Shaft and flange fatigue failures were
frequent. Then flanges were made thinner, which allowed them to
flex. From this start, the design of couplings has evolved to the many
types and styles of today, all used to transmit the maximum amount
of power while accepting the required amount of misalignment.
(Note that nowadays, rigid flange couplings are still used to connect
equipment that experiences very small shaft excursions.)
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Figure 1. Rigid Coupling.
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Figure 4, Failed Gear Coupling.
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Figure 5. Fqguipment Failure.
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Figure 6. Equipment Failure—Broken Shaft with Coupling Hub.

it riant for the equipment or system designer no
It nportant for th 1enl or system designer not o

con! oo T2 Ycoupling misalignment” capacity versus
“equipmer ~lignment t~ srance.” The capabilily of a coupling

ts usually ool ancaily hi 7 L than the equipment can aceept.

1ypey of Couplings

<o o couplings can usually be classified two ways. They can
be cli. 7 "Ly how they function or their usage. As to how they
funcder =+ < 1 be classilied into three basic functional types of
flexible coupli.. s:
® Mechan  |element
® . luow oo cle ent

e 7 . llic element

v~ wrhenical ¢ nent type ¢ nerally obtain their {lexibility
fre.1leo « Lo v p @ ccrolling or sliding of mating parts or from
both. 1 “o.lec mon ‘, . arc the gear coupling and the grid
coupling. Th - usually requuc lubrication unless one moving part
Isma ~ofa ate "al that suj plies its own lubrication need (e.g.. a
nylon “¢o alne). The ewastomeric element types obtain heir
Cxdhine, Comostretching or compressing a resilient malterial
(rut, pu e ete). There w e two basie Lypes: the shear type and

T COL.,... ontype. The metullic element types obtain their flex-
ibuity fro - th~ 1/~xiug of thin metallic, disc, or diaphragms.
Tho.. @ oves 100 variations of these types of couplings. The

L oserve two basic types of applications. These can
be browc. mto Lwo calegortes:

-

° ral .. > . couplings

e Special purpose (high pc vrmance) couplings

Toosn Tk CA 35T L O GoHIERAL PURPOSE
COUITTIS D ST TIAT TT RPOSE COUPLIN S
Generval Purpose Couplings

I .ose coupli. i oare used on pumps and other
cquinin e et 1f shut down will not shut down the plant or the
proc_... oy are mainly low speed, gencerally motor speed
designs. sany ou - coupling, these will transmit torque from
on shafttos " »rwhile allowing misalignment and axial motion
b twethe o= of the coupled shafts.

“oowndl purpose types are more standardized and less sophisti-
¢ 1 in &7 and are substantially cheaper and are used in
qre e b antially greater than special purpose types.

73l pwoose equipment uses couplings where the flexible
cler  can o ecay ine o doand replaced, sometimes consid-

A4 LTOW Lay Pe..o These types of couplings are usually very
ti o~ oadrequi  simple alignment techniques. It is usually suf-
ficient 1o al” .. omupment  th these couplings to within 0.001
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motors, especially synchronous o_. .. and also gas or steam turbines
at 3600 rpm or more. The horsepov s is usually in exec  of 1000.
Usually, for the reason of expen... hey are not spar d. Another
point is that although these machin~ are high powered. te2y are also
sensitive to almost everything in (".2ir environment. That ~. Jorces or
moments that would scem in-ignificant to high pov~ ~d mill
machinery become life threatenin : to sensitive machines. /. a result
of that sensitivity and the speed ar * “he power, coupling ¢t~ 1a for
the machines take on un entirely different perspective.

When the critical application is found in a refinery or refinery
related setting, the coupling comes under the API 6711998, Third
Edition, as of March 2003) specification. That sp. L.ic..ion has
definite requirements for coupling ~onstruction as w | as coupling
selection. For example, the < ociication calls out ¢. »in service
factors and certain torque se' ction variables. A disc or  aphragm
coupling selected for the continnous operating torque n° ht have a
service factor as high as 1.5, If selected by motor st raier than
driven equipment output it cot Jd be as low as 1.2, Transitory
torque may also be used for cc. lir  selection.

Note that a service factor is d (ned in API 671 (1998) as the
factor applicd to the normal operating equipment torque to account
for variations and unknowns in the machine torque loe” '~ on the
coupling. It is not to be used to «djust the coupling man. “acturer’s
coupling ratings, which are cov- ed by design factors 1 safety.

This is not intended to be inconsi.. :nt, but to encourage a dialog
between the equipment designer - | the coupling manufacturer.
That dialog is necessary. Too much coupling can cau « operational
problems and high cost, just as too little coupling coula  iltmma
failure (Figures 10 and [1). Paragraph 2.1.1 of API 671, Third
Edition (1998), lists all the specific selection criteria and which are
used under what circumstances.

Figure 10. Gear Coupling Fuilure.

Figure 11. Diaphragm Coupling Failure.
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Whether the coupling is a gear type or a flexible element type,
the mcthod of attaching to the machinery on either end can be
flanged or a hub mounted on the shaft (Figure 12). API 671 (1998)
allow~ cither method by specifying the responsibility for flange
dimensions and by specifying fits on hub type mounting. American
Gear Manufacturers Association (AGMA) standards such as
AGMA 9002 (1986), “Bores and Keyways for Flexible
Couplir, .,;” and AGMA 9003 (1991), “Flexible Couplings—

~yless 1 -, cover hub fits, as do particular equipment purchaser
or cnd uscr specifications.

. HUB TYPE
FL*" "ED TYPE

Figure 12, Flanged Connection and Shaft Mounted.

1

- SHAFT * JPLING

If it were not for the misalignment inherent in the machine
installation and the movement resulting from thermals and process
char ~~~, we would bolt the two machines together and be done
with 1t. The next simplest coupling to use would be the quill shaft.
While it is simple, lightweight, requires no lubrication, and is
inherently batanced, the quill shaft has some limitations that are
difticult to overcome.

The quill shaft design is commonly used on large industrial type
gas turbine-generator applications (Figure 13). It consists of a high
strength cylindrical cross section piece with flanged ends (Figure
14). The shaft is sometimes connected to the flanged ends by a
spline connection. That type of coupling would not meet API 671
(1998). The narrow cylindrical section is flexible enough to handle
some radial and angular misalignment. The length of the shalt
determines the amount of misalignment.

Figure 13, Gas Turbine That Typically Uses Quill Shaft Coupling.

. _.LSHAFT| .. LIGNED

Figure 14, Quill Shaft Coupling.
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Figure 17. Marine Style Gear “oupling Generally Continuous
[ ube but Also Used in Pack Lu d Configurations (Accessory
1 dves for Gas Turbines).
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Figure 18. Spacer Coupling Generally Used in Continuous Lube
Configuration.
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e 190 Spacer Coupling (Continuous Lube) with Reduced
Yeerhung L roment on Connected Shafts, Most Conunon High
Performance Gear Coupling in Use.

fle »= at either end and a new onc installed, and it is - pecially
dlicuble for shipboard (marine) anplications whe  the drive
¢ un cannot be down for any sz ficant length or time. The
removed center spool can then be i paired at a more convenient
time, once the train is up and running.
A reduced moment style coupli: . has the flexing elements—
o 1r teeth—mounted on the shal™ h ps, with the flexing cle.nents
ocated as close to the equipmin bearing as is prac ' (] igure
1%, In this configuration, the eft etive center of gravity of the
coupling is moved closer to the bearing, resulting in a decreased
overhung moment. The amount of this moment directly affects the
lateral critical speed of the equipment rotor, and therefore affects
we o onsitivity of the machine to unbalance. The larger the
overhung moment, the fower the _.llical speed. Since many high
wformance compressors opera  between the first and second
ritical, too large an overhung moment could place the rotor
second critical near running speed, and without adequate damping,
vibration problems could . eult.
*n cxa ~ple of a high performance ar coupling application is
.« Frame 5002 go< turbine (17 urc 20). A gear coupling is

wypically used betv cn this ture .- and whatever it drives: gear

box. compis sor, generator, or pun ).

“ure 20. Typical Gear Coupling Application.

This gas turbine has a 30 year history. During that time, the
horsepower of the turbine has almost doubled. The ¢ _ar coupling

JRMANCE F. ..
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for this application has been changed to keep up, through design
improvements, without changing its size (Figure 21), Higher
strength materials are one change. The geometry of the crowned
tooth was improved, for another. The tooth spacing and profile
were also improved by lapping the scts together.

N
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Figure 21. Typical Gas Turbine Load Coupling.

These gas turbines also use gear couplings for starting and
driving the accessories (Figure 22). In that application the
couplings are required to tuke high loads at start up and must
accommodate large axial movements (/2 inch to | inch), while
having very low axial reactionary loads.

Figure 22. Typical Accessory Coupling.

[t is important to note that gear couplings can be configured to
mect many specification requirements beyond the usual torque and
misalignment. The spacer piece can be modified to achieve various
torsional stifiness requirements by changing the diameter and
length. The coupling can be built using lightweight strong
materials like titanium alloys to reduce weight. When built with the
external gear teeth on the spaccer piece, a marine style, the replace-
ment of wear pieces is easicr. It is not unusual for the coupling to
be built with external gear teeth on the outer sleeve to accommo-
date a slow speed turning device. Gear couplings have been made
with attachments such as torque measuring devices.

Design Considerations

Criterion number one under high speed applications and high
power considerations is to improve the life of the coupling torque
transmission surfaces. For gear couplings, that is the gear teeth.
Tooth sha « and involute angle have evolved into the optimal 20
degree tooth angle. The geometry of the crowned tooth has
improved, »= nas the tooth spacing and profile by lapping the sets
together.

Also required are the best, most wear resistant materials. That
choice meant strength and hardness. Hard smooth surfaces also
reduce friction, but lubrication is important too. Alloy steel that can
be hardened to Rockwell C 45 minimum (required by API 671,
1998) or even higher is sometimes required. This is usuatly accom-
plished by nitriding the tooth surfaces (Figure 23). The harder the
surface is made, the longer the life of the tooth. Under that hardness
it is necessary to have a durable material (high tensile strength).

After the hardness. the most tmportant factor is the lubrication
of the mating or sliding parts. Low friction means less heat build
up at the surface, and therefore less chance for the surface to
breakdown or weld together. API 671 (1998) shows a preference
for continuous lubrication (Figure 24). That is accomplished by
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Figure 27. Start of Tooth Spalling.

Figure 28. Excessive Wear from Lack of Lubrication.

Under extremely high misali~ cnt, tremendous forces are
transmitted to the connected .aufts and bearings through the
couplings. This is cspecially true for a gear coupling * ¢ has up
to 10 itmes the bending moment under misaligr 4 conditions
comparcd to a metallic tlexible element coupling. 10 damage
can result if the situation is not r ~ ified (Figure 29).

Figure 29. Broken Hub Through Kevway.
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THE 1 <{TALLIC FLEXIBLE
EL" . 1T COUPLING—DISC

There are thousands of high performance gear couplings in use
today, but ncwer applications use disc or diaphragm. Although
similar, diaphragm and disc couplings are not the same. Both types
of couplings can do the job in most cases, but there arc some
instances where one is technically preferred over the other.

} etallic flexible element couplings, that is, diaphragm or disc
couplings, rely on the {lexure of metallic material to accommodate
misal znment and axial displacement of shaft ends. They accom-
moda.. .his flexure differently, however. The diaphragm couplings
accommodate flexure from the metal betwecen its outside diameter
(OD) and inside diameter (ID) (the flex element, shown in Figure
43). Disc couplings accommodate flexure from the metal between
adjacent bolts—the flex elements—that are attached to opposite
flanges (Figure 30). Optimization of the flex elements can produce
drastically different capacities and characteristics  between
diaphragm and disc couplings of the same OD.

Figure 30. Disc Coupling—Note Alternating Attachment Fasteners.

Operating Principles

The disc coupling is one style of coupling used to replace gear
couplings on special purpose machinery. The principle of operation
is that torque is transmitted through a tlexible element by tensile
loading between alternate bolts that are on a common bolt circle.
One of the alternate bolts 1s the load transmitter, and the other the
load receiver. They are fastened Lo opposite sides of the torque path.

The misalignment is accommodated by the flexing of the
clements between adjacent bolts (Figures 30 and 31). The clement
must be thin to be flexible. Stacks of elements provide parallel load
paths, and the diameter of the bolt circle is an indicator of the
amount of torque 1o be carried. The amount of misalignment is
related to the chord lengih between bolts and the thickness of the
dises and disc packs.

Figure 31, Disc Coupling.



WHATARETHE D1 . _ ENTC 5 INHI . <

Designing for strength is a function of the disc pack ruawenals and
the shape of the disc at critical points such as the bolt attachments.
The high performance discs are made from cold-rolled : tinless
steel (generally 300 series). Special discs are mace ol “.onel®,
Inconel®, PH stainless, and other special materials, Sc = 1c- uiscs
are coated to minimize or even eliminate the effects of fretting at
high angles. Corrosion, if it is a factor, 1s controlled Iy material
selection. Bending, which comes from the misaligi vuc ' is con-
trolled by geomeltry, individual disc thickness, over Il disc pack
stiffness, the number of bolts, and the fatigue strength " the design,

APIL 671 (1998) covers the stre..ot” issuc by specifyir  a fatigue
factor of safety using the proportional increase me  Hd with the
modified Goodman diagram or the constant life cuivee Those ref-
erences are used with material fatigue strength .nd ultimate
strength. It is an issue best left to ~c coupling designer, but onc for
which the designer needs to have complete application informa-
tion. Axial movement, axial thrust, and maximum allowable
angutar misalignment are important to know when a ro pling is
selected or is being designed.

The criterion for coupling selection for torque requin 1ents
versus torque capabilitics is again © »d on paragraph 2.2.1 ¢ API
671 (1998). For the disc coupling it *5 important to und” aud and
know the misalignment requirements intermesh with t : torque
requirements. The angular misalignment and axial d'  1acement
both distort or bend the elements. With each revolt won of the
coupling the bending from misalignment is reversed or _.._d. That
bending is the source of the fatigue loading. The coupli *2 manu-
facturer will help select the coupling so that the ofiic s of the
bending are within the coupling capabilities.

The coupling manufacturer can ¢ .o provide various charts to
show you the coupling capabilitics. 1nose capabilitics can include
the relationship between parallel offset and/or ang. wr coupling
misalignment and axial misaligni 1t (Figure 36). O _r capabili-
ties and restrictions would incluac the axial thrust versu- axial
displacement (Figure 37). Each of these item 1s need 1.0 be sure
the right size and type of coupling are selected and ‘o sure the
designers and operators of the equipment train are avee > of the
coupling capabilities and Hmits.
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Figure 36. Coupling Angular Misalignment Versus Axial Travel.

Disc Coupling Failure Modes

Flexing metallic element couplings generally fail in either of two
basic causes: overmisalignment or overtorque. Over-misalignment
generally means excessive angular or parallel offset misalignment,
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Figure 37. Axial Force Versus Axial Displacement.

with or without exc. ive axial misalignment. There are, of course,
combination failurc -, misalignment and torque, but there is usually
only onc that is primary.

An angular misalig 1ment applies an alternating stress on the
metallic flex ble elern it or elements. The element(s) bends back
and Dyrth each revolution to accommodate the machinery angular
or _ wallel offset misalig iments. So the failure mode from these
exc. «'ve misalignments is bending fatigue.

As mentioned before, one of the bencfits of multiple disc pack
couplings 1s multiplicity. If one or a few discs break, the others can
still carry the load, at least for a short period of time, depending on
the m: _nitude of the load. In a disc pack coupling, the outer discs,
the on... farthest rom the center of the pack, experience the highest
stre -~ from angular misalignment. as they are the farthest from the
center of bending.

So. 1f an outer disc breaks, the load is redistributed to the inner
discs, which then might have a higher torque load, but a lesser mis-
alig nment load. After enough discs break, therc can be enough
unbele ace to cause higher machine vibrations, so that a decision
can be ma "_ to shut the connected machines down and investigate
the proble 1.

Note in . igures 38 and 39 that the outer discs have failed. from
excessive misalignment, but the inner discs are still intact. The
connected machines were still operating, though with higher
vibration leve! = and were Lafely shut down.

Figure 38. Outer Disc Failure.
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They come in various profile shapes:
e Contoured or tapered (Figure 43 A)
e Convoluted or wavy (Figure 43 B)

e Flat-profile, spokes (Figure 43 C), or cutout (Figure 43 D)

[ G

N\

A -

D

Figure 43. A, B, C, D Diaphragm Profiles.

All shapes have some type of profile modification that helps
reducce size, increase flexibility, and control stress concer trations,
A contoured diaphragm coupling typically uses a sing'~ ¢ aphragm
“plate” for the flexible member: the plate has a contoured or a
wavy profile, which usually has a variable thickness from OD to ID
to provide an optimum stress condition.

A convoluted and flat-profile diaphragm coupling ty sically uses
multiple diaphragm “plates” that have a “wavy” pro. le or other
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modified profile. All types of diaphragm couplings attach the
flexible member to other components with bolts, splines, or welds,
and both transmit torque in the same manner.

Diaphragms are made of high strength materials. Some are
corrosion resistant (15-5/17-4 PH), others use high quality 4300
steel or other alloys and coat the diaphragms for corrosion protec-
tion. Some diaphragm couplings are shot-peened to reduce the
residual stresses that are imposed during the manufacturing
process and to prevent the development of surface crack initiation
points.

Diaphragm couplings use a single “plate” for the flexing
members; the plate is relatively thin and called a diaphragm. Each
diaphragm can be deformed much like an automobile axle rubber
boot. This deflection of the outer diameter relative to the inner
diameter is what occurs when the diaphragm is subject to angular
and axial misalignment.

Angular misalignment twists the outer diameter, relative to
the inner diameter, and produces a complex shape on the
diaphragm where it must stretch one way at one point and then
stretch the other way at 180 degrees. In between these points, the
diaphragm is subject to a combination of stretching and twisting.
Axial displacement attempts to stretch the diaphragm, which
results in a combination of clongation and bending of the
diaphragm profile.

Convoluted diaphragms accommodate misalignment somewhat
differently. They use multiple thin “plates” that are made to be
wavy from OD to ID. They react similarly to the contoured
diaphragm under misalignment except that they “unfold” the wavy
profile of the plates instead of stretching the diaphragm.

Types, Styles, and Design

The contoured diaphragm coupling has as its flexible element a
thin profiled diaphragm machined from a solid disc of heat-treated
alloy. This diaphragm is contoured so that it has a nearly uniform
torsional shear stress throughout the profile, which is therefore
thicker at the hub, or ID, and thinner near the rim, or OD (Figure
41). The purpose of contouring the profile is to keep the diaphragm
as thin as possible consistent with the transmitted torque. This
keeps the misalignment bending and axial bending stresses as low
as possible for a given torque capacity.

The thickness of a diaphragm can be changed to permit a
tradeoff between torque capacity and flexibility. A thicker
diaphragm has greater torque capacity, but is not as ftlexible and
vice versa. Smooth fillet junctions are provided between the
flexing portion and the rigid integral rims and hubs, which connect
to the rest of the coupling, to reduce stress concentration.

In one configuration, the diaphragm hub is electron beam
welded to the spacer tube in a permancnt connection (Figure 44).
In another configuration the diaphragm incorporates an integrally
machined tlange (Figure 45).

DIAPHRAGM

SPACER TUBE

ELECTRON
BEAM WELD

¢ - - -

Figure 44. Welded Design.
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1 gure 54, Marine Style Muliiple Flat Diaphiragm.

Fisare 55, Reduced Moment Stvle Multiple Flat Diapliragm.

Failures from angular misalignment start as cracks in the
diaphragm web. Axial misalignment can contribute to the stress
and { Jlure. thoneh it dec i not stre  the diaphragm in an alternat-
ing fashion (rignes  H, 5/, and 56). Finally, torque overload will
cause one or more ripples in the diaphragm (Figure 59).

©OLITATIOL 5 AYID TOMTIDERATIONS

In most applications, a well-designed high performance coupling
will 4 the job no matter which type or style it is. As long as it
me s the torque and misalignment requirements, and the weight
and any other mass elastic characteristic limitations, it will operate
v 1L as lon :as it i not operated oulside its stated limits. Cost and
delivery tuen becon » ~igiuficant factors. However, there are some
cases where one type of coupling or the other is well suited.

Labricated Couplings (Gear)

For m ny year., gear couplings have been used on steam turbines,
gas (e-oines, compressors, and pumps. When the horsepower,
p- < and eperating temperatures increased, many problems with
- coupling -~ developed. Gear couplings are now used very rarely
for new applicitions of special purpose applications. Where they are
used is as accessory couplings for some gas turbines. They have
b aprovenint e applications (o be the most cost-effective.
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S Tuble 3. Gas Turbine Accessory and Load Coupling Comparison.
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| I Note that the axial force (and to a lesser extent the bending

10 10 s 4 moment) of the gear couplings is dependent on the torque and coet-
ficient of friction. Since the accessory couplings were designed for a

. relatively small continuous load, but a large startup load (not shown),

the axial force from the gear couplings is comparable to the dry
10 L T A . couplings. For the load couplings, with much higher continuous
torque loading, the axial forces are much [ower for the dry couplings.

3 1 > 1 2 2 2 High Speed Gear to Compressor

A comparison of various types of couplings for a 6000

‘ ! ! hp/10,000 rpm—normal conditions—high speed gear to centrifu-

" - : ! | - N gal c. pressor coupling application is in Table 4. Assumed iy a

o typical 1 i inch shaft separation, with 2.5 inch identical shafts on

i ‘ both ends. Also note that the service factor applied to select the dry

couplings 1s 1.5, while for the gear is 1.75. both values per AP1 671

(1998). So the normal torque given is 37.800 Ib-in, and the

, ) selection torque for the gear coupling is 66,180 Ib-in, while for the

‘ | disc it is 56,700 Ib-in. The reasons for the difference in factors is
- complicated, but has to do with successfully used experience.

Tuble 4. High Speed Gear Compressor Application Comparison.
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couplings (disc or diaphragm). As cxplained belore, the diameters : - i
of the gear couplings are less than the filexible metallic element | A1 )3 020 | 7e.0 cwd o0 Fat, !
disc or diaphragm couplings, as are the corresponding weights. For [T !
. . !
both the accessory and the load couplings, the bending moment for i 00 U ttemd [ ol .
the gear couplings is larger than the dry couplings. This is espe- N ! P

cially true for the load application. - ’
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