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ABSTRACT

Basic assembly configuracions of the mechanieal
face seal are described and some ndvantnges associ-
ated with each are listod. The various forms of seal
components {the primary scal, secondary seal, ete.)
arae illustrated, and functions pointed out, The
technique of geal pressure balancing and its applica~
tion is deseribod; and the concept of the PV factor,
its different forms and limitations are discussed,

- Brief attention is given to secal lubrication since it

is covered in detail in a companion paper. Fipally,
the opoetating conditions for various applications of
low preasure seals (aircraft transmissions) are
1isted, ond the geal fallure mode of a particular ap-
plication i3 discuased.

INTRODUCTION

In a highly technical society the fluids wiich
must be sealed range from water {outomobiles, reac-
tors, submarines) and gil, to liquid oxygen and toxic
chemicals, The mecharical face Beals devcloped for
these applications huve many diverse forms, from the
low cost automotlve water pump Bcals GO the very so-
phisticated seals for liquid oxygpen turbopumps such
as are uscd on the space shuttle. Xt is well recog-
nlzed that seals can have a significant cost impact
in regards to maintenance and downtime. An addi-
tional consideratdion that has received rvecent atten-
tion 18 the health hazard. It is now reallzed that
personnel axposure to even low levels of some sub-
stances c¢on have serious health conecquences; often
the health demige docs not become manifest until late
in Idfe.

In regatd to chemicals which may be a healch
hozard, ref, (1) polnts out that one source of worker
exporure comes from leaks in valveg and pumps, and
gtates that prevention of a health hdzard (oecupa~
tional discase) is highly desirable since it tends to
be chroniz, untreatable, and fatal; and may go un-
noticed if it does not resulc in an unusual group of
elinical janifestations {the casc of & rarc nevplasm
of the liver found in workers ezpesed to vinyl chilor-
ide is an example). An additional point in regard to
the saerlousness of industrial carcinogens 1s made by
ref. (2), inwhich it is stoted that, unlike cipgarettos
smoking where the risk of Iung cancer in ex-smokers
is only slightly above that of lifetime nonsmokers,
industrial carcinogens cause an cxeess risk which
does not appear to drop after exposure ends. Specif-
ically, ref. (2) lists numerous substances which ap-
pear to be associated with excessive lung cancer
mortality, among these nre polyeyelic aromatic hydro-
carbong, bis chloromethyl ether (BCME)} and ehloro-
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methyl methyl ether (CMME), In this regard, the Co=
cupational Safoty and Health Administratien (OSHA) has
developed exposure limivs for over 300 substances and
additional substances will probably be ndded as re-
seareh information is developed.

In general, face seal applf:zatisen is largely em-
pirical, bolng based on past cxperience. However,
current technical needs (@.8., breeder reactors} and
the previously cited occupational disease considera-
tions have placed oan additional burden on n technology,
which seems to some, to hove been barely adequate ip
certailn applications,

The objective of this study is to review the
basic seal cenfigutations and design considerations;

a companion paper, ref, ("), summorizes the currcnt

“thinking on seal lubrication, which 18 a major factor

in dmproved 1life. 1In this paper, discussion is lmited
to the conventlonal foce seal. itigh=performance
apecial-purpose ecals that employ thrust bearing geom-
etry machined into the primary-seal surfaces (hydro-
dynamic sealg) are not addressed; an intreduction to
these can be found in ref. {(4).

DISCUSSTION

Applications

The mechanical seal is recognized as one of a
family of devices used in the general area of fluid
sealing of rotating shafts; this general area of seal-
ing is represenced by the pyramid in £ig. 1. At the
bottom, or base, are packings which were the carliest
nnd still the most frequencly used solution to seal-
ing problems, Moving up the pyramid, there is an in-
creasing complexity of scaling devices including o~
rings, lip sesls and mechanical seals, beginning with
the simpler verslons used in the appliance and auto-
motive industries. Moving up the pyramid further
there are aircraft, marine, and chemiea) proce-* in=-
dustry applications. Finally, at the peak there are
gsophisticated alreraft and nuclear requirements, and
roeket component scaling systems. )

Avrrangenments of Seal Components

One conventional arrangement of seal-face compo-
nents 18 shown in £ig, 2. The primary-ring has axial
floxibility, usvally contains the primary seal diam~=
eters, and also has angular flexibility. The axial
flexibility allows accommodation of axial displace-
ments that arise for various reasons (e,g., face run-
ot,. thermal growth differences and tolerance varia-
tiong). The secondary ving can be of v~ %ous designa,
guch as elastomerie "0"~-rings, bellows, u. plston
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Nomenclature Applying to Single Parts

Seat or mating

part having & primary-secal face and
ring

being mechanically constrained
with respect to axinl motion (e.g.,
attached to the shaft or houning)

ring having & primary-seal face and
flexibility in axial and angular
modes

part (O-ring, plston ring) having
secondary-seal surfaces that mate
to the secondary-seal aurfnces of
the primory-vring and housing

Primary-ring

Secondary=-ring

Nemenclature Applying to an Assembly of Parts

" Primary-seal scal formed by the primary-seal foces
of the seat and primary-ring; rela-
tive rotation occurs betwaen these
senl faces

Secondary-seal seal formed by the seccondary-genl

strfaces of the secondary~ring and
the primary-ring {in the casae of a
bellows, the secondary-eeal is the
bellows itself)
Film thickness, distance between primary-seal faces
h {(h may vary with radial or eircum-
: ferentidl position and with time)

Basic Configurations

Basically, a mechanical face seal (fig., 2) pre-
vents leaknge of a fluid along a rotating shaft which
passes through a housing or pressure vessel, Sealing
15 accomplished by a stationary (nonrotating) primary-
seal ring that bears against the face of o mating ring
(seat) mounted on the shaft. Axial loading, from the
sealed pressure and the springs, maintains the "eon-
tact” between the primary-ting and the mating ring.
Sealing occurs at the primary-seal faces.

The mechanical face seal was illustrated (fig. 2)
with a nonrotating primary-ring and & rotating mating
ring (seat) attached to the shaft. It is spparent
thot these functions could ba reversed; therefore,
¢considering that the pressure could be elther at the
outalde diameter of the primary-ring or at the inside
diameteér, four basic seal assembly configurations can
be identified; thede are, a rotating primary-ring with
the sealed liquid at the 0.b. or the L.D., and a non-
rotating primary-ring with the sealed liquid &t the
0.D. or the I.D. (sce figs. 2 and 3). Occasionally
counter-rotating and differential speed applications
are encountered where both the primary-ring and the
mating ring are rotating.

The most common configuration, especially in
pumps, is the rotating primary-ring configuration
{fig. 3); the prineiple advantage of this configura-
tion lies in the relative ease of attachment to
straight shaft sections without affecting the seal
face alinement, The primary-ring asgembly is easily
attached te the shaft by set screws, friction fits,
or similar means which assemble directly on a smooth
shaft diameter.

Nonrotating primary-ring configurations (fig. 2)
ie often found in applications where spzie 1s liwited,
or where the rotating speeds are hizh. The principle
advantage of the nonrotating primary-ring is the ab~
donge of centrifugal forces on both the primary and
secondary rings. ’

The rotating primary-ring with the sealed liquid
at the 0.D. has a number of advantages as compared to
the rotating primary-ring with the sealed 1liquid at

the I.D. These are:
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1, Centrifugal force tends to retard leskage
2, Centrifugal [orce tends to centrifuge golid
particles away from the primary-seal and
springs, thus there 1s a tendency tp be pelf
eleaning
3, The sealed pressure tends to put the seal
rings into compression
On the other hand the rotating primary-ring I.D. con-
figuration has advantages in that it is easier to in-
stall; and in sealing corrosive £luids, the sez) can
be designed so that metal parts do not come into con~
tact with the corresive fluid,

Tandem Secal Arrangements

For dangerous liquid, seals are often used in
tondem (fig. 4) with a barrier liquid between the
seals. The barrier liquid may be pressurized to a
level slightly above that of the sealed process liquid
in order to preclude any leakage of the sealed liquid;
in other designs, the harrier liguid is held at a
pressure equal to or even slightly below that of the
process liquid, Selection of the barrier liquid pres-
sure depends on restrictions regarding leakage ratea
of the barrier liquid inte the process liquid, ar on
the procese liquid lenk rate inte the barrier liquid.

’ It should be noted that holding the barrier lig-
uld pressure above that of the sealed process liquid
is no absolute guarantec against leakage of the pro-
cess liquid into the barrier liquid (and then from
lenking inte the atmesphere), In this regard ref, (5)
cites the cxperience with deep well irrigation pumps
in which water leaked across the seal into the bearing
lubricant side even though the lubricant was at a
higher pressure than the water. Evidently the seal
acts g a8 small pump, transferring the fluild from a
lower pressure to a higher pressure. The mechanism
regponaible for this pumping acticn was Investigated
by several vusearchers (refs. (6) and {7)) and one
explonation ig that certain combinatione of parallel
misalinement and primary-seal surface waviness result
in a pumping effect agninst the higher pressure.
(Surfoce waviness and parallel misalinement are dis-
cussed 4dn a later portion of this paper.) Obviously,
if the process liquid is very toxic, and very low
levels of atmosphere contamination must be maintained,
then the possibility of process liquid transport
acroes a seal into a reglon of higher pressure is a

.major.concern.

It ig dpparent that many different combinations
of tandem seal configurations can be constructed from
the four basic seals (rotating primary-ring and non-
rotating primary-ring, either of whiech can be 0,0, or
I.D, pressurized)}. The advantages and dimsadvantages
of each invelve cooling, leakage, safety, and cost
considerations which are outside the scope of this
paper. Several of many posalble configuratlions are
shown in fig. 4; and it should be noted .that tandem
seala are often used wich heat exchangers to maintain
the seals at 8 desired temperature level. -

The Primary-Seal

The primary-seal performs two functions; these
are, {a) effectively retains the pressurized f£luid
and (b) acts as a thrust beéaring using the sealed
liquid as a lubricant.
lel between seal face operation and thrust bearing
operation.) . When gsnlecting materials fer use as seal
faces, a general rule is that all good face seal ma-
terials must be good bearing materials, but not all
good bearing materials will necessarily make good seal
facea. Carbon-graphite materials of various types,

(There is a very close paral-
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‘spring loed used to load the seal faees.

used In combination with some other compatible hard
materinl, are used as face materials in the vast ma=-
Jority of mechanical seal applications. Table I lists
a number of materials used for seal faces and the typ-
ical environments and asscciated material combipations
that are frequently used.

In seals of all types, a basic difficulty is
found in the fact that the seal lubricating £ilm is
vary thin (in the range of 1 micnin or less) and
therefore, very small surface irregulurities, elastic
digplacements (thermal bumps, cte.) and face runout
motions have a dramatic effect on the lubrication of
the seal. Thus the primary-seal cannet, in general,
be vigualized as two perfectly flat and parallel sur~
foces; some poasible geometries are illustrated in
fig. 5. There have been many hypotheses put forch to
explain the moechanism {or mechanisms) responsible for
the development of the lubrica*ing film pressurc that
acts to separate the primary-seal faces. These hy-
potheses inelude the following: surface angular mis-
alinement, suriace waviness, surface aspperities, va-
porization of tha £luld £ilm, axial vibration, and
thermal. deformation; current work 1s reviewed in the
companion paper (ref. {3)).

With reference to the possible primary-seal ge-
ometries of fig, 5, waviness (geometry a) and angular
misalinement (geometry b) are most likely sources of
hydrodynamic pressures that contribute to face-geal
lubricatiop. Condng (geometry c) affects the hydre-
ptatic foree balance {not significant in low-pressura
seanls) and this is also discussed in ref, (3). Ex-
ternally imposed nxial vibration (geometry d) can
produce useful aqueeze-film pressures, but it is
judged not to be significant because of the high damp-
ing that is asseciated with viscous fluids and
socondary-soal friction. Parallel misalinement and
ghaft whirl (geometries e and f) do not produce
significant Eluld-film pressures direectly but ecan af-—
fect the transport of fluid into and out of the pri-
mary seal., In this regard, when the primary ring co-
tates (nonrotating seat), parallel misalinement docs
not influence seal operation (lenkage, [luid trans=-
port, ete.), since in rotating, all the points on
the surfaces of the primary-seal remain within the
primary=-seal. However, vhen the seat rotates and par-
allel misalinement is present, some points on the seat
surface enter and leave the primary=seal during each
revolution., This radial velocity component can affect
both leakage and lubrication.

.- The Secondary-Seal

‘Tle secondary-seal clements may be divided into
three basie types:

{a) Compression packings

(b) Automatilc packings

" (e) Bellows diaphragms
Compression packing was one of the carliest used in
mechanical scals (see fig. A)}. The principle feature
of the compression packing system is that {t urilizes
a mechanical load on the packing. The typleal ar-
rangement, shown in faig. 6(a), consists of a small
packing box, one or two rings of compression-type
packing and a gland follower actuated by the same
Bynamic -
packing rings used with this construction include a
variety of materials, some of which are molded wyn=-
thetic elastomers, asbestos, and synthetic bindevs,
carbon-bage packings and plastic materials, the most
common of which would Le PTFE. )

The term “automatic packings" apply to all of
those packing rings and devices that are self ener-
glzed by the sealed pressure and do not normally re-
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quire an auxiliary mechanical load to maintain seal~
ing contact., Figure 6(b) illustrates a typical me-
chanical seal wsing oan augamatic packing ring, Some
of the varist{ons copmonly used in mechanical geals
include O-rings, U-ring, and piston rings. Seals un~
ing piston rings as the secondary meals generally use
copventional piston rings of various designs. Fig=-
ure 6{e) 1llustrates a typical J’gh temperature piston
ring amssembly. These are usually special purpose
aeals operating in severe temperatura envirotiments be-
yond the capabllitien of the elastomors described pre-
viously,

The third category of sccondary sesls, bellows and
diaphragms, can be subdivided into two groups:

(n} Elastomer bellows and diaphragms

(b} Metal bellows and diaphiagms

Figure 6(d) illustrates the typical elasteomeric
bellows seal assembly. Sliding packing surfaces and
the friction associatad with them are eliminated.
Within temperature and pressure limits and compatibil-~
ity with the media, the elastomeric bellows 1s nna of
the most widely used of all mechanical seals.

Figure 6{e) illustrates a formed metal bellows
areangement, This was the original constructien uaded
for all metal seal construction.

Figure 6(f) is a loter development illuscratirg a
welded metal bellows seal assembly usually found in
applications involving high temperatures or highly re~
active media where gyntheric elastomera are Incompat-
ible with the media. The welded pesting beilews re-
quires less space, has softer epring rotes, wider
operating ranges and has higher pressure capabilicies
than the formed bellows.

Bacausa of the all metal construction, thesc
welded metal bellows, fabricated from correosion ra-
sistant alloya, will be found in hiph temperature ser-
vice and in various types of corrosive media, Several
additional advantages of this constructien arc the
elimination of sliding interfaces and, therefore, the
elimination of abrasion and fretting corrosion. The
metal bellows alse eliminates the need for separate
springs since the bellows serves both the scaling
functivn and the face loading funckion.

In general, the secondaby-seal has a dromatic ef-
fect on the performance of the senl, but this is not
well underatood. Also the frictional ferce of the
gecopdary~seal can change substantially with time, and
this alters the scal's performance. In extreme cases,
the secondary seal friction Increases te a point were
the seal sticks open; an example is "0" ring swelling
due to lack of compatibility with the gealed fluid.

Loading Elements

Figure 7 illustrates the various springs that may
be found in conventional mechanical seals, starting
with the single spring (fig., 7{a)), the mulciple
spring (Eig. 7(b)), wave spring (fig. 7(c}), belville
springe (fig. 7(d)} aond bellows (fig. 7{e)).

The single spring has the advantage that it is a
single component having a relatively large wire cross
section with less susceptibility to degradation
through corroslon., The disadvantages are that a new
spring is required for every shaft size, the single
Lpring 1s a long assembly, and centrifugal force may
affect the coils at high speed causing them to open
ug,

Multiple springs permic the use of a stondardized
spring for a varlety of sizes. Loads are varied by
simply varying the number of springs in the assembly,

Multiple springs will operate at & relatively shorter =

operating length than the single spring design, Dis-
advantages are described as the number of added parts
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in on agsembly, and tho potentlally greater effect on
spring londs for a given corroaion rate.

Wave springs (fig. 7(c)) are used in eealp de-
pigned for very suall axial apaces. Their advantages
are principslly lightweight ond limited spece require-
ments, The disedvantages cun be deseribed as o low
available working length, degradation of tha spring
loading due to corrosion of the thin materinls, and
the probability of wear under conditions of high vi-
bration or aexcessive movement.

Belviile springa, which ary made up of a peries
of disk washers (fig. 7(d)), have been used in specinl
scal construction, The advantoges of this teechnique
i3 that rates can be changed by simply adding or subw
traccing washers. Projected loads From belville
springs will be generally more diametrically uniform
than «jy of the above sprirgs. The disadvantoges of
the belville spring is its ipitial cost due to tooling
requirad and relaotively high spring races that must he
réduced by a multiple number of convolutions. Thorw
is aleo a greater likelihood of Epuling the spring
system through deposite of foreign materinl op the in-
side convolutions of thd belville plates. )

© Figure 7(e} illustrates o formed metgl bellows
arrangement which was the original construction used
to obtain an all metal seal assembly, A later devel-
opment 18 the welded nesting bsllows; a seal nmgembly
with bellows is usually found in applications involv-
ing high temperatures or highly reactive medis where
synthetic elagtomers would be incompatible with the
sealed liquid, The weld.id bellows requires lees epace,
hae lower apring rates, wider operating ranges and
has higher pressure capabilitles than the formed
bellows. Finally, a seal using magnets instesd of
springs 1s shown in £ig. 7(f); this provides a very
compact assembly.

Pressure Balance

Pressure balance is defined as the ratlo of two
arens, Referring to fig. B (a ctypical balanced seal)
the primary-sesl area, which is the aren hounded by
the outer rnd fnner diameters of the sealing face,
have been designated Ap. The closing force area,
which 18 the arca subjected to the sealed pressure and
bounded by the secondary seal balante diameter and &
primary face diameter has been deslgnated A The
pressure bglance ratio is the value of over  Ag.
Expressed in rerms of the face dinmeters, the pressure
balance is derived as shown in fig. 8.

1y simpler terms, it con be stated that the unit
hydraulic loading trdnsmitted to the seal face of a
batanced seal 1s some value less than the pressure
sealed. The range of pressure balance wsed for bal-
ance seals will generally vary over n range from 60 to
85 percent dependent upon the characteristics of the
application. The great majority of seals are balanced
in the range of 70 to 75 percent,

When sealing an incompressiblie liquid and operat-
ing on a lubricating film, the pressure drop across
the =ealing face as caleulated for incompressible flow
is o straightline function.

The average film pressure will, therefore, equal
50 percent of the pressure sealed. If this factor is
equated agsinst the seal's hydraulic balange, it will
be seen that the residual losd available to maintain
the faces 1in contact on a 70 percent balance seal
would be theoretically 20 percent of the pressure
sealad, which is the net load available to maintain
the faces 4n contact, .

1f we are considering a gas as the fluid sealed,
the flow cksracteristics would he that of a compres—
sible -Zinfd, - The pressure profile scrosas the sealing
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fncn would oreur in the form of o curve and the ro-
quired bolancing chavaeteristics would bo adjusted ac-
cordingly,

The unbalanced neal (fig. 2), is opc in which the
full volue of the pressure sealed 1o imprassed upon
the sealing facos. Unbalanced seala will generally be
used for lew pregsure service and bolonced senls will
bo appiied to high pressure spplicacions,

Arbitrary recommendations ranging from 100 to 200
pai are usually established for tho operating pressure
limits betwoen baldnced and unbolanced seals. In prae-
tice, thero i no fixed value for this decision poiat
and o1l of the operating conditions as well as the
charocteristics of the medis senled may dinfluence the
decislon. Unbolanted peals are nperating euccessfully
in service that range as high as 1200 pel iavolving
speeinl operating copdicions and duty cycles.

Figure 10 {llusccates some variations that may be
applied to the primary seal foeo detail. A wide face
and a norrow Eoce sre illustrated, The hydraulic bal-
apce of either face cap de identical. HNevertheless,
the two faces may perform differently, Torque require-
ments and heat generation will he & function of the
total load and hence a function of the total face nrea.
The narrower face will result in lower torque, lower
heat generation for o given set of operating condi~
tions, This would imply that all faces ehould be made
as narrow as possible, This must be tempered by some
practical considerations. The most Importent point 1s
that the lapped faces are flat to the limits of a
manufacturing tolerance. When subjected to mechanical
and pressura loadings, further variations in face flat-
ness will occur, Since the £4lm pressure is no longer
uniform, contact will toke placc at some points and
the load will be distributed between some fluid film
and some contact area, For g given variation in flat-
ness, the shorter leakage path of the narrow face will
regult in higher leakage rates than the wide face seal
arrangement.

There are no fixed boundary lines or hard-and-fast
rules for face width., In genoral, narrower faces are
used for high speed where the lower torque and heat
geseration may be critical to the performance, Wider
faces will be found on high pressurg, low speed appli-
cations where lover stresses will provide lower dis-
tortion, thus maintaining the flatness characteris-
tics, and this promotes lowar leakage rates.

PY Factor

An arbitrary mathematleal relationship, often used
ta evaluate the severity of an application, is the PV
value which is the product of the pressure expressed
in psi times the veloelty expressed in foat por minute.

The resultsnc PY value 1s a factor that is useful
for establishing a relative degreec of severlty of an
application or for establishing n rough comparison of
performance between several appllcations operating
undar differing operating conditions, It has develcped
through informal upage by the seal manufacturers, the
seal users, and materlal suppliers. There ar¢ sevéral
variations in the calculstions that have evelved and 1t
is necesaary to be sure that the appreonch 18 unifomm
before compornble relationships can b established and
inferences made from these values,

Figure 11, Formula 1, 1s the simplest version as
it is the simple product of the pressure and velocity.
In this calculation, there is no consideration given to
film pressure differentials across thé face or geomet-
ric chavacteristics., It is often used to idencify the
test parameters in face material testing which 1s con-
ducted with a stroight mechanical load en the sealing
faces and with no pressurc differentinl across the
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contacting arcd.

Formula 2 uscs the balance factor to roduce the
pressure sealed to the unit loading the scal faces
actually experience, In the case of an unbplanced
senl, the balanced factor is 100 percent; therefara,
the ealeulated PY value would be the some for fore
mula 1 or formula 2. Only the balanced seal would
show a proportionatoly reduced PV value.

Formula 3 1s o further modification thac has besn
vged by some scal ongineers, In this case, che unic
looding is further reduced by subtracting the pressure
esarted by the lubricating [ilm between the foces. We
have proviously indicated that on Incomprossible fluid
has a substantially straight line pressure drop and
that the average pressure 18 one-half of the diffor-
entinl, This value is theh subtracted froem thz gross
hydraulie load resulting in o net difforential hy-
draulic load which is used for the PV calculatien,

The concept of the PY value is an imperfect re-
iationship but, if used in the proper context, it can
be a ugeful reference tool., Of the three versionms,
formula 2 provides the most logleal and realistie
comparison; but, the most lmportant concern is to
know the basis of the computation when making compar-
igons of face material performances,

In applications where the pressure differeatial
is very low, such as in helicopter transmission scals
in whieh the pressure differentinl may be zevo, the
spring loading magnitude ds erivical, In thesr cases
the BV factor is calculaoted by using the contact pres-
sure produced by the springs on the primary-seal area.
Exomples of PV factors used in applicatlons sealing a
gear box lubricants are given in Table 1I; tho firsc
9 entries are helicopter transmission applications
and the data was glven by ref. (8). The last two cn-
trieas in Table II ore reported problem oreas, Com-
parison of the PV fapgrors of the last two entries with
the first nine does not puggest operation outside the
bounds of the state-of=~the-art; this illustrates that
the PV factor is not an nbeolute guide for prediction
of successful operation.

Figures 12 through 14 depict the type of surface
distress that is sometimes found In these types of
very low pressure seals. The seal was operated under
the conditions listed in line 10 of Table II, these
conditions are:

2089 M per min (6870 ft/min) sliding speed;

7.8 Nfem? (11.36 pal} face pressure due to spring
load and 78,043 (fc/min x psi) PV Ffactor. Inptead of
n face contamct pressure some seal engilneers use clog-
ing force per unlt length of the circumference. On
this basis the load due to the springa for the appli-
cation in line 10 Table 1I is 2,14 Nfem or 1.22 1bf/
in.; and briefly stated, for the seal to aperate suc—
cessfully the primary-scal face must act aa an oil
lubricated thrust bearing and produce a load capacity
equivalent to 2.16 N/em of seal circumference, How-
over, a8 indicated in fipgures 12 through 14, heavy
surface diptress occurréd becaude of lack of adequate
lubricating (load support) £ilm., The sedl shows se-
vere heat checking (£ig, 12} with temparatures prob-
ably tedching over 811 K (1000 F) as indicated by
the soft pearlite produced at local hot spots

(Fig. 13). The wear profile of the rotating seat
matched that of the carbon ring and this is shown in

fig. 14,
Senl Lubfication

The engineering of seals can ipvolve fluid me—
chanies, heat transfer, lubrication theory, thermo-—
dynamic, chemistry, physics, metallurgy and dynamics,
to mention ¢ few of the most frequent oreas of con-
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cern, BSeal problems may consist of superposition of
effoets which can be interrelated. Usually, eoch af-
fect coan be analyzed by 1trslf, but then Integrated
effocts must be avalunted for a complete analysin of a
sealing system, As indicated proviously, scals are
charactorized by surfacos irn reintive motion separated
by a vepy narrvow gap, In order to paintain proper
operation, very small ditferences in the dimension of
seal ports must be maintaiped. Peformacions in geom-
otry due to imposed thermal gradients, frietional
Yeating, pressure and machanienl and inertial forces
nngt be held to o mipdmum. In moav cases, any defor-
mations must bo no move than microvalues.

Scals operate in many lubrication regimes, depend-
ing wpon the type of sgnl, senled £luid, the applica-
tion and related choracteristics.

Fipure 15 {llustratea the varicus aca,. subricat-
ing regimes that can exist (rof. (8)). 1In a companion
paper (ref. (3)) seal lubrication is disevssed in do~-
tail; the current theories are reviewod apd seals arc
classifled according te the lubrication opergtion mode.

CONCLUDING REMARKS

The scal descriptfons in this paper show that
mechanical face seals appear in many diverse forms and
that & basic difficulcy of all is the very small thick-
negs of the lubricating Film (on the order of 1 mi-
cron). And since the film {8 very rhin, vory soall
irregularitics or rotions af the primary-seal can have
a dramatic effect on the performance of the seal. (For
a detailed diseussion on seal lubrication the reader
is referred to ref. (3).)

Generally, seol lubrication is not well under~
scood and this is evident when compared to bearing
Iubrication in which performance con be closely pre-
dicted; in senls, prediction of performance {leakage
or 1life) is often not posgible. The importance of the
secondary seal is stressed, in general, data ie lack-
ing in regawd to secondary seal friction which must be
offset by the spring load or by senl pressure balance;
here current practice depends on a vast amount of ex~
perience. Finally, the limications of the PV factor
should be Rept in mind, in this regerd, ingights pro-
vided by current thinking on lubrication gan help guide

the application of seals. ]
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TABLE 1. ~ END PACE SEAL MATERIALS AND ENVIRONMERT COMBINATIONS

Environment Saal poso material Shoulder material Envirenment S04l noso matarink thoulder caterinl
Watar Carbon graphite Brenza (1248 GCarbon graphice Bronze {for few appli-
{alep carbon Ni~reaist cations)
graphite contain- Nickel cast iron (for Hi-reaint
ing various conatant operation Cast iron
motals - copper, only} Coramie
lead, babbit, GCoramic Gtollite (hard facing
ate.) Steliite (hord facing on op 316sacainless
316 ntainless or amy ateal, wspoefally for
Btabilized stainlass) high pressurca and
Tungaten tarbide high velocicy)
HMaleomfzed M6- Tungston carbide
stainless Malcomized 3lG6-stainless
Carben-£illed PIFE Curton=f1lled PTFE
Glegu=f11led PTFE Ginso-filled PLFE
Chrome plate on various Sintered iron or bronze
parent materinls (must Witralloy, hardencd
be thizk enough) Tonl ateel, hardened
Coramic Facing on stain- HAE=1840 proel
leas Stalnlesa peeel (400
Tungaten carbide Tungaten carbide sorics hardened to
Carbon concaining Stainlces-steel (aorios Rockwell C-50,
virious metals 400, hardoned to "hie 1% genaral veg-
Rockwell C-50 or orpendation as G-
highor) stainless in not hard-
. - enable)
Caustics Carbon graphite Carbon-£4lled PTFE Cast lron Bronza
Stellite~fneed arainless Grophite molyb- Brotize

Corbon graphito
{nonmetallic)

tarbon prophite
{metnllie, for di~
lute solutions)

steol

Hard-facad 316=stninlcos
stecl

Stellite faced atainless
srecl

Balt Solution

Carbng graphice

Ceranie

Carboy babbig

Stainless atecl

Coranle

Manel

Ceromic faced mtadnless
Ceranic

Phenphior hronze

depun

Oxidizing Fiuldg

Boron carhide

Boron carbide

Slurry

Carbon

Bronze
Tungston

Ceramtc
Tungoten carhido
Tungaten carbhide
Tungsicn

Son Water

Hent Transfar Flulds
(Dithenyl elags)

Carbon graphfite

Ni-reniny

Stellite

Coramics

Chrome carbide plate
*Tunpoten carbide

Carbon babbit Aluminum bhronze *Ceranic
Stellite on stainlesn Aluminum bhronze Tungoten carbide *Tungaten eorhide
Tungsten carbide Tungeten carbide APor high tegperature
lronze Laminated plastic capobilitics approx~
Carb¢ graphite Stellite imately 700" F max,
Aeids Carbon graphite Hnrd [nch Mé-grainless Gan (Air. L0, Hy, He, Carben graphite Torl steels
Carpenter 20 stainleas Hg, O7) Chrome plate
Srellice Funpaten corkide, plate
Chrom{um boride and #elids
Coramie Clhirone carbide plate
Hnsceloy A,B,C Ceranice
Carbon~filled PTFE (for -300-scainleas stecl
nonoxidizing ncida) 400=ntainlecn stoel
Ceramic “Spnllite (attacked by Glase=f111cd PIFE 440-C
rmany mineral acids) Carbon [{13ed 4140, 4340
Glosg-filled PTFE PTFE (not for Tool nteeln
{oxidizing aelds) # service) {hardened}
PYFE {Sodinm and fluo=- ghrome oxide
rite comppunds
Gasoline Carbon graphite Cact dron and radicactivity

Carben [iliod PTPE

Glasp~filled PTFE

Ni-resist

Nitralloy

Ceramic

Stellite facing an
staintess stocl

Stainlese steel, 400
spries

miy adverpely af-
feet PTFE)

TR
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MECHANICAL SEALS

NUCLEAR
SUBMARINES

AIRCRAF-
MAIN SHAFT
| / NUCLEAR PUMPS \

=

-

@ 1/ REACTORS & CENTRIFUGES \

a

s MARINE, PETROLEUM, A

- AND CHEMICAL \

; AIRCRAFT ACCESSORIES

% GEAR BOXES, STARTERS, ALTERNATORS

EE HYDRAULIC AND INDUSTRIAL EQUIPMENT

E 3 INCLUDING AIR CONDITIONERS

- d

= § Z HOME APPLIANCES, DOMESTIC WATER PUMPS \
AUTOMOTIVE WATER PUMPS \

/ \
/ \

/ GASKETS \

PACKING \

NUMBER OF UNITS

Figure 1. - Shaft seal usage.




THE PRIMARY RING HAS
(@) AXIAL FLEXIBILITY (SPRING LOADED)
(b) SECONDARY -RING SEALING DIAMETERS
{c) ANGULAR FLEXIBILITY (NOSE WILL TEND TO ALINT ITSELF TO ANGULAR
MISALINEMENT OF THE SEAT FACE)

L
mm%su "\\ IJ"SECONDARV SEAL
OR SEAT—~ \ " ~PRIMARY RING

\ ! o

w__

Lo

'
’ \\ \.‘

. SECONDARY "~ b
FILM el RING
THICKNESS, h |

-
-
-
== # -

Figure 2. - Arrangement of seal components (nonrotating primary ring).

ROTATING PRIMARY RING ~ % T

T/‘>53] :

| o L

= SN @Qf:ﬁﬂ__q
( ' MOURING
PACKINGS

/

- NONROTATING
MATING RING
(SEAT)

Figure 3. - Mechanical face seal with rotating primary ring.
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\ COOLING FLOW
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E‘T‘{ BARRIER LIQUID
1
1
PROCESS -1 a :
LiQuiL =
SEALED PROCESS LIQUID AT 1.D. SEALED BARRIER
BARRIER LIQUID AT 0, D, LIQUID AT O, D.
(a) DOUBLE SEAL.
7
®
N
il

BARRIER LIQUID ; Y/,

=2
v
Y7

T

PROCESS 77770/
LIQUID !
SEALED PROCESS LIQUID AT 0., SEALED BARRIER LIQUID AT 0. D,
BARRIER LIQUID AT 1.D. _ ¥
, (b) TANDEM SEAL.

Figure 4. - Tandem seals, rotating primary-ring type.
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(b} ANGULAR MISALINEMENT,
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SO Y

{d} AXIAL VIBRATION,

- |

o

{f} SHAFT WHIRL.

. Figure 5, - Possible primary-seal geometries.
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r PRIMARY-RING
FOLLOWER 1 '
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(b) AUTOMATIC PACKING, ELASTOMERIC,
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w8 A

( PISTON RING - O

(c) AUTOMATIC PACKING, PISTON RING,
Figure 6, - Types of secondary seals,
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(f) BELLOWS, WELDED METAL.

Figure 6. - Concluded.
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(@) SINGLE SPRING.

(b) MULTIPLE SPRINGS.
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(c) WAVE SPRING,

Figure 7.
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(d) BELVILLE SPRING,

(e) BELLOWS,
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(f) MAGNETIC FORCE

-

- Face loading elements,
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Figure 8, - Pressure balance for sealed pressure at the 0, D,
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Figure 9. - Unbalanced seal.
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NARROW FACE

WIDE FACE

BALANCE 75%

BALANCE 75%

Figure 10, - Wide and narrow seal faces,

g F

d T PA - 0.5 AP
/_\ 14 R G, T >~
g HYDRAULIC BALANCE = By \ Po
Py - Po = AP
- V = VELOCITY
IN FT/MINUTE

() PV = AP XV
(2PV = ByxAPXV
(3) PV = (B x AP - 0.5 AP)V

Figure 11. - Pressure balance for mulas,
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Figure 14. - Surface profile traces of mating seal
members.
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Figure 15. - Seal lubrication models.
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