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ABSTRACT

Metal bellows seals have been steadily gaining wider accep-
tance in process and general industrial pump applications. This
paper discusses design criteria and advantages of metal bellows
seals, and attempts to define applications where the metal bel-
lows seals offer operating advantages.

The design principles of metal bellows seals to adjust hydraul-
ic balance, or mechanical face contact force are explained. The
mechanical face contact force, and not balance, is considered to
be the important design criterion.

The significance of welded metal bellows plate (diaphragm)
shape is highlighted, and the optimum plate configuration for
fatigue strength, manufacturability, and pressure capability is
discussed.

To further enhance the reliability of metal bellows seals, it is
critical to control the seal face distortion and tribological be-
havior of the wear pair. The role of finite element analysis as a
design tool to minimize face distortion and the microstructural
control of the seal face materials to minimize face friction and
wear are discussed.

INTRODUCTION

Balanced seals using metal bellows as secondary seals were
first introduced in the 1950’s for high temperature industrial
pump applications [1]. Since then, metal bellows seals have
been steadily gaining a wider acceptance in process and general
industrial pump applications. Although pusher-type seals, using
o-ring or other secondary seals, can operate at higher pressures,
welded metal bellows seals are better for high temperature, ab-
rasive applications, and prevent hangup of the secondary seal
caused by fretting and by particulate matter. Welded metal bel-
lows seals typically handle a wide range of temperatures (—180°
to + 800°F) and pressures up to 1000 psig or higher in typical
industrial pump sizes [2].

There are both similarities and differences between pusher-
type and metal bellows seals. Both seals can be hydraulically
pressure balanced to minimize the mechanical contact force.
Both seals may be designed with either a rotating or stationary
head. With typical pump applications (1750 to 3600 rpm), a rotat-
ing seal head arrangement is often used to simplify installation.
A stationary seat is mounted in the casing, and a rotating head
is installed over the shaft, and locked to the proper working
length. For high speed applications, stationary heads are typi-
cally used for both types of seals. To minimize dynamic tracking
problems, the rotating components are made as simple as possi-
ble. This, however requires a more elaborate attachment to the
rotating shatft.

The major difference between metal bellows seals and
pusher-type seals is in the secondary seal. A typical balanced
pusher-type seal is shown in Figure 1. The dynamic secondary
seal is usually an O-ring, or Teflon™ wedge assembly, that
moves axially to compensate for face wear, shaft thermal growth,
or shaft runout. Springs are used to ensure face contact at zero
pressure. Typically, a single large diameter coil spring, a plural-
ity of small coil springs, or a wave spring is used to ensure face
contact at low pressures or startup. At high pressures, hydraulic
forces dominate. A stepped face and a stepped shaft or sleeve
are necessary to hydraulically balance the pusher seal to
minimize face loading.

A typical metal bellows seal configuration is shown in Figure
2. The bellows core acts as both the spring, and the dynamic sec-
ondary seal. The bellows core flexes to accommodate axial mo-
tion and runout. The seal is mounted to the shaft with the use
of other static secondary seals. These are usually o-rings, or
graphitic packings, selected commensurate with the tempera-

(1)~DYNAMIC SECONDARY SEAL
(2)-coIL SPRINGS
(3)~BALANCED SEAL FACE

Figure 1. Typical Balanced Pusher Seal.

ture and corrosive environment requirements. These static seals
do not have to flex. All flexing action takes place within the metal
bellows, which is hermetically welded at the ID and OD of each
bellows plate.

(1) —STATIC SECONDARY SEAL
(2)—WELDED METAL BELLOWS CORE

Figure 2. Typical Welded Metal Bellows Seal.

There is no visible step in a metal bellows seal. Metal bellows
seals are hydraulically balanced by locating the effective diame-
ter of the bellows with respect to the face. This will be discussed
in a later section.

There are a number of advantages of metal bellows seals. Be-
cause of the dynamic elastomeric secondary seals, pusher-type
seals have a restricted service temperature range determined by
the available o-ring seal materials. Attempts have been made to
use a filament graphite wedge arrangement as a sliding secon-
dary packing to extend the temperature limit of pusher seals to
750°F with limited success [3].

In addition to limiting the temperature range, dynamic secon-
dary seals can also cause shaft fretting due to reciprocating axial
motions. Fretting is further exacerbated in a corrosive environ-
ment due to fretting corrosion. The hangup problem is also en-
countered in concentrated slurry applications caused by clog-
ging at secondary seals or springs. Metal bellows seals eliminate
the need for dynamic secondary packings and their associated
problems. There is no fretting or hangup problem with welded
metal bellows seals. The temperature limitations are as high as
the rated temperature of static filament graphite packing



METAL BELLOWS MECHANICAL FACE SEALS FOR HIGH PERFORMANCE PUMP APPLICATIONS 29

(800°F). In some cases, metal-to-metal secondary seals have
proved to be successful above 850°F.

The advantages of metal bellows over pusher type seals in typ-
ical refinery applications are well documented in the literature.
In high temperature applications (500°F to 700°F), metal bel-
lows seals without cooling systems offer an appreciably longer
life than that of pusher type seals [4, 5]. Similarly, in abrasive
applications, the performance of metal bellows seals is far
superior to that of pusher seals which suffer from hangup prob-
lems associated with secondary elastomerie seals [6, 7, 8].

In refineries, seal failures constitute the major cause of break-
down of rotating equipment. By replacing pusher type seals
with metal bellows seals in a refinery in France, the mainte-
nance cost was reduced by about 50 percent. The average seal
life span was almost doubled [9].

More detail follows on bellows seal design based on mechan-
ical contact force, as effected by hydraulic balance and face dis-
tortion. The application of finite element analysis (FEA) to
minimize face distortion is discussed. The significance of bel-
lows plate (diaphragm) configuration and microstructural con-
trol of seal face materials are also addressed.

EXPERIMENTAL DETAILS
AND DISCUSSION OF RESULTS

Hydraulic Balance and Face Loading of Metal Bellows Seals
Pusher Type Seal

The design principle of a balanced pusher type seal is illus-
trated by a free body diagram in Figure 3. It should be that the
fluid pressure acts on an area A on the back of the seal, thereby
exerting a closing force; and on an area A on the face of the seal,
tending to open the seal. The ratio A/A, is commonly referred
to as the hydraulic balance (B) of the seal. In addition to the two
fluid pressure forces, there are two mechanical forces acting in
opposite directions on the seal. These are the spring force, Fy,
and the mechanical contact force, F_.

At equilibrium,
F,.+ KPA, = PA_ + F, )
where,

P
K

fluid pressure (lbs/sq in)
pressure gradient factor (dimensionless)

Dividing (1) by the seal face area A, the seal face contact pres-
sure (P,..) is given by,

Pn..=PB—-K)+P @
where,
P, = Fy/A, (Ibs/sq in)
The value of K is between 0.0 and 1.0, where 0.0 would repre-

sent no fluid pressure across the face outer diameter/OD con-
tact) and 1.0 would be full system pressure across the face (inner

F

D D.

Figure 3. Free Body Diagram of Pusher Seal.

diameter/ID contact). Parallel seal faces have a linear pressure
distribution, for which K = 0.5. For this case, with B = 0.5,
the face pressure (Pmc) equals the value of spring pressure (Ps),
thereby, cancelling the effects of hydraulic loading. However, if
the faces become convergent (ID contact), K will be >0.5, and
the faces will separate. Hence, to ensure face closing, a
minimum balance ratio of 0.6 is generally used. A common prac-
tice is to choose a balance ratio of 0.65 to 0.75 [10].

It is important to note that, through the choice of a proper bal-
ance ratio, face contact pressure P, can be optimized to reduce
friction and wear at the seal face. However, an optimum value
of P, is difficult to define as it depends on the seal system
characteristics consisting of face materials, the fluid and operat-
ing conditions. For typical pump applications, a commonly used
maximum value of P, is about 200 psi [10].

From Figure 3,
p oA _ Di-Dj .
D - D}

0

Therefore, to adjust seal balance B, the balance diameter Dy,
(or the ID of the dynamic secondary seal) is designed to be
greater than D;. For any given face geometry B is constant with
respect to pressure. By considering K constant, P is a linear
function of pressure.

Bellows Seal

A free body diagram of a bellows seal with the attendent fluid
pressure and mechanical forces is shown in Figure 4. The bal-
ance diameter Dy, as defined for the pusher seal, does not phys-
ically exist. The hydraulic balance B is no Jonger constant and
changes with pressure as the bellows convolutions tend to col-
lapse, as schematically shown in Figure 5.

However, to comply with pusher seal design principles and
select a desired value of B, an Effective Balance Diameter
(EBD) can be derived from the bellows closing force (F}), due
to pressure only. Referring to Figure 4:

F=F+F
A
F,=PA e

EBDEg T 14, “Fm—c
‘ { \/ 3
; Do
EBD o

Figure 4. Free Body Diagram of Welded Metal Bellows Seal.

PRESSURIZED

7)

UNPRESSURIZED

e

Figure 5. Schematic Representation of Bellows Convolution Col-
lapse under Pressure.
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F, =F, — F,

where,

F. = bellows total reaction force (lbs)

F, = bellows spring force (lbs)
and

EBD = | D? — = F
° oP b (4)

where,

D, = bellows O.D. (in)
P = fluid pressure (Ibs/sq in)

At P = 0, Equation (4) is not valid and cannot be used to de-
rive an EBD. The EBD at P = 0 is generally assumed to be the
mean diameter of the bellows span [11].

Without invoking the concept of EBD, a more direct analysis

of P, can be made from bellows total reaction force F, . From
Figure 4,
F, = PA, + KPA, + F,,
or,
Poe = - B[22 4 g
" A Ay )
where,
P = Foe (bs/sqin)
me A2
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Figure 6. Bellows Closing Force vs Pressure.

The values of P, are determined experimentally as a function
of pressure. A typical curve is shown in Figure 6. Using experi-
mentally determined values of F, as a function of pressure and
choosing appropriate dimensions of A, and A, the face contact
pressure P, is adjusted to minimize wear.

The variation of P, with system pressure and K can be esti-
mated for both pusher and bellows seals using Equations (2) and
(5), respectively, as illustrated in Figure 7. For the pusher seal,
using B = 0.75, F, = 25 Ib, face area = 0.83 square in, values
of P, are estimated for three values of K, (0.5, 0.75, and 1.0).
For comparison, similar design parameters are also used for the
bellows seal (i.e., balance at 0 psig - 0.75, bellows spring force
at operating length = 25 b, and face area = 0.83 square in).

It is evident that, P, values vary with pressure for both
pusher-type and bellows seals. However, for pusher seals, the
variation is linear with a constant B and spring force. For a bel-
lows seal, P, is nonlinear with respect to pressure, as deter-
mined by the bellows closing force vs pressure curves.

Bellows Plate Shape and Configuration

To optimize bellows plate shape for face seal applications, de-
tailed theoretical and experimental studies were conducted by
Hulbert, et al. {12, 13], and a program (NONLIN) was de-
veloped for estimating stresses and strains in bellows plates
under both pressure and axial deflection loadings.

Two typical metal bellows plate shapes are illustrated in Fig-
ure 8. Individual plates are welded at both edges, ID and OD,

90
80
70
60 —
50 [~ HASTELLOY-C
FACE AREA =083 IN
SPRING FORCE =25 L8S,
P NOMINAL BALANCE
mc RATIO =0.75
Ps) 40
— — PUSHER

—— BELLOWS

30 - ks

20

10

P
Psie)

Figure 7. Face Mechanical Contact Force vs Pressure.
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to form the bellows cores. One of the most common causes of
seal failure stems from bellows fatigue in the vicinity of the weld.
For externally pressurized bellows seals, the failure typically
takes place at ID welds. If the flat portions of the bellows plates
{Figure 8) are perpendicular to the bellows axis, the area in the
vicinity of the weld is found to be the most highly stressed [12].
In addition, the areas in the vicinity of the welds also include
heat-affected zones which have intrinsically weaker and variable
microstructure than the original plate material. Therefore, for
bellows with straight flat segments, the variability of the micro-
structure in the heat affected zones results in less reliable weld
joints.

T

)

FLAT ——» FLAT —»
-——SWEEP
SWEEP RADIUS
RADIUS —
SPAN
FLAT —»
o
o 45
TILT ANGLE TILT ANGLE

Figure 8. Flat Plate vs Curved ID plate.

By theoretical analysis [13] using linear, elastic, thin-shell
theory, it was shown that tilting the bellows flats at an angle to
the bellows axis could drastically reduce stresses at the welds
and heat-affected zones. The analysis indicated that the stresses
at the welds were predominantly bending stresses. With in-
creasing tilt angles, the bending stresses are lowered. At the op-
timum tilt angle, close to 45 degrees, the bending stresses are
minimized.

Following the analysis, Hulbert, et al. [13], experimentally
verified that bellows cores with tilt angles close to 45 degrees
had a superior fatigue resistance. Further, fatigue failures oc-
curred at positions away from the welds. Elimination of fatigue
failures at the welds, resulted in enhanced fatigue strength and
reduced scatter in bellows fatigue life data.

The optimum 45 degree tilt-edge bellows plates, however,
are more difficult to weld than the straight-edge or 0 degree tilt-
edge bellows. Therefore, to improve manufacturability, the 45
degree tilt angle design is used only where it is necessary. For
externally pressurized bellows seals with the bellows cores
under compression, stresses at the OD tend to bend the plates
towards each other; whereas; at the ID, the stresses tend to
bend the plates away from each other. Because of these tensile
bending stresses, the ID welds are generally subjected to
fatigue failures. Hence, to improve the bellows fatigue life and
manufacturability, a flat OD and a45 degree tilt edge ID bellows
plate shape, as shown in Figure 8, is preferred for OD pres-
surized bellows.

A number of seal manufacturers are now offering welded
metal bellows with a wide variation of tilt angles at the ID. Typical
tilt angles are 0 degree, 23 degrees, 30 degrees, and 45 degrees.
Preliminary tests indicate that, at a moderately high pressure
(500 psi) and under a cyclic loading (starts and stops at 150-300
psi), there is a lower propensity of fatigue failure as the tilt angle
approaches 45 degrees.

Laminated or Multi-Ply Bellows Seals

With the optimum bellows plate shape, the pressure carrying
capability of metal bellows is directly proportional to the plate

thickness. However, as the plate thickness is increased, the
spring rate also goes up as shown in Figure 9. These typical
spring rate curves are determined by measuring axial deflec-
tions of bellows cores as a function of compressive loads on an
Instron machine [11]. A high spring rate is undesirable as the
bellows seals become less forgiving to installation errors. A
slight change in operating length makes a drastic change in the
face load. From Figure 9, it should be noted that, the spring
rates of double-ply bellows are appreciably lower than those of
single-ply bellows with twice the plate thickness. For example,
the spring rate of a 0.003 inch, two-ply bellows is 358 lbs/in;
whereas, that for a 0.006 inch single-ply bellows is 1453 lbs/
inch.

1500 |~
- DOUBLE-PLY—\
1000 S SINGLE-PLY
SPRING RATE K
PER CONVOLUTION
(LBS./INCH) I AM-350 HEAT TREATED
500 |-
o | | 1

.003 004 .005 006 007
PLATE THICKNESS (INCH)

Figure 9. Spring Rates vs Plate Thickness, Single and Double-
Ply Bellows.

One way to enhance the pressure carrying capability and
simultaneously maintain relatively low spring rates is to fabri-
cate metal bellows cores using a laminated (double-ply or multi-
ply) construction [14]. A cross-section of a typical double-ply bel-
lows core is illustrated in Figure 10. Enhanced pressure
capabilities of double-ply bellows compared to single-ply bel-
lows with twice the plate thickness can be illustrated by static
rupture tests performed at the authors’ laboratory. Static rup-
ture tests were conducted using single-ply bellows cores with a
plate-thickness of 0.008 in and double-ply bellows cores with a
plate thickness of 0.004 in. The plate material was 410 stainless
steel and bellows core geometry was kept constant. The results
are shown in Table 1. The double-ply bellows seal with a 0 plate
thickness 0.004 in exhibited an .appreciable higher burst pres-
sure than the single-ply bellows seal having a plate thickness
0.008 in. In addition to higher pressure capabilities, the double-
ply bellows plates, as shown in Figure 10, are expected to make
contacts during use and, therefore, are believed to be self-
damping,.

Table 1. Comparison of Static Burst Pressures of Single and
Double-Ply Bellows Cores.

Static Burst Pressure (psi)

Single-Ply, Double-Ply
Size Plate Thickness 0.008in  Plate Thickness 0.004 in
OD 1.0 in
Span 0.25in 8,800 14,000
OD 2.0 in
Span 0.25in 6,600 9,000
Plate Material — 410 Stainless Steel
Convolution — 10
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Figure 10. Cross Section of Double-Ply Bellows Core.

Formed Bellows Seal

In addition to welded metal bellows, formed metal bellows
seal plate shapes have also been optimized to withstand a
greater pressure differential without increasing the plate thick-
ness or spring rate and to minimize the variation of the hydraulic
balance diameter [15]. The optimum bellows shape, as illus-
trated in Figure 11, consists of asymmetric crowns, the crowns
of the convolutions directed towards the high pressure side of
the seal being of greater radius of curvature than the crowns of
the convolutions directed towards the low pressure side of the
seal.

Figure 11. Typical Formed Metal Bellows Seal.

Commercially available formed bellows seals of the above
configuration have been and are being evaluated at the authors’
laboratory. They do exhibit higher spring rates than those of
comparable welded metal bellows seals and are prone to vari-
ations in face loading due to normal installation errors. Pres-
ently, there are insufficient field data to evaluate the perform-
ance of the optimized formed bellows seals.

Welding Process Development

Fabrication steps of welded metal bellows is schematically
shown in Figure 12. Stamped plates are first welded at the ID
into single convolutions. Each convolution is then joined at the
OD to form a core. For consistent bellows characteristics like
spring rate, effective diameter and fatigue strength, it is neces-
sary to follow a number of proprietary processes during stamp-
ing, welding and heat treatment. One of the important fabrica-
tion steps is welding, as special fixturing and critical welding

parameters need to be very accurately controlled to reproduce
a consistently desirable weld bead geometry and microstruc-
ture. Usually, bellows plates are edge welded using Tungsten
inert gas (TIG), microplasma, or laser welding processes [16]. To
improve weld quality, minimize reject costs, and maximize
welding rates, edge welding processes are usually automated,
whereby welding parameters and bellows plate to arc geomet-
ries are maintained constant.

A INOIVIDUAL PLATES

B SINGLE CONVOLUTION-
TWO PLATES JOINEO AT
THE 1.0.

C CORE - CONVOLUTIONS
JOINED AT THE 0.D.

NN

Figure 12. Schematic Representation of Bellows Core Welding
Sequence.

High Volume/Lower Cost Bellows Seals

In addition to improving the quality of welded metal bellows,
recent manufacturing developments have also focused on high
volume/lower cost metal bellows seals for general sealing appli-
cations [17]. This high volume/lower cost product offers the ad-
vantage of metal bellows seals but with the equivalent price of
conventional pusher-type seals. A high volume/lower cost metal
bellows seal consisting of an alloy 20Cb3 bellows core and alloy
20Cb3 stamped end fittings is illustrated in Figure 13. Thus, ex-
pensive cast or machined parts are eliminated. Compared to the
300 series stainless steels, the alloy 20Cbh3 provides improved
resistance, weldability and mechanical stability. The drive
through the rotor is by friction compression, which precludes
the need to drill or predimple through the shaft or sleeve. Fur-
thermore, the lower mass of the stamped end fittings, is ex-
pected to improve dynamic tracking of the seal ring because of
its lower inertia.

l s -
i %@

i ||

1.1 y

Figure 13. Typical Low Cost Welded Metal Bellows Seal.

Recently, these high volume/lower cost bellows seals have
been cartridgized, as shown in Figure 14. This product is tar-
geted for general industrial applications.
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Figure 4. Typical Low Cost Cartridge Welded Metal Bellows
Seal.

Bellows Fatigue

During use, the bellows core is subjected to continued axial
flexing. Such flexing can occur from misalignment between
rotating and stationary pieces and shaft vibration. In addition,
the bellows core could also be excited to resonant vibration
caused by pumping pressure pulsation, product flashing and dry
running.

Although this resonant vibration can be damped by certain
design features [18], the fatigue strength of the bellows material
needs to be carefully evaluated. To prevent fatigue failures, ac-
celerated tests are generally conducted under exaggerated con-
ditions of pressure pulsation, axial stroking and shaft misalign-
ment. Based on these data, fatigue life is extrapolated, assuming
runout and pressure pulsation in normal pumping environments
[11].

Seal Face Stability and Its Optimization

One of the uncertainties that affects the performace of
mechanical seals is seal face contact pressure as defined by Equa-
tions (2) or (5). The desired seal face contact pressure, selected
by controlling the hvdraulic balance, will change as the pressure
profile factor K is altered during operation resulting from seal
and mating ring face distortions. Ideally, the faces are expected
to remain flat or stable throughout the entire operating pressure
and temperature ranges, thereby, maintaining designed contact
pressure at the seal interface.

For the present state-of-the art metal bellows seals, the seal
ring and mating ring inserts are generally shrink-fitted into
metallic shells. This arrangement allows for several factors
which tend to produce out-of-flat face conditions, as outlined
below:

shrink-fit induced distortion of the inserts
* pressure distortion of the entire shell, including the inserts
* thermal distortion due to heat generated at the face

¢ thermal distortion due to ambient temperature around the
shell and insert combination

The first item, shrink-fit induced distortion of the insert, is a
fairly dominant factor, as shrink-fit stresses are high as compared
with stresses due to pressure loading. With standard designs,
the insert distorts during the shrink fit operation; usually ID
high. The face is than lapped flat. As the seal is heated for exam-
ple, in a high temperature application, the shrink-fit stresses
tend to decrease, and the insert distorts back. As the seal has
been lapped, however, this now produces 0D high distortion,
i.e., the formation of a diverging wedge between the seal faces.

This causes a low “K” value, and high mechanical contact stress-
es, as discussed under Hydraulic Balance and Face Loading of
Metal Bellows Seals.

To minimize the above mentioned face distortion, it is neces-
sary to optimize the shell-insert configuration using finite element
analysis (FEA). The FEA allows us to estimate face distortions
of various insert-shell assemblies and offers a design tool. A typi-
cal example is discussed below.

Finite Element Analysis

A nonlinear FEA code is being used to optimize shell insert
configuration. The modelling of a typical nonoptimum retainer
containing a carbon graphite insert is illustrated in Figure 15.
The centerline of the assembly is to the left of the figure. In prac-
tice, the carbon graphite insert is shrink fitted into the metallic
shell, which in turn, is welded to a metal bellows secondary seal.
The point of attachment to the bellows is the weld preparation
shown at the right center position of the figure.

Figure 15. FEA Deflection Map as Shrink-Fitted.

The contact regions between the shell and the insert are
modelled with gap friction interface elements. These elements
represent two surfaces which may maintain or break physical
contact and may slide relative to each other. These elements are
capable of supporting only compression in the direction normal
to the surfaces and model shear forces (Coulomb friction) in the
tangential directions. Each of these elements has two different
status conditions in each direction e.g., open/closed gap in the
normal direction and sliding/not sliding interfaces in the tangen-
tial direction.

Hence, an iterative procedure is adopted to find the solution.
Convergence occurs whenever the status of all the elements re-
mains unchanged from the previous status.

Only the radial and axial distortion caused by the shrink are
shown in Figure 15. The dotted lines show the original position;
the solid lines show the position after the shrinkfit. The
maximum radial deflection is 0.00923 in, as shown by the figure.
Although, not shown in this paper, colored graphic maps of the
stresses in both the insert and shell are also studied, as well as
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deflection. Maps of radial stress, axial stress, hoop stress, or
combined stress are analyzed, to optimize shell-insert designs.

The results of reheating the entire assembly to 320°F, are
shown in Figure 186, to simulate a typical application. The con-
tact stresses due to shrinkfit are now reduced, with a resulting
effect on face deformation. Relative to the radial deformation,
the face appears to be flat on this scale as shown in Figure 16.
The actual face flatness, however, is shown by an enlarged plot
of deflection across the seal dam nodes only, illustrated in Figure
17.

— - - ___1___

Figure 16. FEA Deflection Map at 320°F.
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Figure 17. Graphical Face Deflection Map.

The result of applying OD pressure to the assembly is shown
in Figure 18. The pressure is assumed to exist about the entire
body, with alinear (or other) pressure distribution across the seal
dam. In addition, radial and axial reaction forces are applied at
the point where the metal bellows core is attached. The amount
of this force is a statically indeterminate quantity, as it depends
on both metal bellows and shell relative distortions under pres-
sure. Currently, high and low values are estimated for a sensitiv-
ity analysis to determine the effect of shell insert pressure defor-
mation. Once again, we are most interested in face flatness, and
stress distributions throughout the assembly. The correspond-
ing face distortion due to OD pressure is also shown in Figure
17.
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Figure 18. FEA Deflection Map at 700 PSI.

The assembly under the combined loading of pressure and
temperature is shown in Figure 19. The temperature is assumed
to be uniform throughout the assembly. The resulting face distor-
tion across the seal dam is summarized again in Figure 17. In ad-
dition, although not shown herein, nonuniform thermal analysis
is performed, showing for example, the effect of sliding frictional
heat at the seal dam.

Figure 19. FEA Deflection Map at 320°F, 700 PSI.
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One point of clarification as to Figure 17 would be useful. This
figure is derived from the computer plots of deflection across the
seal dam. The original shrink fit (shown by the dotted line)
causes the seal face to distort 1500 microinches ID high, i.e., the
ID of the seal would contact, if set on an optical flat. The seal,
however, is then lapped flat. Thus, for the other plots (tempera-
ture only, pressure only, and combined loading), the 1500 micro-
inch value is subtracted from the computer plots, to develop the
actual seal face flatness.

Face distortion, shown in Figure 17, is very high, and is also
in the wrong direction, i.e., OD high. This is typical of some
of the problems encountered with non-optimum shell insert
designs. FEA can be used as a design tool to minimize face
distortion.

Experimental Determination of Face Distortion

To measure static seal face distortions as a function of seal OD
pressure and ambient temperature, an optical flat test rig was
designed and built. The test rig, shown schematically in Figure
20, consists of a very low expansion material optical flat,
positioned over a test chamber. The test chamber can be pres-
surized up to 1000 psi, and also heated up to 750°F. By position-
ing a seal face against the optical flat, it is possible to accurately
measure seal face distortions, caused by pressure and tempera-
ture. This allows for correlation of results as predicted by finite
element analysis.

SEAL FACE 0.D. FRINGE PATTERNS

SEAL FACE I.D.

MONOCHROMATIC OBSERVATION
LIGHT SQURCE POINT

—

Figure 20. Face Distortion Test Rig.

Face distortion characteristics of typical commercially avail-
able metal bellows seals are summarized in Figure 21. It should
be noted that the face distortions in Figure 21 reflect the effects
of temperature only. The distortion at 400° is of the order of 90
pin or eight helium light bands.

Although actual face distortions under dynamic conditions,
are somewhat different from the static distortions, the measure-
ments provide important data to optimize the shell insert design
for face stability and correlation with FEA predicted distortion
values.

100 +

807

60
FACE
DISTORTION

(LLIN.) 40T

20

TEMP
°F

Figure 21. Measured Face Deflection vs Temperature of Welded
Metal Bellows Seal.

Optimization of Tribological Characteristics
of Seal Face Materials

Although a desired range of mechanical contact pressure (P,,.)
is used for a seal design, variations of operating conditions and
in pressure profile factor K could lead to considerable fluctua-
tions in P, ., as shown in the example in Hydraulic Balance and
Face Loading of Metal Bellows Seals. Hence, it is necessary to
minimize the variation of friction and wear of seal face materials
over a wide range of P, surface speed, K, fluid viscosity and
other operating conditions.

Physical and Microstructural Characteristics

Face material selection for seal applications is often applica-
tion specific in that material pairs used to generate low friction
often exhibit different characteristics than pairs selected for high
wear resistance such as in abrasive service conditions. Selection
of the proper material pairs depends on the physical properties
such as thermal conductivity, density, elastic modulus, hard-
ness, and toughness as well as the microstructural features like
grain size, distribution of various phases and porosity, and sur-
face texture.

Based on the thermal expansion coefficient, elastic modulus,
thermal conductivity and other empirically determined factors,
Mayer [19] tried to define a thermal resistance factor for seal face
materials and a selection criteria for dry running conditions.
However, the effects of microstructural features and their corre-
lation with tribological properties have not been addressed in
the literature. The following discussion of experimental results
highlight the importance of microstructural features in control-
ling the friction and wear of seal face materials.

Hard Face Materials

Three hard face materials are presently being widely used for
seal applications. These materials are silicon carbide, tungsten
carbide, and aluminum oxide. Typical properties for each is
shown in Table 2. Aluminum oxide (Al,O5) generally exhibits
relatively low hardness compared to silicon carbide, and low
thermal shock resistance. Many Al,O5 grades exhibit glassy
grain boundary phases which wear preferentially and give rise
to grain pullout. The pullout phenomenon produces substantial
abrasion and high friction for the mechanical seal (Figure 22).



36 PROCEEDINGS OF THE FIFTH INTERNATIONAL PUMP USERS SYMPOSIUM

Table 2. Physical Propertyies of Hard Face Materials for Seal
Applications.

Materials
Physical Properties

Alos we RBSIC S Sic
Density (gnvcc) 3.9 15.0 3.1 31
(Ibs/in® (0.14) 0.54) (0.11) (0.11)
Elastic Modulus (G Pa) 340 600 380 410
(M psi) (49) (87) (53) (59)

Thermal Conductivity(W/mK)  13-30 35-80 105-130 100-125

(BTU/h ft °F) (7.5-17.3) (20.246.8) (60.7-75.2) (57.8-72.3)
Hardness (Hv) Kgmv/m m? 1500 1650 2500 2800
KI.(MPay/m) 4 7 5 4

SOURCE: Reference 20—E. Meyer & Manufacturers’ Data

Figure 22. Polished Microstructure of Al,O, Showing Pull Out
of Large Grains (400 X ).

Tungsten carbide (WC) is a tough, abrasion resistant material
which is heavy, having a density of 0,54 Ib/in® (15 gm/cc). Its ther-
mal conductivity is somewhat higher than that of Al,O; and is
manufactured by sintering tungsten carbide particles into a ma-
trix of nickel or cobalt which acts as the binder. The performance
of WC depends greatly on the size of the particles and on the
distribution and type of binder used [20]. Tungsten carbide
exhibits superior performance in abrasive media applications,

e i - o

Figure 23. Optical Micrograph of Heat Checking in WC (50 X ).

especially running against silicon carbide, but should not be
used in high speed applications where excessive heat can be gen-
erated at the interface giving rise to thermal cracks at the surface
(Figure 23). Use of a higher thermal conductivity material in
contact with tungsten carbide such as silicon carbide or some
metal impregnated grades of carbon can reduce the thermal
cracking problem.

Silicon carbide is a light weight material with a density of0.11
1b/in® (3.1 gm/cm®) which exhibits high hardness and excellent
thermal conductivity. Two general types of silicon carbides, gen-
erally used for fluid sealing, are reaction bonded and sintered.
The reaction bonded materials exhibit a two phase microstruc-
ture, in that silicon carbide particles are surrounded by free sili-
con. The siliconizing process limits the porosity of the material
by adding free silicon which may offer certain advantages in seal
applications. However, the free silicon is more susceptible to at-
tack by corrosion and erosion, and applications of reaction
bonded materials must be chosen carefully. The sintered SiC is
asingle phase polycrystalline material containing no free silicon.
This material exhibits excellent corrosion resistance and should
be used in corrosive applications, but it is also brittle and must
be handled carefully.

Good specifications must be developed and rigid quality con-
trol programs need to be followed to insure that high quality face
materials are used routinely for fluid sealing. Lack of adequate
process control causes macroscopic defects such as silicon
streaks (Figure 24) or structures with excessive grain growth
(Figure 25). The presence of impurities and defects significantly
detracts from the desirable wear and friction behavior of a
mechanical seal.

Figure 24. Optical Micrograph (400 X ) of Silicon Streaking in
Reaction Bonded SiC.

Some suppliers consistently provide high quality SiC with
high purity and homogeneous phase distribution as shown in
Figure 26. The benefits of superior material quality become evi-
dent through lower friction, longer service life, and consistent
performance.

Because of superior tribological properties, silicon carbide
and carbon graphite pairs are now being most widely used for
pump sealing applications, excluding evosive environments.
The following study is directed towards optimizing microstruc-
tural features of cemmercially available grades of SiC running
against a standard carbon graphite.
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Figure 25. Optical Micrograph (400 X ) Showing Grain Growth
in Sintered SiC.
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Figure 26. Optical Micrographs (400 X ) of Sintered and Reac-
tion Bonded Silicon Carbides, Respectively Showing Good
Homogeneity, Proper Distribution of Phases and Small Grain
Structure.
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Tribological Studies of SiC/CG

This study examines the friction behavior of four commer-
cially available grades of silicon carbide sliding against a stan-
dard carbon graphite, using lubricated sliding conditions. Three
of the silicon carbide test materials are reaction bonded grades
(A, B, and C) and one is a sintered grade (D). The microstruc-
tural features are summarized in Table 3, and shown in Figure
27,

Tuble 3. Microstructural Features of Various Grades of Silicon
Carbide Used in the Study.

Average Free Silicon
Grade Type Grain Size (% Vol.)

A Reaction Bonded 3 pm 17%

B Reaction Bonded  Bimodal, 10 pm 15%
and 70-100 pm

C Reaction Bonded  Bimodal, 10um 7%
and 70-100 pm

D Sintered 7 wm -

MATERIAL A

S R ERNO
MATERIAL D

MATERIAL C

Figure 27. Optical Micrographs (400 X) Showing the Etched
Microstructures of the Reaction Bonded Silicon Carbide A, B,
and C and the Sintered Silicon Carbide D.

Tribological testing was conducted in a water lubricating con-
dition using sliding velocities up to 15.4 ft/sec and hydraulic
pressures up to 300 psi, producing mechanical contact pressures
(P from 35 to 90 psi, for durations of six hours. Frictional torque
values and temperature were monitored during the test.
Changes in surface texture were determined as a function of run-
ning time and the wear tracks were examined using scanning
electron microscopy.

The test pieces were designed to have a hydraulic balance of
70 percent. Using the Equation (2), contact pressures are calcu-
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lated assuming a linear pressure drop across the seal dam (K =
0.5), and friction coefficients can be estimated from the mea-
sured torque values.

Results and Discussion

Friction data for the “B” material at various pressures are pre-
sented in Figure 28 as a function of sliding velocity. The fric-
tional torque is shown to increase with pressure but decrease
with velocity. The fluid pressure acts to force the seals together
and increase the asperity contact. However, the effect of pres-
sure on the corresponding torque becomes less discernible at
higher sliding velocities, primarily due to the enhanced fluid
film formation, created by the higher speed and the correspond-
ing reduction in the asperity interaction at the seal interface [21,
22]. It is interesting to note that a fifteen fold reduction in pres-
sure produces the same relative drop in friction as 6.4 fold in-
crease in the sliding velocity. Similar trends in frictional torque
are observed for the other materials tested.

0.75 —+—
FRICTIONAL
TORQUE 0.50 — .
(FT-LBS) .
300 PSI
0.25 a
100 PSI
20 PsSi
| |

SLIDING VELOCITY
(FT/SEC)

Figure 28. Frictional Torque as a Function of Sliding Velocity for
Material “B.”

For a sample of material “B,” a typical profilometry trace of
the lapped surface is shown in Figure 29. The wear surface is
illustrated in Figure 30 after a running period of three hours. By
comparing the profilometry traces before and after wear, signif-
icant asperity shearing can be observed. The associated Ra,
which is a measure of average roughness, is smaller for the wear
surface and the (skewness) Rsk has a lower value, indicating a
decrease of the ratios to peaks to valleys [23]. Removal of the
highest asperity peaks during wear causes the symmetry of the
amplitude distribution function to change and causes the skew-
ness function to become more negative assuming that the
depths of the negative asperities remain unchanged.

To compare the behavior of the four test materials, the power
dissipation values at 10.2 ft/sec (2000 rpm) are illustrated as a
function of the fluid pressure (Figure 31). Material “A” yields the
lowest power dissipation and has less dependence on the fluid
pressure than the other materials tested. Material “B” has the
highest power dissipation and a higher dependence on the fluid
pressure than that of “A.” The slope of the power dissipation
function is an important parameter because it is believed that
the rate of change of the power dissipation with respect to the
pressure is related to the degree of asperity interaction and the
energy absorbed during asperity shearing. Referring to grain
size values as shown in Table 3, it can be recognized that the ma-
terials with larger grains exhibit higher friction torque values.

Lapped surface

Ra = 0.025 um (1.0p ")
Rek = -1.1
Sm = 14.3 um (572 . ")

Figure 29. Profilometry Trace and Scanning Electron Micro-
graph (2000 X ) of the Lapped Surface for Material “B.”

Wear surface

Ra = 0.018 um (0.72 ")
Rak = -1.5
Sm =

|

Figure 30. Profilometry Trace and Scanning Electron Micro-
graph (2000 X) of the Wear Surface for Materials “B.”
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Figure 31. Power dissipation as a function of Pressure for Vari-
ous Materials.

To compare the friction of various grades and to evaluate the
effects of grain size, the reciprocal torque values at a particular
surface speed and pressure are plotted as an inverse function of
the square root of the grain size (Figure 32). A linear relationship
is observed between the SiC grain size and frictional torque.
Thus, the inverse of frictional torque or friction coefficient ob-
served in these tests tends to follow the classic Hall-Petch type
grain size dependence. It is interesting to note that, frictional
torque was somewhat independent of free silicon. Sample “D”
with no free silicon but a smaller grain size exhibited a lower fric-
tional torque than “B” with 15 vol percent free silicon but a
larger grain size.

T=TORQUE
GS:GRAIN SIZE

3.0 +—
1

T
(FT-LBS)
20

L (MICRO INCH ‘/2)
JGS

Figure 32. Hall-Petch Plot of Reciprocal Torque for Various SiC
Materials.

The Hall-Petch type behavior has been observed by other au-
thors relating the grain size to various properties such as hard-
ness and wear resistance [24, 25, 26]. The grain size dependence
of friction can be explained by assuming transgranular fracture
at the sliding interface. The roughness of the fractured sur-
face increased with the grain size, thereby, raising the friction
coeflicient.

CONCLUSIONS

Using experimentally determined bellows force vs. pressure
curves, and assuming approximate values of face pressure profile
(K), metal bellows seals can be designed to achieve a desired seal
face contact pressure (P,.).

To enhance metal bellows fatigue strength and manufactura-
bility, the optimum plate shape for externally pressurized bel-
lows seals consists of a near —45 degree tilt edge at bellows ID
and a straight edge at OD.

Two-ply bellows seals exhibit lower spring rates and higher
static burst pressures than those of similar single-ply bellows
seals with twice the plate thickness. Hence, two-ply bellows
seals are preferred in high pressure applications.

For shrinkfit shell insert assemblies, the seal face distortion
and the attendant variation of face pressure profile (K) stems pre-
dominantly from the relaxation of shrinkfit stresses under
operating conditions. Using Finite Element Analysis, the shell
insert design can be optimized to minimize this face distortion.

Tribological properties of silicon carbide (SiC) running against
carbon graphite are found to depend on the grain size of SiC.
The frictional torque values decrease with the SiC grain size.
Hence, strict microstructural control is necessary to ensure a
fine SiC grain size and eliminate other structural defects like
large grains, silicon streaks and excessive porosity.
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