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PRODUCT DESCRIPTION

This technical update provides insights into the physical basis for the effectiveness of actions
taken to address Westinghouse #1 seal leakoff anomalies (that is, when #1 seal leakoff exceeds
manufacturer’s maximum value or is less than manufacturer’s minimum value).

Background

Over the years, the Electric Power Research Institute (EPRI) has worked with utilities to develop
actions to address Number 1 seal leakoff anomalies (high or low) in Westinghouse reactor
coolant pumps (RCPs). Some utilities encouraged EPRI to use universities to look at changes
that could be made to these seals to address these anomalies. To accomplish this, EPRI worked
with a university to 1) understand why the actions captured in past EPRI literature were effective
and 2) using this information, proceed with a conceptual design that controls and adjusts seal
geometry to address the problem of leakoff anomalies during normal plant transients (such as
startup and shutdown); during changes in water properties due to temperature, pressure, or
chemical changes; or during normal wear of seal surfaces. In addition, the change to the design
might allow for less periodic maintenance to be performed on the seals without sacrificing
reliability, which would provide economic benefits to utilities in the form of less labor and work-
hours during refueling outages.

Objectives

The objective of this phase of the project was to review the physics governing the behavior of
mechanical seals based on seal face geometry and behavior of the fluid film affecting controlled
leakage of the RCP seal. With a better understanding these physics, proposals to modify seal
design should be more effective.

Approach

An analytical approach was used to research this issue, which included research of fluid dynamic
literature, review of industry operating experience, and review by utility peers. Seal
manufacturer involvement was desired; however, neither the original equipment manufacturer
nor a second-party seal manufacturer agreed to engage in discussions about this project for
unstated reasons. It is presumed that there was insufficient commercial value to these companies
to warrant their involvement.

Results

The research provides a plausible technical explanation for the effects of actions by plant staff
such as lowering seal water injection temperature, replacing seal water injection filters, altering
reactor coolant system makeup methodology, or changing primary water chemistry on
Westinghouse RCP #1 seal leakoff. These effects were both immediate and longer term.

Based on this better understanding of seal leakoff causes and effects, utilities might be able to
determine which actions would be most effective when seal leakoff anomalies occur.



Applications, Value, and Use

The intended audience for this report is plant engineers (for example, system or maintenance
engineers), operators, and plant chemists. By better understanding the effects of seal leakoff
mitigative actions, plant staff may develop more precise actions based on their individual
situations.

In addition, the results of this report will help EPRI and its advisers determine the best path
forward for seal redesign so that seal face geometry can be changed and controlled.

Keywords

Maintenance

Primary water chemistry
Pumps

Reactor coolant pump (RCP)
Seals
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ABSTRACT

A review of the physics governing the behavior of mechanical seals reveals the way in which
coning of the faces (in hydrostatic seals) and circumferential variations in the face geometry (in
hydrodynamic seals) determine the lubrication regime (full film or mixed lubrication) in the
interface between the seal faces and the thickness of the lubricating film. Seal leakoff strongly
depends on the latter.

Because the face geometry is affected by material deposited on the face, wear of the face, and
thermal and mechanical deformation, abnormal seal leakoff from reactor coolant pump (RCP)
seals can result from these processes. In particular, it can result from electrophoresis, which
deposits material on the faces; from excessive face contact, which produces wear; and from
pump transients and pressure and temperature excursions, which alter the thermal and
mechanical deformations.

Two basic strategies to mitigate abnormal seal leakoff from RCP seals have been developed. The
first strategy involves changing the temperature of the seal injection water. To reduce seal
leakoft, the first course of action recommended by the industry is to reduce the temperature of
the injection water. This increases the water viscosity on which leakage rate is inversely
proportional. More importantly, it decreases the thermal deformation and coning of the faces,
which decreases the film thickness—on which the leakage rate is proportional to the third power.
Conversely, to increase leakoff, the temperature of the injection water should be increased,
which produces the opposite physical effects.

The second mitigation strategy involves the prevention of electrophoresis. This is achieved
primarily by replacing seal injection filters and changing reactor makeup water methodology and
reactor coolant system chemistry. These steps prevent the buildup of deposited material on the
seal faces so that the face geometry remains in its original form, designed to produce the
optimum coning and resulting lubrication conditions for optimum performance. This strategy is,
of course, effective only when the abnormal seal leakoff is due to electrophoresis.
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INTRODUCTION

There is a continuing need to mitigate abnormal seal leakoff in the Westinghouse reactor coolant
pump (RCP) seal system. Two strategies to mitigate abnormal seal leakoff from RCP seals have
been developed by industry and provided in EPRI guides: changing seal injection water
temperature and preventing electrophoresis. However, much of these strategies’ success is not
well understood. This report presents the physics governing the behavior of RCP seals and
explains the physical causes of abnormal seal leakoff and the rationale behind these mitigation
strategies.

Key Points

Throughout this guide, key information is summarized in “Key Points.” Key Points are bold
lettered boxes that succinctly restate information covered in detail in the surrounding text,
making the key point easier to locate.

The primary intent of a Key Point is to emphasize information that will allow individuals to take
action for the benefit of their plant. The information included in these Key Points was selected
by NMAC personnel and the consultants and utility personnel who prepared and reviewed this
guide.

This report contains Key Technical Points, which have an identifying icon, as shown below, to
draw attention when quickly reviewing the guide.

Key Technical Point
Targets information that will lead to improved equipment reliability.
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OPERATION OF A MECHANICAL SEAL

Basic Concept

RCP seals are mechanical seals (sometimes called face seals). Mechanical seals have been
studied over many years, and their basic operation is generally well understood [1]. A schematic
of a generic mechanical seal is shown in Figure 2-1. The seal contains two annular faces: the
rotating face (runner) is mounted on the rotating shaft, and the non-rotating face is mounted on
the housing. One of the two faces is flexibly mounted so that it can move in the axial direction
(float) while the mating face is fixed axially. Leakage between the rotating face and the shaft and
between the non-rotating face and the housing is prevented by secondary seals, for example, O-
rings. Therefore, any leakage through the seal must flow through the interface between the two
seal faces. A spring or bellows is usually used to force the floating seal face toward the fixed
face in order to close the seal under static unpressurized conditions, preventing static leakage.
When the shaft is rotating, the interface between the two faces is lubricated by the sealed fluid.
There are also drive (or anti-rotation) devices to prevent the rotating face from rotating relative
to the shaft and the non-rotating face from rotating relative to the housing (not shown in the
schematic). These are usually pins or keys.

P
HOUSING ATMOS-
PHERE  ELASTOMERIC
SECONDARY
SEALED FLUID /f/fSEng

SHAFT

AN ‘ /
] B 4 A—

FLQAﬂNGf/ FIXED
SPRING FACE FACE

SEALING INTERFACE

Figure 2-1
Schematic of a mechanical seal

Figure 2-1 is a simplified schematic containing the most basic elements of a mechanical seal. It
shows the most common configuration for commercial industrial seals. Schematics of the
Westinghouse #1, #2, and #3 seals and the complete Westinghouse seal system are contained in
Appendix B.

In Figure 2-1, the rotating face is the floating seal face, which is loaded by a spring (or several
springs) and by the fluid pressure. The sealed pressure is at the OD of the faces. Many other
configurations are possible [2].



In the Westinghouse #1 and #2 seals, the non-rotating face is the floating face, unlike the generic
seal shown in Figure 2-1. There is no spring, and the seal is loaded primarily by the fluid
pressure. In the #3 seal, the non-rotating face is again the floating face, but in this seal a springs
or bellows is used. In the Westinghouse vertical assembly, there are gravity forces on the floating
seal faces, but these are negligible compared to the pressure forces under pressurized conditions.

One of the most important advantages of the mechanical seal is its ability to tolerate some degree
of eccentricity, misalignment, and run-out while still maintaining a low leakage rate. Even if the
two faces are not perfectly parallel and concentric, they will still track one another (if properly
designed) because one of the faces is flexibly mounted and floats. It is important to note that a
conventional mechanical seal is passive and self-adjusting. The thickness of the lubricating film
in the interface between the seal faces cannot be set or adjusted by the operator. Rather, it is
determined by the design and operating conditions through the physics of the device, as
described next. The thickness of the lubricating film in the interface (with the sealed fluid acting
as the lubricant) is typically on the order of microns and is much smaller than the clearance in
fixed clearance seals (which is determined by the need to avoid interference in the presence of
eccentricity, misalignment, and run-out). Therefore, the leakage rate of the mechanical seal is
smaller than that of a fixed clearance seal—an important advantage.

Some leakage is always necessary for the proper operation of a mechanical seal under dynamic
conditions. It acts as a lubricant and reduces or completely eliminates the contact forces on the
faces, reducing or eliminating mechanical damage and wear. It also acts to cool the faces,
reducing the impact of heat generation in the interface and the resulting thermal damage.

Sealing Zone

The interface between the seal faces (Figure 2-1) is termed the sealing zone and is the most
critical portion of the seal. Because the faces are in relative motion, sealing is difficult. Face
damage and wear are most likely to occur at this interface. Frictional forces are exerted on the
faces, and heat is generated at this location. The rest of the seal must be designed so as to achieve
optimum conditions in this zone.

The lubrication regime in the sealing zone is either full-film lubrication, with non-contacting
faces, or mixed lubrication, with asperity contact (contact between asperities that are distributed
along the surfaces of the two adjoining seal faces). Which of these regimes occurs depends on
the seal design and operating conditions. If the film thickness is larger than approximately three
times the rms roughness of the seal faces, there is full-film lubrication. If the film is thinner,
mixed lubrication occurs. As mentioned previously, the sealed fluid acts as the lubricant.

Key Technical Point

If the lubricating film thickness between the adjoining seal faces is larger
than approximately three times the rms roughness, there is full-film
lubrication. If the film is thinner, there is mixed lubrication.

The choice of lubrication regime depends on the seal requirements and operating conditions.
Full-film lubrication results in maximum seal life and minimum probability of failure, but also
relatively high leakage rate. Conversely, mixed lubrication results in minimum leakage rate but
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shorter seal life and higher probability of failure. For RCP seals, full-film lubrication is clearly
the ideal choice for the primary seal because predictable and reliable performance is important
for the RCP application.

Key Technical Point

For the RCP application, minimal leakage is not as important as predictable
and reliable performance.

The Westinghouse #1 seal is designed to operate with full-film lubrication. The #2 and #3 seals
operate with mixed lubrication (boundary lubricated) because these latter two seals experience much
lower pressure forces than the #1 seal and are therefore much less susceptible to wear and damage.

Floating Seal Face: Location and Forces

The axial location of the floating seal face determines the average film thickness and the
lubrication regime. All other sealing zone characteristics (such as heat generation rate,
temperatures, pressures, contact areas and forces, wear rate, seal life, and leakage rate) are
determined by the film thickness distribution. The axial location of the floating face, in turn, is
determined by the forces acting on the face because the face will assume an equilibrium location
such that the net axial force on it is zero. These forces are shown in the schematic diagram in
Figure 2-2. Forces that tend to push the floating face toward the fixed face are called closing
forces; those that push the floating face away from the fixed face are called opening forces.

There are two closing forces: 1) the pressure force due to the sealed pressure acting on the back
side of the floating face and 2) the spring force if a spring is present. The pressure force is
generally dominant except at very low sealed pressures. The spring force, if any, is usually
important only under static, unpressurized conditions. Its main function is to keep the seal faces
closed when the sealed device is not operating. As mentioned previously, the gravity force is
negligible compared to the pressure force under pressurized conditions.

A /
Fco ntact //

Fepng ———==2

Iy I

Figure 2-2
Forces on floating seal face
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For moderate to high pressures, the spring force can usually be ignored. The total closing force is
then given by

Eq. 2-1
_ !
closing F;pring + pYA
where A" is the effective area of the back side of the seal face and p, is the sealed pressure
(relative to the pressure on the low-pressure side of the seal). The total closing force can be
expressed in terms of the effective face area, 4, by introducing the balance ratio

2 2
r—n
NB:A'/A,,:—"2 ”2
Y Al Eq. 2-2

This expression for the balance ratio is valid for a spring-loaded seal pressurized at the OD. The
balance ratio is known once the seal geometry is specified and is usually between 0.65 and 0.90.
To achieve full-film lubrication, the balance ratio should be less than 1.0. Some “contacting
seals” have balance ratios larger than 1.0, resulting in mixed lubrication. These are called
unbalanced seals. The closing force is given by

=F _+pN,A,
closing spring ps B f Eq 2.3
It is quite easy to determine the closing forces for a prospective seal design. However, this is not

the case for the opening forces.

As shown in Figure 2-2, there are two opening forces: the pressure force due to the pressure
distribution in the sealing zone and the contact force due to asperity contact. (The latter is not
present in the case of full-film lubrication.) Therefore, the total opening force is given by

F;pening = J.A‘,» p dA + Fvcontact Eq 2.4

This opening force cannot be computed, a priori, for a given seal design. To obtain this force,
further analysis is required as discussed next.

By equating the closing and opening forces, one obtains the equilibrium condition that
determines the axial location of the floating seal face:

F;losiizg - E)pening Eq 2-5

or,
F

spring

+ prBAf = JAAF/ p d4+ E'antac't Eq 2-6



The pressure distribution in the sealing zone and the contact force (on the right-hand side [RHS]
of Equation 2-6) depend on the axial location of the floating face and therefore on the film
thickness distribution, which is affected by both mechanical and thermal deformations. While
these deformations are very small (on the order of microns), they are of the same order as the
film thickness and therefore play an important role in the operation of the seal (described next).
This is what makes Equation 2-6 difficult to solve.

Forces from Secondary Seals

In Equations 2-1 through 2-6, the force exerted by the elastomeric secondary seal (shown in
Figure 2-1 and discussed previously in “Basic Concept™) on the floating seal face is neglected.
The elastic contact force in the radial direction results in an axial force due to friction. The latter
force is usually much smaller than the other axial forces and can be ignored for a first
approximation of seal operation. However, that force can produce two important effects:

e Depending on the elastomeric secondary seal material, the seal will age over time. At some
point, the contact force and friction force exerted on the floating face can become large
enough to prevent the free movement of the face in the axial direction.

e Depending on the elastomeric material, the contact and friction forces may be large enough
to produce hysteresis in the seal, so that seal performance as the sealed pressure is reduced
will differ from the performance as the sealed pressure is increased. Similar hysteresis can
occur during speed changes. Therefore, the proper selection of this material is very
important. In the Westinghouse #1 seal, the seal faces (faceplates) are lightly secured to the
holders with an O-ring. These can also contribute to hysteresis.

Hydrostatic Seals

Most mechanical seals are nominally Aydrostatic seals. This means that the pressure distribution
in the sealing zone is induced by the sealed pressure; it is not directly produced by the rotation of
the seal face, although it can be affected by the rotation. In this regard, the hydrostatic seal is
analogous to the hydrostatic bearing. The faces of a hydrostatic seal are axisymmetric, so that
there is no circumferential variation in the film thickness; otherwise, there would be a
hydrodynamic effect (see below). Therefore, the film thickness can vary only radially—a
condition referred to as coning. The coning, ¢, is defined as the difference in the film
thicknesses at the two radial boundaries of the sealing zone. It is positive when the film
converges in the direction of leakage (flow) and negative when the film diverges in the direction
of leakage. Positive coning (sometimes called taper) for an outside pressurized seal is shown in
Figure 2-3. Coning is sometimes defined as the angle of the face surface in microradians. This is,
in fact, the way the coning of the Westinghouse seals is usually described.

2-5



leakage

Figure 2-3
Coning of mechanical seal faces

The fluid pressure distribution in the sealing zone of a hydrostatic seal with a specified coning
and film thickness can be determined from the solution of Reynolds equation

3 3
Ofrhop| 10 h op| Ul Eq. 2-7
or\12uor) ro@\12uol0) 2060
where r is the radial coordinate, 6 is the circumferential coordinate, / is the local film thickness,
1 1s the viscosity, and U is the relative speed between the two surfaces.

For the hydrostatic seal, the second term on the left-hand side (LHS) and the term on the RHS
are zero. The solution, which is easily obtained numerically, is shown schematically in Figure 2-
4. It is seen that the shape of the pressure distribution depends on the ratio & /4,,. For parallel
faces (o0 /h,,= 0), the distribution is almost linear; for positively coned faces, it is convex; for
negatively coned faces, it is concave. Because the opening force due to the fluid pressure is
proportional to the area under the pressure distribution curve, it is seen that for a given film
thickness, the larger the coning, the higher the opening force due to fluid pressure. Similarly, for
a given coning, the smaller the average film thickness, the higher the opening force due to fluid
pressure.
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Figure 2-4
Fluid pressure distribution in a hydrostatic seal

Non-Contacting Hydrostatic Seals

The force balance for a non-contacting hydrostatic seal in which full-film lubrication occurs
between the faces is relatively easy to evaluate. At moderate and high sealed pressures, the
spring force can be neglected. Because the contact force can be neglected, the equilibrium
equation (Equation 2-6) becomes

pNyd, = L/ p dA

or
A Eq. 2-8
N, =L a2 a
ps Af

For a given value of 6 /h_, the integral on the RHS of Equation 2-8 is just the area under the
corresponding curve in Figure 2-4. Therefore, each curve in Figure 2-4 corresponds to a seal
with a certain balance ratio. The curves for positive values of & /h_, each correspond to a
balance ratio larger than 0.5, while those for negative values correspond to balance ratios less
than 0.5.

Equation 2-8 can be written as
NB = f(§ / have) Eq. 2'9

Therefore, for a seal with a given balance ratio, the value of 6/ 4, is fixed. As such, the average

film thickness is proportional to the value of the coning; the larger the coning, the thicker the
film. Therefore, when designing a hydrostatic seal, it is necessary to design in the “right” amount
of coning (both manufactured “pre-coning” and that produced by mechanical and thermal
deformation). Too much coning will result in excessive leakage, while too little will result in too
thin a film and contact between the faces.
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Key Technical Point

The lubricating film thickness is proportional to the coning; the larger the
coning, the thicker the film.

It is important to note that the leakage flow rate, Q, is proportional to the pressure drop across the
seal and the cube of the average film thickness and is inversely proportional to the viscosity.

H H Eq. 2-10

Therefore, the leakage is extremely sensitive to the film thickness and therefore to the coning.

Key Technical Point

Leakage is inversely proportional to the viscosity and proportional to the
cube of the film thickness, so it is very sensitive to the coning.

The axial stability characteristics of a non-contacting hydrostatic seal can also be seen from
Figure 2-4. First, consider a seal with positive coning. Assume that such a seal is operating in
equilibrium with the pressure distribution of Curve b. If a small disturbance reduces the average
film thickness, #,,, the value of & /h,, increases. Then, the pressure distribution in the sealing
zone changes to the one shown by Curve a. Therefore, the opening force increases and becomes
greater than the closing force, causing the floating face to return to its original position. On the
other hand, if a small disturbance increases 4, the value of 6 /h,, decreases and the pressure
distribution in the sealing zone changes to the one shown by Curve c. The opening force then
decreases, and the floating face is again returned to its original location. Therefore, a seal with
positive coning (N, > 0.5) will be stable to axial disturbances. It has positive axial stiffness. Now
consider a seal with negative coning. Assume that it is operating with the pressure distribution
shown by Curve f. If a small disturbance reduces /_, the value of 6 /h__ increases and the
pressure distribution in the sealing zone changes to that of Curve g. The opening force decreases
and 1s now less than the closing force. This causes the floating face to move closer to the fixed
face, away from its original location. On the other hand, if a small disturbance increases /4, the
value of & /h,, decreases and the pressure distribution in the sealing zone changes to that shown
by Curve e. The opening force increases, and the floating face is moved farther from the fixed
face, once again away from its original location. It is therefore seen that a hydrostatic seal with
negative coning (N, < 0.5) will be unstable to axial disturbances and has negative axial stiffness.
The faces of such a seal will either fly open or collapse. A seal with perfectly parallel faces (zero
coning, N, = 0.5) will be in neutral equilibrium, without any unique average film thickness. This
is the reason that all practical non-contacting hydrostatic seals have balance ratios larger than
0.5, usually in the range 0.65-0.9.

Contacting Hydrostatic Seals

While the non-contacting hydrostatic seal, discussed previously, has the advantages of relatively
long life and high reliability, it has become necessary to drastically reduce leakage rates in
certain applications (for example, to meet EPA emission requirements). This has caused
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designers to reduce the film thicknesses in hydrostatic seals to such a degree that asperity contact
between the faces occurs. This is done by reducing the fluid pressures in the sealing zone
through a reduction in the coning. In addition, in low sealed pressure applications (for example,
automotive water pump seals and in the Westinghouse #2 and #3 seals), hydrostatic pressures
produce insufficient opening forces to maintain a continuous fluid film. For such contacting
seals, the contact force term on the RHS of Equation 2-6 is very important and cannot be
neglected—it is required in order to maintain the floating seal face in equilibrium. Therefore, the
conclusions regarding the relationship between average film thickness and coning and that
between coning and stability (described above for non-contacting seals) are no longer necessarily
valid for contacting seals. It is important to note that the latter may run stably with negative or
zero coning and with positive coning.

Production of Coning

The faces of conventional commercial mechanical seals are manufactured to be flat and parallel
under static unpressurized conditions. This is the case for the Westinghouse #2 and #3 seals.
Such seals develop coning under pressurized dynamic conditions due to mechanical and thermal
deformation. Depending on the design details, mechanical deformation can lead to either a
converging (positive coning) or diverging (negative coning) gap, going from the OD to the ID.
Thermal deformation, however, generally produces a converging gap (positive coning), going
from the OD to the ID, in most commercial seals. To obtain a stable seal with full-film
lubrication, it is necessary to have a converging gap going from the high-pressure side of the seal
to the low-pressure side, as described above. Even for a seal with mixed lubrication, such a
converging gap is preferred in order to allow the sealed fluid to effectively penetrate the gap and
lubricate the interface. This is the reason that most commercial seals are designed with the high
pressure on the OD.

In contrast to the conventional commercial mechanical seals, discussed above, the Westinghouse
#1 seal is pre-coned. The faces are manufactured to have a radial taper, producing positive
coning even under static unpressurized conditions. The taper is compound, with the major taper
at the OD and over the majority of the cross section. The minor taper has an angle that is roughly
one-third that of the major taper. (However, the general effects of simple taper, discussed above
and below, apply as well to compound taper.) This pre-coning is done to ensure full-film
lubrication under design conditions. However, it should be noted that the coning will be affected
by mechanical and thermal deformation and, under pressurized dynamic conditions, will differ
from the nominal static unpressurized value.

Key Technical Point

Although the Westinghouse #1 seal is pre-coned to a specified taper, the
coning will be affected by mechanical and thermal deformation and will
differ from the nominal value under pressurized dynamic conditions.

Hydrodynamic Seals

Unlike a hydrostatic seal, in a hydrodynamic seal the pressure distribution in the sealing zone is
induced by the rotation of one of the seal faces. Even a seal designed to be hydrostatic could
exhibit some hydrodynamic behavior. The term Aydrodynamic seal originated from an analogy
with the hydrodynamic bearing. To generate elevated pressures by means of rotation, the film
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thickness must vary in the circumferential direction. This occurs through a circumferential
variation in face geometry, which may be designed into the seal or may occur through
inadvertent deformation. A section of the pair of seal faces, with one face moving in the
circumferential direction relative to the other face, then acts like a slider bearing and generates an
elevated pressure distribution. This pressure distribution can be computed from the Reynolds
equation (Equation 2-7), where the RHS is the hydrodynamic driving term (which is zero for a
hydrostatic seal). These hydrodynamic seals are usually intended to operate with full-film
lubrication. By its very nature, the operation of this type of seal is speed dependent: generally,
the higher the speed, the larger the film thickness.

One type of hydrodynamic seal contains microscopic hydropads etched into one of the faces.
These hydropads have depths on the order of microns.

A much more common type of hydrodynamic seal contains macroscopic hydropads, grooves or
slots with depths on the order of a millimeter, which are machined into the face. The mechanism
by which such a seal operates involves two phenomena [3]. First, the macroscopic features
destroy the symmetry of the face so that, when the seal is in operation, the face develops
waviness due to asymmetric mechanical and thermal deformation. The amplitude of the
waviness is on the order of microns—the same order as the film thickness. Second, as a result of
the circumferential variation in film thickness, a periodic elevated pressure distribution is
produced. This pressure variation can be relatively large because the waviness amplitude is on
the same order as the film thickness (unlike the depth of the macroscopic features). This spatially
fluctuating pressure distribution generates a net opening force because cavitation occurs below
the cavitation pressure (the pressure at which air comes out of solution) and the pressure
distribution is truncated at the cavitation pressure.

It is important to note that no seal can be purely a hydrodynamic seal. All hydrodynamic seals
have, in addition to the hydrodynamically induced pressure distribution, a hydrostatic
component. Therefore, the term hydrodynamic seal is somewhat misleading. The relative
importance of the hydrodynamic effect compared to the hydrostatic effect depends on the
operating pressure, speed, and seal design (including the hydrodynamic features). For full-film
lubrication, while a purely hydrostatic seal cannot operate stably with negative coning, a
hydrodynamic seal with a large enough hydrodynamic component can operate stably with
negative coning.

Sometimes a seal intended to be hydrostatic and non-contacting does not generate a high enough
opening force to maintain full-film lubrication. Frequently in such cases, hydrodynamic features
are added to the face to augment the hydrostatic opening force.

Conversely, sometimes a seal intended to be solely hydrostatic inadvertently acquires a
hydrodynamic component. This could occur due to the presence of a drive pin or any other
feature that destroys the axisymmetry of the seal ring. The ring can then develop waviness
through thermal and mechanical deformation.

Effects of Changing Operating Conditions

Changes in sealed pressure and temperature will produce changes in the mechanical and thermal
deformations, respectively, of the seal faces. Therefore, the coning will change and subsequently
the film thickness. This will occur both in purely hydrostatic seals and in hydrodynamic seals
because the latter has a hydrostatic component of the fluid pressure distribution in the sealing
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zone, as discussed above. In addition, for hydrodynamic seals, the face waviness will be changed
due to the change in face deformation—also resulting in a change in film thickness. The seal face
geometry will also change if material is deposited onto the face surfaces, for example, through
electrophoresis. This will change the coning (as well as the waviness in hydrodynamic seals) and
therefore the film thickness. Changes in speed will also lead to changes in coning and film
thickness due to changes in heat generation in the sealing zone and the resulting changes in
thermal deformation. In hydrodynamic seals, there will also be changes in the film thickness due
to changes in the hydrodynamic pressure generation. These various changes are illustrated in
Figure 2-5.

pressure temperature fouling speed
v ,', /
mechanical thermal hydrodynamic
deformation deformation pressure
generation
l A
cohing
film
thickness

erratic reliable
behavior predictable
or failure performance

Figure 2-5
Effects of changing operating conditions

These changes in film thickness can lead to either abnormally high or abnormally low seal
leakoff. If the film thickness is reduced to the point at which excessive face contact occurs,
eventual seal failure can result.

Key Technical Point

Changes in operating conditions will lead to changes in mechanical and
thermal deformation, coning film thickness, and leakage rate. In addition,
electrophoresis will change the coning, film thickness, and leakage rate.

2-11



Two-Phase Effects

These discussions all assume that the fluid within the sealing zone is a liquid. However, when the
liquid near the high-pressure side of the sealing zone gets close to the vapor temperature, it is
possible for the liquid to vaporize as it flows across the seal face. If a stable configuration is
reached, the leakage rate is actually lower than it would be under single-phase conditions [4].
However, frequently when two-phase conditions exist, the seal becomes unstable. Three types of
instability can occur: the seal can fly open, the fluid film can collapse and the seal shuts with
face contact, or the floating face oscillates with increasing amplitude and eventual face contact.
Various investigators, through simulation studies, have found that under certain operating
conditions and seal design, negative coning tends to stabilize the seal [5], while under other
operating conditions and seal design, positive coning tends to stabilize the seal [6—10].

For RCP seals, two-phase conditions would be expected to be encountered under station blackout
conditions.
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CAUSES OF ABNORMAL SEAL LEAKOFF

Due to the complexity of the RCP seal system and the many interacting physical processes
governing seal behavior, there are many possible causes of abnormal seal leakoff. Those related
to the design of the seal system (for example, inadequate seal face material or secondary seal
material) and to the maintenance of the system (for example, improper installation of
components) are not considered in this report.

Electrophoresis

In RCP seals that are otherwise running properly, out-of-specification leakage is frequently
caused by chemical deposition on the seal faces. This chemical deposition is usually due to
adverse temperature and water chemistry in the RCS. Chemical deposition, also called
electrophoresis, represents one of the most significant issues encountered regularly by utilities
during operation. The deposition of material on the faces of the seals affects their geometry and
coning, which in turn affects the separation of the seal faces and the ability of the seals to react to
changing RCS conditions. Seal faces that are too far apart lead to high leakage, and seal faces too
close together lead to low leakage and possible face contact.

As the fuel cycle ends and the unit proceeds toward the refueling outage stage, unique water
chemistry conditions arise that can cause electrophoresis. As the fuel is spent and the RCS water
undergoes dilution, the boron concentration in the RCS water decreases sharply. This lowered
concentration raises the overall pH in the RCS, creating a higher likelihood of chemical
deposition on the seal faces that affects the geometry of the faces, the face gap, and the coning—
potentially creating high or low out-of-specification leakage or seal instability. In addition, high
lithium concentration in the RCS at the fuel’s end of core life (EOL) can raise the pH, creating
the potential for chemical deposition. In 2006, Salem Unit 2 experienced a manual reactor trip
during a planned coast-down due to excessive #1 seal leakage. The root cause of this leakage
was determined to be corrosion products deposited on the seal faces. These products precipitated
out of solution from the RCS due to low boron concentration and lithium in the water, creating a
higher-than-normal pH and sensitivity to chemical composition changes.

As mentioned, electrophoresis is believed to be caused or worsened by two conditions:

e Water chemistry. The chemistry of the RCS is believed to be the major cause or contributor
to electrophoresis. Chemical deposition on the seal faces seems to be driven by a rise in the
pH of the RCS. The pH of the RCS, in turn, is driven in part by the boron concentration of
the RCS water, which is high at the beginning of a fuel cycle but becomes very low (almost
nonexistent) at the end of the fuel cycle when reactor makeup water dilutions are more
frequent. A gradual rise in RCS pH over the fuel cycle seems to permit an increase in the
chemical scale deposited on the seal faces, altering their geometry and ability to maintain
consistent leakage. At the end of fuel cycles, the low boron concentration in the RCS also
seems to cause increased sensitivity to pH changes. In addition, the presence of carbon steel
in the RCS piping may contribute to the presence of dissolved iron in the water, which then
may be deposited as hematite on the seal faces—creating the same geometry issues. Many
utilities experience high leakage during the days or weeks leading up to a refueling outage, at



which point the main concern is preventing the leakage from reaching the point at which the
plant must be forced into a premature shutdown to avoid catastrophic seal failure rather than
being shut down in accordance with the refueling outage schedule.

e Temperature. A second driving effect of electrophoresis appears to be the temperature at the
seal inlet. Because the seal injection mechanism buffers the seal inlet from the full
temperature of the RCS, the seal inlet temperature is fairly constant. However, slight
increases in temperature can reduce the dissolved oxygen concentration at the seal inlet,
leading to another rise in pH and contributing to chemical deposition. Conversely, seal
injection temperature decreases can create a “flushing” effect by lowering the pH and
stripping some deposited material from the seal faces as well as lowering leakage by
affecting the response of the floating seal face (described next).

Failure to Adequately Pre-Charge

Failure to establish appropriate startup conditions can lead to excessive wear on vital
components or can cause immediate failure of one or more seal stages. Proper startup procedure
includes a pressure differential of at least 200 psi (1.4 MPa) and a leakage rate of at least 0.2
gpm (0.76 Ipm) across the #1 seal. Blocked injection lines, overly high backpressure, and stuck
seal faces can cause failure to establish appropriate leakage during startup. Failing to pre-charge
the #1 seal can cause it to run in face contact, causing rubbing wear and potentially heat checking
or fracturing the face material. Wear of the faces then affects the fluid dynamics in the face gap
through a change in the coning, causing changes in the leakoff. Fracture of the face material also
affects the fluid mechanics and leads to unpredictable seal operation. In addition, pieces of face
material that break off may end up in the face gap of another seal stage, causing particulate
contamination and further seal failure. In 2003, Summer Unit 1 experienced a failure to pre-
charge due to a blockage of the #1 seal. RCP startup attempts failed to establish any leakage
across the #1 seal. Troubleshooting eventually led to a hand-rotating of the RCP at low RCS
pressure, freeing the #1 seal runner and allowing the blockage to pass through the seal. After the
blockage was cleared, the #1 seal operated normally.

Particulate Contamination in Water

A less common cause of out-of-specification leakage while the seal is still in stable operation is
particulate contamination. Particulate contamination represents a group of problems related to
the introduction of foreign components in the face gap. The foreign material can damage the seal
faces or lodge in the face gap, affecting the seal’s ability to freely move in order to moderate
leakage. In addition, seal failures themselves may lead to particulate contamination of other seal
stages if material is broken free from the seal face. It is important to note as well that particulates
from outside the RCS can sometimes end up in the seal faces. Some utilities have found that
particulates from the volume control tank (VCT) or seal injection lines—not just in the main
RCS loop—have led to single-stage or multi-stage seal failure. In 2008, Oconee Unit 1
experienced a cascading seal stage failure partly due to particulate contamination. During coast-
down before an outage, the #3 seal of an RCP exhibited failure due to heat checking caused by
thermal excursions during the fuel cycle (see the following section, Pump Transients, Including
Trip). The failure of the #3 seal caused heavy debris contamination in the RCS, which later
traveled to the #1 and #2 seals, causing damage and excessive leakage. This failure shows that
particulate contamination can arise from many sources, including damage to other seal stages.
Therefore, adverse conditions that otherwise do not include particulate intrusion into the RCS
may lead to seal failure if they promote fracture of a seal face.



Pump Transients, Including Trip

Pump transients affect the seal mechanism by forcing it to respond to transient temperature and
pressure conditions, requiring a change from steady-state conditions (such as a stable face gap
and leakage rate) and possibly contributing to unwanted seal performance or seal stage failure.

For example, in 2008, Oconee Unit 1 experienced #3 seal stage failure that then caused debris
contamination and cascading failures in the #2 and #1 seals. This occurred during coast-down.
During shutdown and then restart, the RCP undergoes large changes in pressure as well as
changes in flow characteristics and other parameters, which may affect seal performance. In
addition, seal faces may operate in face contact until pump operation is stabilized, causing
significant thermal buildup in the seal faces and surrounding fixtures and presenting the
opportunity for mechanical wear and face damage. The failure of the #3 seals due to heat
checking created debris that migrated to the lower seal stages of the pumps, which caused them
to fail catastrophically. Failure of the top last-stage rotating tungsten carbide ring resulted in
debris that contributed to lower stage failures. The design of the Oconee Unit 1 seal does not
encapsulate the rotating ring with metal as other designs do.

Temperature and Pressure Excursions

The RCP seals operate best when RCS conditions are stable and when the seals have reached a
satisfactory, stable level of leakage. Although the seals are designed to be self-adjusting, any
large or sudden change in RCS temperature or pressure forces the seals to adapt to the new
operating conditions, potentially introducing a failure or an undesirable leakage rate. Excursions
are often introduced due to changes in the cooling injection temperature or pump operation
parameters. Some excursions may cause the seals to have a sudden change in leakage rate, only
to stabilize later at a different value of leakage.

In 2009, Catawba Unit 1 was forced to shut down due to high #2 seal leakage. The cause of the
high #2 leakage was determined to be elevated operating temperature of the RCP. The higher-
than-normal operating temperature resulted in thermal expansion of several components and
caused advanced wear on the softer graphite sealing face. The carbon face expanded and came
into face contact with the harder seal ring on its outer diameter, causing wear at the outer
diameter of the carbon face. The elevated temperature excursion was determined to have lasted
about 36 hours, during which time the carbon face received enough wear to adversely affect its
operation. Even relatively short-lived excursions during a fuel cycle can cause mechanical wear
or chemical problems such as increased deposition rate of particulates. During the same post-
shutdown inspection, hematite corrosion was present on the sealing faces; higher operating
temperature was also found to increase the rate of conversion of iron oxide to hematite in the
RCS.
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4

ABNORMAL SEAL LEAKOFF MITIGATION
STRATEGIES

Changing Seal Injection Water Temperature

In recommending a strategy for mitigating abnormal seal leakoff from the Westinghouse #1 seal,
[11] states, “Reducing the seal injection water temperature provides a reliable and predictable
first course of action in reducing seal leakoff due to the increase in the viscosity of the water
passing through the seal. Conversely, in a low leaking seal, increasing the seal injection
temperature can increase seal leakoff flow rate.”

This recommendation is based on experience and is attributed partially to the temperature
dependence of the viscosity of water. Reducing the temperature increases the viscosity, while
increasing the temperature reduces the viscosity. As described previously and expressed in
Equation 2-10, the leakage rate is inversely proportional to viscosity, so the temperature changes
suggested above would have the desired qualitative effects. However, [11] indicates that the seal
leakoff flow rate will decrease by about 0.5 gpm (1.9 lpm) for a 5°F (2.78°C) temperature
decrease. For an initial temperature of 100°F (37.8°C), a 5°F (2.78°C) temperature decrease
produces approximately a 3.3% increase in viscosity. For an initial seal leakoff flow rate of 3
gpm (11 Ipm), such an increase in viscosity would directly account for approximately only a 0.1-
gpm (0.38 Ipm) decrease in flow rate.

It is believed that the seal behavior is somewhat more complicated in that several other
competing effects will occur. From Equation 2-10, the leakage rate is also proportional to the
average film thickness cubed, so that very small changes in film thickness will produce large
changes in the leakoff. As described previously, the average film thickness will be proportional
to the coning of the seal faces for a seal operating with full-film lubrication (“film-riding”™), as is
the case for the Westinghouse #1 seal. Therefore, the leakage rate is extremely sensitive to the
face coning.

It was pointed out earlier that in most conventional commercial mechanical seals, thermal
deformation results in positive coning, so that the greater the deformation, the higher the leakage
rate. This is due to the heat generation in the sealing zone (the interface between the two seal
faces) and is explained in [1]: “there is a large change of temperature from the face end of the
ring to its opposite end. The diametric expansion of the ring at any axial position is determined
primarily by the average temperature at that position. Thus, the hotter end expands more than the
cooler end, and the result is a radial taper....” That radial taper is equivalent to positive coning.

It should be noted that the heat generation producing the above coning is generated by viscous
dissipation (for a film-riding seal), which is proportional to viscosity. Therefore, increasing the
viscosity will increase the heat generation, increase the coning, and therefore increase the
leakage rate. This indirect effect of increased viscosity can outweigh the direct effect of
increased viscosity discussed above. The net increase in leakage rate of a mechanical seal as a
result of increased viscosity is documented in the literature [12].



In the case of the Westinghouse #1 seal, there is a third effect operating: thermal deformation of
the seal faces and their holders due to the temperature difference between the surfaces on the
high-pressure side of the seal and those on the low-pressure side. A finite element analysis [13]
shows that the coning changes by approximately 15 microradians per °F change in the AT across
the seal (and holders). This is quite significant in comparison with the pre-coning of the
Westinghouse #1 seal faces.

Therefore, one can conclude that the mitigation of abnormal seal leakoff by changing seal
injection water temperature is due to the combined effects of viscosity and thermal deformation.
The net result is that reducing the seal injection water temperature reduces seal leakoff while
increasing the seal injection temperature increases seal leakoff.

Key Technical Point

The reduction in leakoff by reducing the seal injection water temperature is
due to the combined effects of increased viscosity and reduced thermal
deformation.

A Key Technical Point in [11] states, “A caution related to cooling the seal injection water is that
the seal has a short- and long-term transient temperature response. Cooling the seal injection
water causes the short-term seal transient response to increase leakage (less than 0.5 gpm [1.9
Ipm]), and after 30-60 minutes, the long-term seal transient response decreases the seal leakage
to a new lower value.”

Cooling the seal injection water will almost instantaneously increase the viscosity of the water.
Therefore, the direct effect of viscosity on the leakage rate cannot be responsible for the short-
term transient described above because the increased viscosity would decrease the leakage, while
the short-term transient involves an increase in leakage. The only other plausible explanation is
that such a transient must be produced as a result of thermal deformation because it will take
time for the thermal field and the deformations of the seal faces, the holders, and the shaft
(contraction/expansion) to reach a steady state.

Changes in the seal injection water temperature can have other secondary effects. As mentioned
previously, electrophoresis is sensitive to temperature, such that a decrease in the injection water
temperature will reduce the deposition of material on the faces, while an increase in injection
water temperature will increase the deposition. Changes in injection water temperature can also
affect the operation of the #2 and #3 seals through thermal deformation effects.

Changing the seal injection water temperature should be effective in mitigating abnormal seal
leakoff whether the cause of such abnormal leakoff is the wear of the seal faces, off-design
operating conditions, or electrophoresis.

Replacing Seal Injection Filters, Reactor Makeup Water Methodology, and
Changing Reactor Coolant System Chemistry

As discussed previously, electrophoresis is frequently a cause of abnormal seal leakoff. The
deposition of material on the seal faces changes their geometry and alters the flow through the
sealing zone. The deposited material can increase or decrease the coning of the faces, increasing
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or decreasing the film thickness, resulting in increased or decreased leakage. Nonuniform
deposition in the circumferential direction can lead to hydrodynamically increased pressures in
the sealing zone, resulting in an increased film thickness and increased leakoff.

Key Technical Point

By eliminating or reducing electrophoresis, the seal face geometry is allowed
to remain in its original form with optimal seal leakoff.

Replacing or swapping seal injection filters, altering reactor makeup water methodology, and
changing reactor coolant system chemistry can mitigate or partially reverse the effects of

electrophoresis, as discussed in [11]. Replacing the seal injection filters with smaller filter media
reduces the particulates entering the seal. Although not always effective, swapping filters is often
beneficial due to several factors enumerated in [11]:

e The spare filter is typically maintained in a relatively cool filter pit, with boron
concentrations from the last time the filter was used or flushed and with oxygen or other
dissolved gases corresponding with the last time it was opened or maintained.

e  When placed into service, the cool, oxygenated water (oxidizing) with a higher boron

concentration (more acidic pH) goes to the seals and chemically flushes out deposits that may

be causing the leakoff change.

e A 24-gpm (9.0-pm) leakoff decrease was observed in one recorded example. This effect
varies on the seal leakoff flow rate being experienced, but typically a 1.0-gpm (3.8-Ipm)
change could be expected.

e Because the pH varies with temperature, the cooler the standby filter injection water, the
more acidic the water. In addition, cooler water will hold larger quantities of dissolved
oxygen.

Therefore, these measures can mitigate abnormal seal leakoff by eliminating the root cause.
However, it is important to note that they are effective only when the cause of abnormal seal
leakoff is electrophoresis.

Key Technical Point

Replacing seal injection filters, altering makeup water methodology, and
changing reactor coolant system chemistry can be effective mitigation
methods only when the cause of abnormal seal leakoff is electrophoresis.
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KEY POINTS SUMMARY

Targets information that will lead to improved equipment reliability.

Key Technical Point

Key Technical Points

Page Key Point
If the lubricating film thickness between the adjoining seal faces is larger than

2-2 approximately three times the rms roughness, there is full-film lubrication. If the film is
thinner, there is mixed lubrication.

2.3 For the RCP application, minimal leakage is not as important as predictable and
reliable performance.

2.8 The lubricating film thickness is proportional to the coning; the larger the coning, the
thicker the film.

2.8 Leakage is inversely proportional to the viscosity and proportional to the cube of the
film thickness, so it is very sensitive to the coning.
Although the Westinghouse #1 seal is pre-coned to a specified taper, the coning will

2-9 be affected by mechanical and thermal deformation and will differ from the nominal
value under pressurized dynamic conditions.
Changes in operating conditions will lead to changes in mechanical and thermal

2-11 deformation, coning film thickness, and leakage rate. In addition, electrophoresis will
change the coning, film thickness, and leakage rate.

42 The reduction in leakoff by reducing the seal injection water temperature is due to the
combined effects of increased viscosity and reduced thermal deformation.

4-3 By eliminating or reducing electrophoresis, the seal face geometry is allowed to
remain in its original form with optimal seal leakoff.
Replacing seal injection filters, altering makeup water methodology, and changing

4-3 reactor coolant system chemistry can be effective mitigation methods only when the

cause of abnormal seal leakoff is electrophoresis.
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SEAL DRAWINGS

Figures A-1 through A-4 show schematics of the Westinghouse #1, #2, and #3 seals and the

complete Westinghouse seal system.
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Westinghouse #1 Seal [11]
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Westinghouse #3 Seal (Double Dam) [11]
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