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ABSTRACT

Sandia National Laboratories, under the sponsorship of the United States
Nuclear Regulatory Commission, is currently developing test validated
methods to predict the pressure capacity of light water reactor
containment buildings when subjected to postulated severe accident
conditions., These conditions are well beyond the design basis. Scale
model tests of steel and reinforced concrete containments have been
conducted as well as tests of typical containment penetrations. As a
part of this effort, a series of tests was recently conducted to
determine the leakage behavior of inflatable seals. These seals are
used to prevent leakage around personnel and escape lock doors of some
containments. The results of the inflatable seals tests are the subject
of this report,

Inflatable seals were tested at both room temperature and at elevated
temperatures representative of postulated severe accident conditions.
Both aged (radiation &and thermal) and unaged seals were included in the
test program. The internal seal pressure at the beginning of each test
was varied to cover the range of seal pressures actually used in
containments. For each seal pressure level, the external (containment)
pressure was increased until significant leakage past the seals was
observed, Parameters that were monitored and recorded during the tests
were the internal seal pressure, chamber pressure, leakage past the
seals, and temperature of the test chamber and fixture to which the
seals were attached. A general procedure, which covers a broad range of
seal pressures and temperatures, has been developed to predict the
containment pressure at which significant leakage past inflatable seals
can be expected,

-1ii/1iv-



Section

TABLE OF CONTENTS

EXECUTIVE SUMMARY .

1.0 INTRODUCTION .

2.0

3.0

1.1
1.2
1.3

Background Information
Types of Inflatable Seals .

Previous Work .

DESCRIPTION OF TESTS .

- |
2.3
g3

2.4

2.5
TEST
3.1
3.2
3.3
3.4

3.9

Test Objectives .
Test Matrix .
Selection of Test Temperatures

Selection of Test Seal Pressures

2.4.1 Room Temperature Tests (70-90°F) .

2.4.2 Elevated Temperature Tests .
Aging of Seals

SETUP .

General .

Test Fixture and Test Chamber .
Assembly of Test Equipment

Leak Checks of the Test Apparatus .
Instrumentation .

3.5.1 Pressure .

3.5.2 Temperature.

3.5.3 Leakage

10
11
11
11
12
15
15
15
15
17
17
23
24
26
27
27
27

27



TABLE OF CONTENTS (CONT.)

Section

4.0

5.0

6.0

3.6 Data Acquisition System .

TEST PROCEDURE AND RESULTS .

4.1 Room Temperature Tests (70-90°F)
4.1,1 Seals Isolated From Pressure Source
4.1.2 Constant Seal Pressure .

4.2 Elevated Temperature Tests

ANALYSIS OF TEST RESULTS .

5.1 Required Difference Between Chamber Pressure and
Seal Pressures to Prevent Significant Leakage .

5.2 Comparison of Laaka;o Behavior for New and 0ld
Seal Desigrs : SR A AT ¢

5.3 Comparison of Leakage Behavior for Agod and
Unaged Inflatable Seals . e % L3

5.4 Comparison cf Leakage Behavior at Ambient and
Elevated Temperatures . ;

5.5 Effect of Elevated Temperature and External
Pressure on Seal Pressure .

5.5.1 Effect of Elevated Temperature on Seal
Pressure .

5.5.2 Effect of External Pressure on Seal
Pressure .

5.5.3 Effect of Isolating Seals From Their
Pressure Source. 4 e s

5.6 Failure Modes of Inflatable Seals .
5.7 Resealing Capability of Inflatable Seals
LEAKAGE PREDICTION METHODS FOR INFLATABLE SEALS

6.1 Presentation of Prediction Equations

«vi-

29
30
31
31
33
33

L4

L4

L4

46

46

48

48

51

54
54
59
64

64



TABLE OF CONTENTS (CONT.)

Section Page
6.2 Comparison of Predicted-to-Actual Chamber

Pressures at Fallures . . . « « v ¢ o v w4 a6 w s 65
R e e el L (- L G A 70
e S e Y R R W SIS R R L SR G RO T 72
APPENDIX A: DETAILED TEST DESCRIPTIONS . . . . . . . . . . . A-l
APPRNDIK B: TEET DMBORLIBTE . . v i o siainom o dia e e s Bed
APPENDIX C: TEST FIXTURE DRAWINGS . . . . . . . . . . . . . ¢€-1

-vii-



LIST OF FIGURES

Elgure
1.1 Typical Application of Inflatable Seals in Personnel Airlock
Doors . » T S RN e it D e e S e
1.2 Additional Views of Inflatable Seals
1.3 Simplified Schematic of Pressure Supply Systen
for Each Inflatable Seal ‘ ;
1.4 Cross-Sections of Inflatable Seals Used in LWR Containments .
2.1 Postulated Severe Accident Pressure and Temperature
Conditions for PWRs (Containment Atmosphere)
2.2 Postulated Severe Accident Pressure and Temperature
Conditions for BWR Mk-I111s (Wetwell Atmosphere)
3.1 Overall View of Inflatable Seals Test Setup .
3.2 Inflatable Seals Test Fixture Inside Environmental
Test Chamber
3.3 Inflatable Seals Test Fixture Within Lower Head of
Test Chamber
3.4 Leak Detection Piping for Inflatable Seals Test Fixture .
3.5 Simplified Schematic of Test Setup
3.6 Typicai Section Through the Valve Stem of an Airlock Door .
3.7 Section Through the Valve Stem on the Inflatable Seals
Test Fixture
3.8 Thermocouple Locations for Test Series 2, 3, and 4
4.1 Leakage Vs. Chambeir Pressure for Various Seal Pressure Levels
Test Series 1 - Scals Isolated From Pressure Sou .«
4.2 Leakage Vs. Chamber Pressure for Test Series 2 ana 4

Seals Isolated From Pressure Source
60 Psig Initial Seal Pressure .

~viii-

13

14

18

19

20

21

22

25

25

28

36

37



LIST OF FIGURES (CONT.)

Eigure

4.3

Leakage Vs. Chamber Pressure for Various Seal Pressure

Levels Test Series 3 - Round 1 - Seals Isolated From

Pressure Source .

Leakage Vs. Chamber Pressure for Various Seal Pressure
Levels - Test Series 3 - Round 2 - Seals Isolated From

Pressure Source .

Leakage Vs. Chamber Pressure for Various Seal Pressure
Levels - Test Series 3 - Round 1 - Constant Seal Pressure .

Measuved Leakage Past Both Seals Vs.

at 400°F - Test Series 1

Measured Leakage Past Both Seals Vs.

at 300°F - Test Series 2, 3, 4 .

Measured Leakage Past Both Seals Vs,

at 350°F - Test Series 3

Chamber Pressure

Chamber Pressure

Chamber Pressure

Comparison of Leakage at Room Temperature -

Test Series 1, 2, 3, and 4 - Seals Isolated From Pressure

Source - 60 Psig Initial Seal Pressure

Comparison of Leakage Behavior at Room Temperature, 300°F,
and 350°F - Test Series 3 - 90 Psig Initial Seal Pressure -
Seals Isolated From Pressure Source . e e R e R i

Measured Seal Pressure and Temperature During Heatup -

Test Series 1 .

Internal Pressure in Outer Seal vs. Chamber Pressure -
Test Series 1 - 90 Psig Initial Seal Pressure - Seals

Isnlated From Pressure Source .

Comparison of Leakage Behavior for Seals Isolated From
Pressure Source and for Constant Seal Pressure -

Series 3 - 60 Psig Initial Seal Pressure

Comparison of Leakage Behavior for Seals Isolated From
Pressure Source and for Constant Seal Pressure - Test

Series 3 - 90 Psig Initial Seal Pressure

Typical Failure of Outer Seal Caused By a Rupture of

the Seal Tube Near the Valve Stem .

«{x-

Test

38

39

40

41

42

43

45

47

50

53

55

56

57




LIST OF FIGURES (CONT.)

Eigure

5.8 Typical Pathway for Loakage Around Valve Stem After
Seal Rupture I e e T e i g AL g i

5.9 Typical Tear Between Outer Seal Tube and Its Inner
Flange - Test Series 1. , '

5.10 Typical Tear Between Outer Seal Tube and Its Inner
Flange - Test Series 4.

5.11 Delamination of Added Layer of EPDM Material Along Outer

Edge of Inner Seal - Test Series 4

6.1 Comparison of Predicted-to-Actual Failure Pressures for
the Tested Range of Initial Seal Fressures

58

60

61

62

69




LIST OF TABLES

Test Sequence .

Comparison of Chamber Pressure and Outer Seal Pressure
at Failure - Room Temperature Tests

Comparison of Chamber Pressure and Outer Seal Pressure
At Failure - Elevated Temperature Tests .

Comparison of Predicted-to-Actual Seal Pressure
Increase Caused by Increasing Seal Temperature

Comparison of Chamber Pressure at Failure to
Initial Seal Pr«--ave - Room Temperature Tests

Comparison of Predicted-to-Actual Failure Pressures -
Room Temperature Tests

Comparison of Predicted-to-Actual Failure Pressures -
Elevated Temperature Tests

oxi-



ACKNOWLEDGEMENTS

Several individuals and organizations, both external to and within
Sandia, made significant contributions to the inflatable seals test
program. Of particular note, TRENTEC, Inc., the supplier of inflatable
seals to nuclear containments, and several individuals from the various
nuclear power plants that use inflatable seals, provided indispensable
background information on the design and application of inflatable seals
in nuclear containments.

I wish to thank Walt von Riesemann for his continual support, patience,
and valuable suggestions during the course of the inflatable seals test
program.

The efforts of Jim Westmoreland and Bob Eyers, the primary technicians
responsible for test preparation and assistance during the tests, are
much appreciated. Also, I would like to thank Dwight Lambert for his
assistance in preparation of the data acquisition system used to monitor
and record the test results.

The cooperation of the Adverse Environment Safety Assessment Division at
Sandia is much appreciated. Of particular note, Tim Gilmore, Bob
Padilla, and Mike Ramirez were most helpful during the test program.

Also, the assistance provided by the NRC, and particularly Herman
Graves, throughout the inflatable seals test program is gratefully
acknowledged.



EXECUTIVE SUMMARY

Under the sponsorship of the United States Nuclear Regulatory
Commission, Sandia National Laboratories is conducting a research
program to develop methods to predict the pressure capacity at elevated
temperatures of light water reactor nuclear containment vessels subject
to beyond design basis loadings--the so-called severe accident. A
series of scale model tests of steel and reinforced concrete
containments has been performed. Also, tests have been conducted to
determine the leakage behavior of typical electrical penetrations, a
personnel airlock, and typical compression seals and gaskets.

As a continuation of this effort, this report discusses a series of
tests to determine the leakage behavior of inflatable seals. Tnflatable
seals are used to prevent leakage around the perimeter of personnel and
escape lock doors. They are fastened to the outer edge of the doors
and, when pressurized with air, seal the gap between the door and
bulkhead. When deflated, there is a gap cof approximately 3/8 of an inch
between the sealing surfaces of the seals and the bulkhead. Inflatable
seals are either currently installed or planned for use in thirteen
commercial nuclear power plant containment structures in the United
States. All of the installations are in either PWR or BWR Mark-1I1I1 type
containments.

The test program included the two primary seal designs currently in use
in nuclear containments. (The two different types of seals are
designated as either the "old" design or the "new" design for discussion
purposes in the report.) For each seal design, a pair of unaged and a
pair of aged seals were subjected to a series of leakage tests; thus, a
total of four series of inflatable seals tests were conducted. During
each test series, leakage tests were performed first at room temperature
and then finally at elevated temperature.

An "inflation" valve, which is placed in the air supply line for each
seal just outside the valve stem, is used to inflate and deflate the

seals, During the tests, two different positions of this valve were
modeled. For the first, the seals were isolated from their pressure
source by a closed valve located near the seals’ valve stem after
inflation. In this way, increasing containment pressure produces a

corresponding increase in seal pressure. For the other valve condition,
it was assumed that an open air line connects each seal and accumulator
tank during normal operation such that increasing containment pressure
has little effect on the seal pressure. In order to model this valve
condition, the seal pressure was held constant as the chamber pressure
was increased. The second valve condition is more representative of the
air supply system in commercial nuclear containments.

A general method has been developed to provide reasonably accurate, yet
conservative, estimates of the containment pressure at which significant
leakage (>10,000 standard cubic feet per day) can be expected for a
given normal operating seal pressure. The method is primarily empirical



and thus, application of the method outside the range of the tested
parameters should be performed with caution.

Results of the inflatable seals test program are highlighted below:

Regardless of the tested seal design, seal pressure, valve condition,
applied aging, or test temperature, significant leakege did not occur
until the chamber pressure exceeded the initial seal pressure. (Initial
seal pressure is defined as the seal pressure at the beginning of each
test at room temperature with no applied chamber pressure.)

For a given initial seal pressure at room temperature, leakage generally
began at hicher chamber pressures for the new design seals than for the
old design. However, there was no distinguishable difference between
the two designs at elevated temperature.

Radiation and thermal aging actually improved the leakage behavior at
room temperature; however, at elevated temperature there was no
observable difference between the performance of the aged and unaged
seals,

Increasing seal temperature caused a corresponding increase in geal
pressure. The ami.int of increase was adequately predicted using the
ideal gas law assuming constant volume. The increase in seal pressure
due to temperature usually increased the chamber pressure at which
significant leakage began. 1In all cases, significant leakage did not
begin until the chamber pressure exceeded the seal pressure that was
predicted by the ideal gas law for the test temperature. If the actual
seal temperature is unknown, a lower bound estimate of the containment
pressure necessary to cause significant leakage may be obtained by
assuming room temperature conditions,

For temperatures up to 350°F, there were no indications of degradation

of the seal material. However, between 350°F and 400°F (the maximum
test temperature), signs of a breakdown in the composite seal material
began to occur. For this reason, use of inflatable seals in

environments in excess of 350°F should be done with caution.

If inflatable scals are isolated from their pressure source by a closed
valve near the seals’' valve stem, the internal seal pressure will
increase as a result of increasing containment pressure. However, if an
open pathway exists between the seal and accumulator tank, no
appreciable change in seel pressure will occur due to containment
pressure. For either case, methods are presented in Section 6 to
predict the containment pressure at which significant leakage will
begin.

For the room temperature tests, the seals always resealed upon reduction
in chamber pressure. The vesealing ~ressure was about the same as the
chamber pressure at which significant leakage began. At elevated
temperatures, significant leakage normally began as a result of a
rupture of the seal tube; thus, it was impossible for the seals to
reseal upon reduction in chamber pressure.



1. INTRODUCTION

Sandia National Laboratories is currently developing test validated
methods to predict the pressure capacity, at elevated temperatures, of
light water reactor (LWR) nuclear containment vessels subject to loads
well beyond their design basis--the so-called severe accident. Scale
model tests of containments with the major penetrations represented have
been carried to functional failure by internal pressurization [1].
Also, combined pressure and elevated temperature tests of typical
compression seals and gaskets, a full-size personnel airlock, and
typical electrical penetration assemblies (EPAs) have been conducted in
order to better understand the leakage behavior of containment
penetrations [2-5). Because inflatable seals are also a part of the
pressure boundary of some containments, it is important to understand
their leakage behavior as well.

1.1 packground Information!

Inflatable seals are used to prevent leakage around the perimeter of
personnel and escape lock doors. They are fastened to the outer edge of
the doors and, when pressurized with air, seal the gap between the door
and the bulkhead. When deflated, a gap of about 3/8 of an inch exists
between the sealing surfaces of the seals and the bulkhead. The sealing
surface on the bulkhead is constructed of a stainless steel cladding
with a surface finish of 50 to 60 RMS. A light layer of a silicone-
based lubricant is sometimes applied to the sealing surface to enhance
the sealing ability and also to reduce the risk of the seals sticking to
the bulkhead surface when the door is opened. Figures 1.1 and 1.2 show
a typical application of inflatable seals in a personnel airlock. The
airlock doors are rectangular with "rounded" corners and vary in size
from about 8'-0" X 5'-0" to 6'-6" X 3'-6". Typically the corner radius
is about 12 inches.

The pressure inside the seals is furnished by the instrument air supply
system. A simplified schematic of a typical air supply system for each
seal is provided in Figure 1.3. As shown, an air pressure accumulator
tank is placed in the air supply line for each seal. If the instrument
air supply is lost, a check valve ensures that the accumulator tank and
the seal maintains the system pressure. The accumulator tank is large
enough to pressurize the seals to the approximate normal operating
pressure. Thus, the airlock doors may be opened and then closed and
resealed a few times in the event of a loss of the instrument air supply
system.

1.Much of the information presented in Section 1.1 was obtained through
conversations with the supplier of inflatable seals and personnel at
operating nuclear power plants that use inflatable seals on the
airlock doors.
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There is also a two-position inflation valve between each accumulator
tank and inflatable seal. The sole purpose of this valve is to inflate
and deflate the seals. Once the deor is closed, the valve is opened
allowing pressure from the instrument air supply system to inflate the
seals. The valve remains in this position during normal operating
conditions; thus, if the instrument air supply is not regulated, the
internal seal pressure varies with the instrument air supply pressure.
Before opening the door, the valve is placed in the closed position
which shuts off the instrument air supply to the seals and at the same
time deflates the seal by releasing its air pressure to the atmosphere.
The above description of the air supply system and in particular the
function of the inflation valve is believed to be representative of all
containments that employ inflatable seals around personnel and escape
lock doors.?

The internal seal pressure is monitored, but cannot be adjusted, from
the control room of nuclear power plants. A warning device is activated
inside the control room if the seal prescure falls below a preset level.
For the purposes of the inflatable seals tests described in this report,
the air supply systein is assumed to be working properiy.

The maximum in-service life of inflatable seals is five years. In-
service leakage testing of the seals irncludes a between seals test, a
"barrel" test of the airlock sleeve, and a test of the seal itself. The
between seals test must typically be performed within 72 hours of each
use of the door. Because most airlock doors are used on a daily basis,
the test is normally ~onducted evaory three days. During the test, the
loss of coolant accident (LOCA) containment pressure is applied between
the seals with the normal operating pressure within the seals. The
allowable leakage varies from plant to plant in the range of 10 to 400
standard cubic feet per day (scfi!). (Standard conditions are defined at
14,7 psig and 70°F.) The barrel test consists of pressurizing the area
between the airlock doors again to the LOCA pressure with the seals at
their normal operating pressure. The allowable leakage varies from as
little as 10 scfd to as much as 1900 scfd. This test is routinely
conducted every six months. Finaily, the inflatable seals themselves
are checked for leakage of their internal pressure by first inflating
the seals to their normal operating pressure and then either observing
the pressure drop over a fixed period of time or by simply applying a
soap solution to the outer surface of the seal tube. The allowable

2.During the planning and execution of the inflatable seals tests, it
was believed that, based on information obtained from an expert in
this field, the seals were isolated from their pressure source by a
closed valve after iuflation. This valve was believed to be located
between the accumulator tank and seal. It was not until after
completion of all tests that an accurate description of the air supply
system was obtained. Fortunately, tests were conducted that modeled
both the case in which the seals are isolated from theilr pressure
source and the case in which they are not. Further discussion on the
effects of isolating the seals from their pressure source is presented
in Sections 4 and 5 of the report.



pressure drop over a 24 hour period is typically 1.5 to 2.5 psi. The
seal leakage test is performed at intervals of from 6 to 18 months,
depending on the containment,

Inflatable seals are either currently installed or planned for use in
thirteen commerc al nuclear power plant containment structures in the
United States. All of the installations are in either PWR or BWR Mark-
I11 type containments [6). According to instructions from the supplier,
the seal pressure must be at least 30 psi greater than the containment
design pressure in order to ensure that leakage does not exceed design
allowables. A survey of the plants that are currently using inflatable
seals revealed that the normal operating seal pressure varied from plant
to plant with a minimum seal pressure of 50 psig and a maximum of 110
psig. In all cases, the seal pressure is at least 30 psi greater than
the containment design pressure.

1.2 Types of Inflatable Seals

During a review of the applications of inflatable seals, it was
determined that three different types of inflatable seals are currently
available for use in nuclear containments: an "old" design (Figure
1.4(a)), a modification of the old design (Figure 1.4(b)), and a "new"
design (Figure 1.4(c)). For some containments, the old design was found
to have undesirable amounts of leakage when compared to design allowable
leak rates. Leakage seems to occur along laps in the Kevlar
reinforcement, which produce small but visible leak paths across the
seal tube. Even though this type of seal design is no longer supplied
to the nuclear industry, it is possible that it may still be in use in
some containments.

In order to improve the seal performance, two techniques have been
employed. In each case a 1/8-inch thick layer of EPDM E401, 40
durometer material has been added to the sealing surface in order to
cover any irregularities in the Kevlar reinforcement. (Durometer is a
relative measure of the "hardness" of the seal material.)

1) For the seals already fabricated using the old design, a
1-1/2-inch wide by 1/8-inch thick layer of EPDM E401, 40
durometer material has been vulcanized to the sealing surface.
The modified cross section is shown in Figure 1.4(b).

2) A new design has been developed in which the added E401 material
is incorporated as an Integral part of the seal as illustrated
in Figure 1.4(c). This type of seal is currently supplied for
use in nuclear containments.

Because the new inflatable seal design is believed to provide a superior
seal and because it is ncw furnished exclusively for nuclear
containments, it was included in the Sandia test program. The old
design was also included because it may still be in use in some
containments. Inflatable seals with the added layer of E401 material
(Figure 1.4(b)) were not tested since they were only supplied for a
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short period of time and because their leakage behavior should be at
least as good as the old design.

1.3 Previous Work

There has been limited previous research activities that are applicable
to the subject inflatable seals. Some testing of these seals to LOCA
conditions for qualification purposes has been performed. However,
because of the relatively low pressure levels for LOCA conditions, this
test data is of limited value for determining the leakage behavior of
inflatable seals subject to severe accident combinations of external
pressure and temperature.

Several investigations of the leakage behavior of elastomeric
compression seals have been conducted for extreme pressure and
temperature conditions (up to 143 psig and 700°F) [2,3). Compression
seals achieve leaktightness in a much different manner than inflatable
seals and thus, this information is also of limited value. However,
because much of the compression seal testing was of EPDM material--the
same material as used in inflatable seals--some information on the seal
material can be extracted from these studies. For example, Brinson and
Graves [2] noted that compression seals constructed of EPDM E603
material rapidly degraded when the seal temperature reached 650°F,

s105



2. DESCRIPTION OF TESTS

2.1 Test Objectives

A detailed list of objectives was prepared during the planning stages of
the inflatable seals tests. These objectives are listed below. The
methods employed to accomplish these objectives are described in the
remainder of Section 2 and in Section 3. As will be discussed in
Sections 4 and 5 for the test results, all of the pretest objectives
were met as a result of the inflatable seals test program.

1) Determine the minimum differential pressure, AP, between the
chamber (containment) pressure and the initial seal pressure to
prohibit a) any noticeable leakage; and b) significant leakage,
approximately 10,000 std. ft3/day (scfd) (6.94 scfm). (Leakage
of 10,000 scfd is equivalent to 1% mass/day at standard
conditions from a 1x106 ft3 containment volume.)

2) Compare the leakage behavior of the old (Figure 1.4(a)) and new
(Figure 1.4(c)) seal designs.

3) Determine the relationship between amount of leakage and AP.

4) Determine the relationship between resealing chamber pressure

and seal pressure (i.e., note chamber pressure at which leakage
stops) .

5) Determine the effect of aging on AP. (By comparing leakage
behavior of aged and unaged seals for both designs).

6) Determine the effect of temperature on AP,

7) Determine the effect of temperature on the pressure inside the
seals.

8) Determine the ability of inflatable seals to reseal themselves
at high temperatures after significant leakage has occurred and
the containment pressure is decreasing.

9) Note any degrading of s~als caused by high temperature. (Seal
degrading is not expected based on previous seal and gasket
testing for EPDM materials at temperatures <400°F. However,
material properties may "soften" considerably at high
temperatures) .

2.2 Test Matrix

As outlined in Table 2.1, a total of four different series of inflatable
seals tests have been performed. The first two tests were of the old
seal design whereas the last two tests were of the new design. For each
type of seal, an unaged (Test series 1 and 3) and an aged (Test series 2
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and 4) pair of seals were tested. For each test series, the seals were
tested first at room temperature and then at elevated temperatures at or
above 300°F.

Table 2.1
Test Sequence

Test Seal

Sexies No. Design  Condition . Joading

1 0ld Unaged Alr, Room Temp. & 400°F
2 0ld hged Air, Room Temp. & *00°F
3 New Unaged Air, Room Temp. & 300°F, 350°F
“ New Aged Air, Room Temp. & 300'F

2.3 Selection of Test Temperatures

The test temperatures are bused on estimates of the airlock seal
temperature which would be caused by postulated severe accident
conditions within tle containment. As mentioned earlier, inflatable
seals are only used in PWR and BWR Mk-I1I1 type containments. The
maximum postulated severe accident pressure and temperature of the
containment "atmosphere" for these types of reactors are:

PWR 155 psia, 361°F
BWR, Mark-111 75 psia, 4O0°F

Pressure and temperature profiles for PWR and BWR Mark-1I1 containments
are shown in Figures 2.1 and 2.2 respectively. The sevsre accident
profiles were determined under the Severe Accident Sequence Analysis
(SASA) program [6]. It is important to nots that the maximur pressure
in these profiles was equal to the assumed containment failure pressure.

Before the test program began, 400°F was chosen as the test temperature
for all of the elevated temperature tests. This temperature was
selected as a conservative upper bound on the seal temperature that
might be produced during a severe accident. However, because the seals
ruptured as a 1vs.ult of the combined effects of elevated temperature and
pressurc duriag test series 1, it was decided to begin the remaining
elevated temperatures at a more realistic temperature of 300°F. 1If the
seals "survived" (i.e., they did not rupture during the test) the 300°F
leakage test, another leakage test was performed at 350°F and then
anotl.er at 400°F and so on until the seals ruptured.

An initia) test temperature of 300°F was chosen because it is highly
unlikely that the temperature of the seals, which are located around the
personnel airlock doors at the boundary of the containment, would ever
exceed 300°F even for a containment "atmosphere" temperature of 4OO°F.
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2.4 Selection of Test Seal Pressures

The internal seal pressures that were selected for testing are
representative of the actual seal pressures currently in use in LWR
nuclear conta‘mments, As mentioned in Section 1.1, the normal operating
seal pressures used in commercial nuclear containments varies from 50 to
110 psig. Because the number of test specimens were limited and because
of the relatively large expense to set up each test, every effort was
made to obtain the most information possible regarding the leakage
behavior of inflatabl: seals from each pair of tested seals.

2.4.1 Room Temperature Tests (70-%0°F)

Separate leakage tests were conducted at room temperature for several
seal pressure levels. For the unaged seals, the room temperature tests
began at 50 psig in the seals. The seal pressure was increased in 10
psi increments and & leakage test conducted at each seal pressure level.
(For example, leakage tests were conducted for initial seal pressure
levels of 50, 60, 70, 80, »< and 100 psig during the room temperature
portion of test series 1.) Fo. those tests that were conducted with the
seals isolated from their pre.sure source by a closed valve near the
seals’' valve stem, the seal pre sure .ctually increased as the chamber
pressure approached the initial s.el pessure. In order to minimize any
damage that might occur during the *om temperature tests, the maximum
tested seal pressure level vas limited to that which would result in an
actual seal pressure at "fallure" (210,000 scfd leakage past both seals)
of approximately 135 psig--the standard proof test pressure applied by
the manufacturer before shipping the seals to containments. For the
aged seals, only the 60 psig {nitial seal pressure level was tested
again in order to minimize any damage that might occur during room
temperature tests.

2.4.2 Elevated Temperature Tests

For test series 1, the equivalent initial seal pressure level at room
temperature was only 45 psig, whereas 90 psig was used for test series
2, 3, and 4. Before conducting the first elevated temperature vest, it
was unknown if relatively high external pressures and 400°F would cause
significant damage to the seals. It was hoped that elevated temperature
tests at € 4O0°F would be nondestructive and thus, allow multiple
testing at several different seal pressure levels just as done for the
room temperature tests., However, because the seals ruptured during test
series l--even at an initial seal pressure of 45 psig--it was decided to
use a higher, more representative, initial seal pressure level for test
series 2, 3, and 4.

2.5 pglng of Seals

The "aged" inflatable seals were subjected first to radiation aging and
then later to thermal aging. The seals, while inflated with air at 50
psig, received a total gamma radiation dose of 200 megarads (Mrads)
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applied at a rate that did not exceed 1 Mrad/hr. Approximately two
weeks were required for the radiation aging process. After completion
of radiatior. aging, the seals were thermally aged for 1 week (168 hr) at
250°F while deflated. The aging process described above is intended to
produce similar properties in the seal material as would be expected
after being subjected to a loss of coolant accident at the end of a 10
year iife. The normal operating temperature during the 10 year life was
assumed to be 120°F. As mentioned in Section 1.1, the maximum in-
service life of inflatable seals is 5 years: thus, the applied aging is
conservative.

The following is an explanation of why the seals were deflated for
thermal aging but inflated during radiation aging. Thermal aging is
intended to accelerate the normal aging process that would naturally
occur over a given period of time at the operating temperature. If the
seals had been inflated during thermal aging, the combined effect of the
relatively high aging temperature (250°F) and the stresses induced in
the seals from the internal pressure would have produced more severe
conditions in the seals than would likely ever occur during their normal
operating life, These conditions might have caused permanent
deformation of the seal tube that would not have occurred at normal
operating temperature and pressure.

Because the applied radiation dose is intended to primarily represent
the radiation due to a LOCA (150 Mrads for LOCA and 50 Mrads for normal
operating life), it is most logical to apply the radiation with the
seals inflated as they would be during an accident.
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3. TEST SETUP
3.1 feneral

The inflatable seals tests were conducted inside an existing
environmental test chamber at Sandia National Laboratories in
Albugquerque, New Mexico. The test chamber was originally cunstructed
for use in the severe accident testing of electrical penetration
assemblies [5] which was also an NRC-sponsored research program.

An overall view of the inflatable seals test setup is provided in Figure
3.1, During the tests, the inflatable seals test fixture, with
inflatable seals installed, was placed inside the large test chamber
shown near the center of Figure 3.1. Figures 3.2 and 3.3 show the
approximate location of the test fixture within the test chamber.
Attachment of the leak detection lines to the test fixture is shown in
Figure 3.4. Figure 3.5 shows a cross-section of the test fixture along
with & simplified schematic of the entire piping system used during the
tests., The seal on the pressure input side of the fixture is denoted us
the "inner" seal and the seal opposite the pressure input is the "outer"
seal . (This notation corresponds to an actual airlock in which the
innermost seal is exposed directly to the containment pressure). The
fixture surface that the seals contact when inflated was sanded so that
the "worst-case" surface finish was in the range of 50 to 60 RMS,

Separate pressurized air tanks were used to supply air pressure for each
seal. A manual valve was placed in each 1/2-inch diameter air supply
line so that, after pressurizing the seals to the desired level, the
valve could be closed and the seals effectively isolated from their
pressure source. The valve was located approximately 36 inches from the
valve stem of each seal. A bleed valve was also placed in the air
pressure supply line for each seal. The bleed valve was used to deflate
the seals after testing and also to bleed off any seal pressure buildup
due to external pressure for the constant seal pressure tests. Air
pressure for the test chamber, which entered the chamber from the top,
was supplied by an air compressoyr with maximum capabilities of 200 psipg
at approximately 30 scfm. Two superheaters were placed in the air
compressor supply lines to supply the necessary test temperature,

Heating of the test chamber was obtained from two sources. Eleven
internal resistance-type heater elements were equally spaced around the
circumference, approximately 2 inches from the inner diameter of the
test fixture as shown in Figure 3.4. Also, a flow of heated, dry air or
steam through the test chamber was used to bring the test chamber up to
the desired test temperature. Once at the test temperature, a flow of
heated, dry air was used to maintain the chamber temperature.

Leakage past the seals flowed out the leak detection ports on the test
fixture, through the leak detection lines, through a heat exchanger that
cooled the air to less than 100°F, and into a flowmeter gallery (Figure
3.5). Because the leak detection lines were vented to atmosphere and
because leakage first passed through a heat cxchanger, the measured
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leakage by the flowmeters was essentially at atmospheric pressure and
anbient temperature.

3.2 lest Fixture and Test Chamber

As shown in Figures 3.2 through 3.4, the overall shape of the inflatable
seals test fixture is that of a short length of cylinder with an outer
diameter of approximately 35-3/4 inches and a length of about 13 inches.

The inner cylinder of the test fixture to which the inflatable seals are
attached is approximately 32 inches in diameter. Thus, the
circumferential length of the tested seals is approximately 100 inches
&s compared to a total length of about 240 inches for a 6°-6" X 3'.6"
personnel airlock door. (As earlier menticned, some airlock doors are
as large as 8'-0" X 5'-0" for a total perimeter of about 312 inches.)
Because the amount of leakage should be approximately proportional to
the length of seal, a reasonable estimate of leakag: around actual
airlock doors would be 2.4 to 3.1 times the measured ieakage for the
test fixture for & given containment pressure and temperature. A
complete set of design drawings for the test fixture is provided in
Appendix C,

Pressure enters the fixture through circular openings on the inner end
as shown in Figure 3.5, By appropriate arrangement of valves Vyp and
Vrp, leakage past the inner seal may be measured through ports located
between the scals; or, leakage past both seals may be measured through
ports in the outer end of the test fixture. For all tests included in
this report, valve Vyp was closed and Vpp was open; thus, all reported
leakage was measured past both seals.

The test fixture was placed inside an environmental test chamber at
Sandia National Laboratories (Sandia). The test chamber has an inner
diameter of approximately 36 inches with an overall length of 84 inches;
thus, the test fixture was ccmpletely surrounded by the chamber
environment .

It should be noted that inflatable seals are normally employed to
prevent leakage around rectangular doors with "rounded" corners. The
corner radius of the doors is usually about 12 inches [7,8). "Leakage
is expected to first start at the corners of the door and as the
pressure differential (between the seal and containment) decreases
toward zero the leakage is expected to occur around the entire periphery
of the door [Source: Letter from Milt Shackelford (Argonne National
Laboratories) to C. Subramanian (Sandia National Laboratories) dated May
15, 1984.)." Reasons for initiation of leakage at the corners are: 1)
imperfections in manufacturing the doors and door frames seem to be
greatest in the corners which result in a nonuniform gap between the
door and the sealing surface, and 2) the sealing surface of the
inflatable seals is drawn inward as a result of being stretched around
the corners which makes the effecti!ve gap between the seals and the
doors larger than in the straight portions of the door.
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The inflatable seals test fixture is not rectangular but round. The
ring to which the seals are attached has a radius of approximately 16
inches. Because the entire perimeter of the inflatable seals is curved
(as opposed to only the corners in personnel lock doors), a conservative
estimate of the leakage behavior of inflatable seals in an actual
airlock door should be obtained. A round inflatable seals test fixture
was fabricated for the following reasons. In the early planning stages,
radiation aging of the inflatable seals was to be performed in a Sardia
facility in which the material to be irradiated must be rotated at a
constant distance around a fixed radiation source. Thus, primarily for
radiation purposes, the inflatable seals test fixture was designed and
built in a circular shape instead of rectangular. However, after
fabrication of the test fixture, it was determined that the above
radiation facility is incapable of delivering the desired radiation dose
in a reasonable amount of time. Consequently, Neely Nuclear Research
Center at Georgia Tech, was utilized for the radiation aging. Neely
will also accept a rectangular test fixture if it is deemed necessary to
test such a fixture in the future.

Another reason for designing a round fixture was to be able to test the
largest possible length of seals. Because the largest available test
chamber was a cylindrical pressure vessel, obviously a round test
fixture provided the optimum geometry.

3.3 Assembly of Test Equipment

Special care was taken in assembling the test fixture and attached leak
detection piping in orcder to assure that quality leakage data was
obtained. The bolts that connect the flanges of the inflatable seals to
the test fixture were tightened until the seal flanges were compressed
from a thickness of about 1/2 to 3/8 of an inch. Also, the bolts that
connect the inner and outer cylinders (referred to as the door seal test
fixture in fixture drawings--Appendix A) at the outer end of the test
fixture were torqued to a minimum of 150 in.-1b. A new gasket was used
at this connection for each test., The bolts at the inner end of the
test fixture were only tightened until snug.

Figure 3.6 illustrates a typical cross-section through the valve stem
area of a personnel airlock door. As shown, an O-ring is typically
placed in a recessed groove around the valve stem between the seal and
the door. The end of the valve stem is threaded so that a nut may be
used to tighten the valve stem against the door and thus, minimize the
potential for leakage around the valve stem opening.

The detail of the test fixture at the valve stem opening is slightly
different. The differences are that there is no recessed O-ring groove
around the valve stem and that the test fixture is not as thick as
airlock doors. In order to compensate for these differences and thus
assure that there was no extraneous leakage entering through the valve
stem opening during the tests, the measures shown in Figure 3.7 were
employed. Between the inner cylinder of the test fixture and the valve
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stem nut, a thin (approx. 0.060-inch thick) Durabla gasket, an aluminum
washer, and a short length of pipe were placed. By tightening the valve
stem nut to about 20 ft-lbs an adequate seal was obtained around the
valve stem opening before testing.

Swage-Lock connections, 1/2-inch in diameter, were used to connect the
leak detection lines to the testL fixture on one end and to the inside of
the penetration cover plates of the test chamber on the other end.
Outside the test chamber, the leak detection lines were connected
through a common manifold into a single 3/4-inch diameter line (Figure
3.3). Of course, a separate manifold "systen" was used for the between
seals leak detection lines and for the leak detection lines that carried
leakage past both seals. The 3/4-inch diameter leak detection lines
were connected just before entering the heat exchanger as illustrated in
Figure 3.5. As mentioned earlier, between seals leakage and leakage
past both seals could be measured during the tests by appropriate
errangement of valves Vyr and Vyp. A flexible hose, approximately
l-inch in diameter, was used to carry leakage from the heat exchanger to
the flowmeter gallery. After passing through the flowmeter gallery,
leakage was vented to atmosphere.

3.4 Lesk Checks of the Test Apparatus

Before the first test and before attaching the leak detection lines to
the test fixture, the test fixture ends of the leak detection lines were
capped and the entire leak detection piping system, from the capped ends
to the connection to the flowmeter gallery, was pressurized at 150 psig.
A soap solution was applied along the length of all piping and
particularly at all connections to check for leakage. All noticeable
leaks were repaired. Because these connections were not disturbed for
the remainder of the test program, this was the only complete check of
these particular connections for leakage.

After connecting the leak detection lines to the fixture, a leakage
check of the test fixture itself was performed before each test. First,
the inner and outer seals were pressurized to 90 psig with clean, dry
air. Next, the internal cavity between the seals and between the outer
seal and the outer end of the test fixture was pressurized with either
helium gas to 50 psig or with air to 60 psig, Because of the difficulty
involved in detecting the origin of leakage with helium, it was used
before test series 1 only. The test fixture leakage tests for the
remaining test series were performed using air with a soap solution used
to detect leakage. Any detectable leakage was repaired and rechecked
before testing.

After the test fixture and associated piping had been checked for
leakage, the three sections of the test chamber were assembled around
the test flxture by torquing the flange bolts of the test chamber to
approximately 300 ft-lbs.
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3.5 Instrumentation

The primary parameters that were monitored during the tests were
pressure, temperature, and leakage. A brief description of the
instromentation employed to measure these parameters is provided below.

3.5.1 Pressure

Pressure was monitored at five different locations during the tests:
chamber pressure, internal pressure in each seal, pressure between the
seals, and pressure within the test fixture on the outer side of the
suter seal. Celibrated Duratran pressure gages were used to record the
pressure &t these locations. In addition, & calibrated Heise pressure
gage was employed to provide a visual check of the chamber pressure;
however, the readings from this gage were not recorded by the data
acquisition system.

3.5.2 Temperature

Several type K thermocouples (TCs) were employed to both monitor and
record the temperature level and distribution in the test fixture and
chamber. Both extrinsic and intrinsic TCs were used. (Extrinsic TCs
record air temperature, whereas intrinsic TCs are attached directly to
the metal and thus, measure the metal temperature.) A total of 19 TCs
vere employed for test series 1 with 20 TCs used for test series 2, 3,
and 4. Figure 3.8 describes the TC locations on the test fixture for
test series 2, 3, and 4. (For test series 1, no TCs were placed inside
the valve stems of the seals; however, an additional intrinsic TC was
used to measure the metal temperature of the tast chamber.)

It should be noted that a TC was placed inside the valve tem of the
seals for test series 2, 3, and 4 only. For te. “» .e8 1, the
temperature of the stiffener between the seals it ... . the seal
temperature for the purposes of presentation of the results.

3.5.3 Leakage

A "gallery" of Hastings linear mass flowmeters, as shown in Figure 3.1,
was used to measure leakage past the inflatable seals. The accurate
flow ranges of the flowmeters varied from 0 to 1.00 standard liters per
minute (slpm) (1 slpm = 50.85 scfd) for the smallest flowmeter to about
5,000 to 30,000 scfd for the largest. Only one flowmeter was open at a
time with the remainder valved off from the leakage. As leakage
increased, the arrangement of the valves was changed such that the
appropriate size flowmeter was selected. The output of each flowmetex
was recorded at eac) pressure level. Data from the closed flowmeters
was removed from the test results after completion of the tests.

A maximum flowmeter capacity of 30,000 scfd was sufficient for the

following reasons. First, all but one of the elevated temperature tests
ended as a result of a rupture in the seals--not because the flowmeters
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Figure 3.8 Thermocouple Locations for Test Series 2, 3, and &
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vere incapable of measuring larger leakage. After an inflatable seal
ruptures, there is an approximate 3/8-inch gap between the seal tube and
the sealing surface of the test fixture. Because this gap extends
around the entire 100-inch circumference of the test fixture, the total
leak area is approximately 40 in?. At 150 psig and 300°F, for example,
an estimated leakage of 70x10® scfd would be expected for this leak
area. It was well beyond the scope of the test program to deve’op
facilities to supply and measure leakage of this magnitude.

The room temperature tests were not meant to be destructive. They were
designed so that leakage tests could be conducted at several different
seal pressure levels for each pair of tested seals. In order to
minimize the threat of damaging the seals during room temperature
testing, the tests were discontinued when leakage first exceeded 10,000
scfd. Thus, a flowmeter capacity of 30,000 scfd was more than adequate
for the room temperature tests.

There is one final point that should be mentioned. For all the
inflatable seals tests (room temperature and elevated temperature), once
leakage began it increased rapidly for small increases in chamber
pressure. Because there is little reserve "strength" in the inflatable
seals design once leakage begins, it is believed that, even if the seal
tube remained intact, leakage would grow to several million scfd at only
a few psi above the chamber pressure &t which leakage on the order of
10,000 scfd began,

3.6 Data Acquisition System

An 1BM PC-XT was interfaced with the Sandia data loggers to both monitor
the output of the instrumentation during testing and to record all test
measurements at each pressure level. The test data was recorded on the
hard disk of the computer and later transferred to floppy diskettes and
then to a mainframe computer for data reduction,
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4. TEST PROCEDURE AND RESULTS

This section presents a general description of the test procedures and
results for both the room temperature and elevated temperature
inflatable seals tests. Results of the various tests are compared in
Section 5. In Section 6, approximate methods are presented to predict
the chamber (containment) pressure, for a given initial seal pressure,
at which significant leakage will begin. Appendix A provides a complete
discussion of each test series both at room temperature and at elevated
temperature. A detailed step-by-step listing of the procedure followed
before and during each test is provided in Appendix B,

As briefly mentioned in Section 1.1, during the t.¢st program it was
believed that, after the seals on a typical airlock door are inflated,
they are isolated from their pressure source by closing the inflation
valve. This information was obtained from an expert in the use of
inflatable seals in nuclear containment penetrations. Because the
inflation valve is located between the seal and accumulator tank (Figure
1.3), a relatively small, fixed volume of air would be "trapped" inside
the seals upon closing the valve. Thus, increasing the external "side"
pressure on the seals, as would occur as a result of pressurizing the
containment, would produce a corresponding Iincrease in the internal seal
pressure, The increasing seal pressure would delay the onset of
significant leakage until a larger external pressure than would occur
without the seal pressure increase. In order to dupli~ate the above
conditions, the majority of the inflatable seals tests were conducted
with the seals isolated trom their pressure source by closing valves Vig
and Vpg (Figure 3.5) after inflation.

After completion of all planned tests, it was determined that the above
description of the function of the inflation valve (Figure 1.3) is
fucorrect. The inflation valve is only used te inflate and deflate the
seals. 3 During normal operation, it is actually open allowing a pathway
for airflow between the seal and accumulator tank. Because the
accumulator tank volume is wuch larger than that of the seal, increasing
chamber pressure has little effect on the seal pressure. If the chamber
pressure appreciably exceeds the seal pressure, the air within the seals
will be forced into the accumulator tank--effectively deflating the
seals. Once deflated, a gap of approximately 3/8 of an inch will exist
between the seal tube and the sealing surface of the bulkhead around the
entire perimeter of the door,

Fortunately, tests were conducted at room temperature which modeled both
the case in which the seals are isclated from their pressure source
(Section 4.1.1) and the case in which the real pressure is essentially
constant (Section 4.1.2) as would occur if the inflation valve is open.

3.This information was obtained as a result of a field trip to a nuclear
power plant that happens to use inflatable seals around the personnel
airlock doors.
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For future reference, the two valve conditions will be referred to as
"*seals isolated from pressure source" (inflation valve closed) and
"constant seal pressure” (inflation valve open). All elevated
temperature tests were conducted with the seals isolated from their
pressure source. Unless ncted otherwise, significant leakage is defined
as leakage past both seals in excess of 10,000 scfd. Also, “"initial
seal pressure" refers to the interna! seal pressure at the start of each
test with no applied chamber pressure and at room temperature. Seal
temperature during the room temperature tests varied from around 70 to
90°F.

All testing was performed at essentially constanc temperature. For each
seal pressure level, chamber pressure was slowly increased from 0 psig
until leakage past both seals reached 10,000 scfd for the room
temperature tests or exceeded the capacity of the flowmeters-
-approximately 30,000 sctd--for the elevated temperature tests. The
rate of pressurization varied from about 2 psi/min. for low chamber
pressures and no leakage to as little as 0.1 psi/min. once appreciable
leakage began.

4.1 Room Temperature Tests (70:-90°F)

Each series of tests for a given pair of inflatable seals began with
room temperature tests. During the room temperature tests, leakage past
both seals was limited to a maximum of 10,000 scfd so that minimal
damage would occur and thus, the same pair of seals could be tested for
several seal pressure levels at room temperature and later for elevated
temperature conditions. A leakage of 10,000 scfd is equivalent to 1%
mass/day leakage at standard conditions from a 1#106 ft3 containment and
is on the order of 100 times greater than the design allowable leak
rates discussed in Section 1.1.

4.1.1 Seals Isolated From Pressure Source

Separate tests were performed at room temperature in which the initial
seal pressure of the unaged seals (Test series 1 and 3) was varied from
50 to as much as 100 psig in increments of 10 psi. Table 4.1 lists the
initial seal pressure levels that were included in each test series.
After adjusting the seal pressure to the desired level at zero chamber
pressure, valves Vig and Vpg (Figure 3.5) were closed--effectively
isolating the seals from their source of internal pressure. (Note that,
because the seals were isolated from their pressure source by closed
valves, the pressure within the seals increased from their initial level
as the pressure in the test chamber increased.) Because the seals for
test series 2 and 4 were aged, there was some concern that any testing
at room temperature might damage the seals before the elevated
temperatuce tests. In order to minimize any potential damage, only the
60 psig seal pressure level was tested at room temperature for test
series 2 and 4,

To ensure that no damage occurred during any of the room temperature

tests, the minimum seal pressure level was retested after completion of
all other room temperature tests and the results compared to the first
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Table 4.1 Comparison of Chamber Pressure and Outer Seal
Pressure at Failure - Room Temperature Tests

Maximun*  Maximum* Chamber*
Test* Initial* Inner Outer  Pressure
Series Seal Seal Seal At AP = AP/Pog
Number Pressure, Pressure, Pressure, Failure, Pg-Pog
Py Pig Pos Pg (6)/(4)
(psig) (psig) (psig) (psig) (psig) (%)
(2) (3) (4) {8) (6) (&)
1 50 (1st Test) 58.7 54.0 $1.1 2.9 «5.4
60 72.6 66.6 65.4 «1.2 -1.8
70 85.6 78.8 79.0 +0.2 +0.3
80 101.2 92.9 94.8 +1.9 +2.1
90 115.9 106.9 109.9 +3.0 +2.8
100 135.0 124.6 129.6 +5.0 +4.0
50 (2nd Test) 59.2 54.2 51.7 «2.5 4.6
2 60 (1st Test) 78.9 74.7 79.0 +4.3 +5.8
60 (2nd Test) 76.2 72.2 76.3 +4 .1 +3,
3 Round 1: 50 (lst Test) 94.9 92.0 93.0 +1.0 +1.1
60 100.7 96.3 98.5 +2.2 +2.3
60C** 60.0 60.0 60.8 +0.8 +1.3
70 106.6 101.3 104.3 +3.0 +3.0
80 127.2 121.2 125.1 +3.9 +3.2
90 144 .8 138.3 142.8 +4.5 3.7
90Cc** 90.0 90.1 92.6 +2.5 +2.8
50 (2nd Test) 69.9 66.9 67.0 +0.1 +0.2
3 Round 2: 50 (lst Test) 61.8 60.3 58.2 2.1 -3.5
60 80.0 77.4 76.9 -0.5 «0.7
70 100.1 96.3 97.4 +1.1 +1.1
80 127.3 ceee 129.1 seee ceee
50 (2nd Test) 62.4 60.5 58.9 -1.4 -2.3
4 60 (1lst Test) 99.4 83.4 100.5 +7.1 +7.6
60 (2nd Test) 99.9 94.0 101.0 ¥, 3 +7.6

*Seal and Chamber pressures, respectively, at which leakage exceeded
10,000 scfd past both seals.

Initial seal pressure = nominal pressure in both seals at ambient temperature
(70-90°F) before increasing pressure in test chamber.

Refer to Table 2.1. page 12, for description of each test series.

**Seal pressure maintained constant throughout test.
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test at that pressure level. No significant change in leakage behavior
was observed for test series 1, 2, and 4. However, for test series 3
the leakage behavior for the second 50 psig seal pressure test was much
different from the first (see Table 4.1). Thus, a second "round" of
room temperature tests were conducted for test series 3 in which the 50
through 80 psig seal pressure levels were repeated. No further change
in leakage behavior was observed after the second round. Also, to
minimize the poesibility of damage during the room temperature test, the
pressure within the seals was not allowed to significantly exceed the
standard proof test pressure of 135 psig that is applied by the seal
manufacturer, (A maximum seal pressure of 144.8 psig occurred during
round 1 of test series 3 for a chamber pressure of 142.8 psig. For this
test, the initial seal pressure at the begimming of the test was 90
psig).

For each seal pressure level, the chamber pressure was increased from 0
psig until leakage past both seals reached approximately 10,000 scfd.
The measured chamber pressure at which leakage of 10,000 scfd occurred
for each seal pressure level is provided in column (5) of Table 4.1,
For test series 1, Figure 4.1 shows the recorded leakage past both seals
as a function of chamber pressure for each seal pressure level. Figure
4.2 presents the measured leakage date for test series 2 and 4. Similar
test data for test series 3 is provided in Figures 4.3 (round 1) and 4.4
(round 2).

4.1.2 Constant Seal Pressure

During round 1 of test series 3, two leakage tests were conducted in
which the seal pressure was held constant throughout the test. In this
way, the condition could be modeled where the inflation valve (Figure
1.3) is open. For the first of these tests, the seal pressure was set
at 60 psig in both secis. As the chamber pressure was increased, the
resulting increase in seal pressure was bled off--keeping a constant 60
psig pressure in both seals throughout the test. A similar test was
also performed at 90 psig pressure in each seal. The results of these
"constant seal pressure" tests are denoted by a "C" suffix on the
initial seal pressure listed in Table 4.1. Figurc 4.5 illustrates the
measured leakage behavior for both the 60 and 90 psig seal pressure
levels. Section 5.5 3 provides a comparison of the leakage behavior of
the constant seal pressure tests to similar tests in which the seals
were isolated from their pressure source,.

4.2 Elevated Temperature Tests

As mentioned above, all of the elevated temperature tests were conducted
with the seals isolated from their pressure source. Thus, increasing
chamber pressure and temperature both produced corresponding increases
in the internal seal pressure.

Once the inflatable seals test fixture reached the desired temperature,

the elevated temperature tests were conducted in basically the same
manner as the room temperature tests. The main exception being that,

«339.



because the elevated temperature tests were generally destructive in
nature, only one seal pressure level could normally bc tested for a
given pair of seals. The test temperatures and initial seal pressure
level for each test series are summarized in Table 4.2. For test series
1, the tcmperature of the stiffener becween the seals was maintained at
400%10°F whereas the air temperature within the seals was held within
$10°F of the desired test temperature for test series 2 through 4
(Figure 3.8). In most cases, the temperature over the entire test
fixture did not vary from the desired temperature by more than 10°F
during the leakage tests.

While still at room temperature and at O psig chamber pressure, the seal
pressure was set to the level shown in column (2) of Table 4.2 and
valves Vig and Vog were closed, A combination of internal heaters and a
flow of heated, dry air or steam was used to heat the test chsmber and
inflatable seals test fixture to the desired test temperature. Heated,
dry air was used to reach the desired test temperature for test series 1
and 2; however, because of the relatively long time period required to
reach the test temperature (12 hours for test series 1 (400°F) and 8-1/2
hours for test series 2 (300°F)), superheated steam was used for test
series 3 and 4. The use of steam instead of hot, dry air reduced the
time required to reach 300°F to about 2-1/2 hours. Note that, since the
inflatable seals fixture was surrounded or "sosked" in the test
environment and because each test was conducted at essentially constant
temperature, there was little temperature variation across the test
fixture.

Once at the test temperature, the chamber temperature was maintained
using heated, dry air. The chamber pressure was increased from 0 psig
until leakage past both seals exceeded 30,000 scfd--the capacity of the
flowmeters. After reaching 30,000 scfd, the chamber pressure was slowly
reduced and the resealing of the seals at elevated temperature was
recorded. For every test, leakage grew suddenly at failure from less
than 5,000 scfd to greater than 30,000 scfd with no appreciable increase
in chamber pressure (<2 psi). The internal seal pressure, at elevated
temperature, was normally within 5 psig of the chamber pressure when
failure occurred. Figure 4.6 illustrates the recorded leakage behavior
at 400°F for test series 1. The measured leakage past both seals at
300°F for test series 2, 3, and 4, is shown in Figure 4.7 as a function
of chamber pressure. Figure 4.8 presents the measured leakage data at
350°F for Test Series 3. Because the seals remained intact after the
test at 350°F for test series 3, an attemp’ was made to perform yet
another leakage test at 400°F., However, as discussed in Section 5.6,
the outer seal ruptured just after the fixture temperatur: reached 400°F
with virtually no applied chamber pressure.
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Table 4.2 Comparison of Chamber Pressure and Outer Seal Pressure
At Failure - Elevated Temperature Tests

Maximun**  Mawimun** Chamber**

Test Initial* Nominal Inner Outer Pressure
Series Seal Test Seal Seal At AP = AP/Pog
Number Pressure Temp. Pressure, Pressure, Failure, Pg-Pog
Pis Pos Pg (7)/(5)
‘psig) (*F) (psig) (psig) (psig) (psig) (%)
(2) (3) (4) S ¢ 1 (6) (1) (8)
1 50 400 132.3 132.1 132.0 <0.1 -0.1
2 90 300 178.7 180.7 180.0 -0.7 0.4
3 90 300 181.3 183.2 180.9 «2.3 -1.3
90 350 150.7 153.8 146.1 «7.7 -5.0
4 90 300 138.1 133.9 137.5 +3.6 +2.7

*Initial seal pressure = nominal pressure in both seals at ambient
temperature (70-90°F) before increasing pressure and tempe.ature in
the test chamber.

**Seal and chamber pressures, respectively, at which leakage exceeded
30,000 scfd past both seals.
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9. ANALYSIS OF TEST RESULTS

5.1 Required Differential Between Chamber and Seal Pressures to Prevent
Significant leakage

Column (6) of Table 4.1 presents the measured difference, AP, between
the chamber pressure, Py, and the outer seal pressure, Py, at the onset
of significant leakage for the room temperature tests. Similar
information for the elevated temperature tests is given in column (7) of
Table 4.2. As shown, AP varies from -7.7 to +7.1 psi. When expressed
as a percentage of P,g, AP/P,g varies from -5.4 to +7.6%. The test
results show that, in most cases, significant leakage did not begin
until the chamber pressure exceeded the seal pressure. In all cases,
significant leakage did not occur until after the chamber pressure
exceeded the jnitial seal pressure.

Thus, it appears that, even with the inflation valve (Figure 1.3) open,
significant leakage should not begin until containment pressure reaches
the normal operating seal pressure. If the seals are isolated from
their pressure sourve by a closed valve near the valve stem, the chamber
pressute required to cause significant leakage may be well above the
initial seal pressure. Further discussion on the effect of chamber
pressure on the seal pressure is provided in Section 5.5.2.

5.2 Comparison of leakage Behavior for New and Old Seal Designs

As shown in Table 4.1 and Figures 4.1 through 4.4, the leakage behavior
at room temperature of the new design seals was generally better than
that of the old design. Figure 5.1 provides a direct comparison of the
measured leakage boehavior of the old and new seal designs at room
temperature for an initial seal pressure of 60 psig. As shown,
significant leakage began at considerably higher chamber pressures for
the new design than for the old design.

Table 4.2 and Figures &4 through 4.8 summarize the results of the
elevated temperature tests. Because of the sparsity of data and because
of the scatter within the available test data, it is difficult to
conclude which design is best at elevated temperature. Regardless of
test temperature and initial seal pressure, significant leakage (210,000
scfd) did not occur for cither seal design until the chamber pressure
exceeded the initial seal pressure.

Eased on the test results, it seems that, at room temperature, the new
design seals exhibit considerably better leakage behavior than the old
design. At elevated temperature, neither seal design is clearly
superior to the other.
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5.3 Compaxrison of leakage Behavior for Aged and Unaged Inflatable
Seals

As shown in Table 4.1, significant leakage (210,000 scfd) past both
seals at room temperature, for a given seal pressure, began at higher
chamber pressures for the aged seals than the unaged seals. The sealing
surface of the aged seals was more tacky than the unaged seals which
seemed to improve the leakage behavior of the aged seals. Figure 5.1
also compares the leakage behavior of the aged and unaged seals at room
temperature for an initi.l seal pressure of 60 psig.

Table 4.2 provides a comparison of the leakage behavior of aged and
unaged seals at elevated temperature. Agaln, because of the lack of
extensive test data and considerable variation within the available test
data, the effects of aging on leakage behavior at elevated temperature
are difficult to quantify.

Considering the extreme amounts of radiation and thermal aging applied
to the aged seals and the fact that there was not a noticeable
degradation in the leakage behavior of the aged seals, it appears that
radiation and thermal induced aging has no appreciable detrimental
effect on the leakage behavior of inflatable seals.

5.4 Comparison of leakage Behavior at Ambient and Elevated
Temperatures

By comparing Tables 4.1 and 4.2 it can be seen that, for a given initial
seal pressure, a larger chamber pressure was usually necessary to cause
significant leakage at elevated temperature than at room temperature.
The improved leakage hehavior at elevated temperature is explained as
follows. Because the seals were isolated from their pressure sources by
closed valves during the elevated temperature tests, the volume of air
inside the seals was essentially fixed. Thus, as the air temperature
inside the seals increases the seal pressure also increases which
enhances the seals capability to remain leaktight.

However, it should be noted that, at elevated temperature, significant
leakage normally began as a result of a rupture in the seal tube; thus,
it was impossible for the seals to reseal once the chamber pressure was
reduced. 4 Figure 5.2 provides a comparison of the measured leakage
behavior during Test Series 3 at room temperature, 300°F, and 350°F for
an initial seal pressure of 90 psig.

4.Test series 3 was the only exception. For this test, the seals did
not rupture during the 300°F test and thus, they were able tc¢ reszal
upon reduction of chamber pressure. Because they were still intact,
the chamber temperature was increased further to 350°F and another
leakage test was performed. Although the seals also remained intact
after this test, they ruptured, with virtually no chamber pressure
applied, shortly after the temperature was increased to 400°F.

Ub=



30000

: | .
25000 | j : F b
: ' GEss
: o 6
E UNRGED "NEW® ' S 3
5% £ DESIGN SEALS il e
Ly : S50F f Mg
B £ .5
15000 | | l b
b ) - +: l . : 9
5 < - oy ;
é C i i ' i -
tad - s ' o4
510000 [ | . ; 3
: ROOM et '309F, :
: TEMPERATURE — | /. o 3
5000 F ' ' ;
: LY
& | o o
%) 49 80 120 160 200
20 60 100 140 180

CHAMBER PRESSURE (PSIG)

Figure 5.2 Comparison of Leakage Behavior at Room Temperature, 300°F, and 350°F
Test Series 3 - 90 Psig Initial Seal Pressure - Seals Isolated From Pressure




As shown through the above comparisons, the chamber pressure at which
significant leakage began was generally higher at elevated temperature
than at room temperature. However, as stated above, the risk of a seal
rupture upon onset of leakage appears to be much greater at elevated
temperature. The effect of elevated temperature on seal pressure is
discussed in Section 5.5.1. Section 5.6 provides a complete description
of the observed seal failure modes.

5.5 Effect of Elevated Temperature and External Pressure on Seal
Pressure

Again, note that, if inflatable seals are isolated from their pressure
source by closed valves, a fixed volume of air exists within the seal
tube. As shown in Figure 1.4, the seal tube is constructed of EPDM
material reinforced with Kevlar. The resulting composite material is
relatively flexible in bending but fairly "stiff' against elongation.
Thus, the seal tube acts as an approximate fixed volume as the air
temperature increases which causes a corresponding increase in the
internal seal pressure. Because the bending stiffness of the composite
seal material is relatively small, increasing the external pressure
applied to the seals produces an increase in the internal seal pressure.

1f the inflation valve is open, the seal pressure may still increase due
to increasing containment temperatures given the following assumptions:
1) the check valve (Figure 1.3) is closed as a result of a loss of the
instrument air supply system, and 2) the air temperature inside the
accumulator tank and seal increases as a result of heating the
containment atmosphere. (The accumulator tanks are attached to the
inner side of each airlock door such that they are subjected to
approximately the same temperature conditions as the inflatable seals.)

5.5.1 Effect of Elevated Temperature on Seal Pressure

Table 5.1 provides a listing of the actual seal temperature and pressure
before heating the test chamber [columns (3) and (4)] and also after the
desired test chamber temperature was obtained [columns (5) and (6)].
Assuming that the seal tube acts as a rigid, fixed volume, the increase
in seal pressure due to increasing tewperature can be estimated using
the ideal gas law. The escimated seal pressure based on the ideal gas
law is given in column (7) of Table 5.1 for each seal. Column (8)
provides a comparison of the predicted-to-measured seal pressures. As
shown, the ideal gas law provides a good estimate of the seal pressure
increase due to temperature. Figure 5.3 shows the measured seal
pressure vs. seal temperature for test series 1. Note that for test
series 1 the seal pressure increased linearly with increasing seal
temperature up until about 300°F. Between 300°F and 400°F the increase
in seal pressure for a given increase in temperature became considerably
less indicating that the seal volume may have actually been increasing
in this temperature range due to stretching of the seal tube,
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Table 5.1 Comparison of Predicted-to-Actual Seal Pressure
Increase Caused by Increasing Seal Temperature

Initial 1Initial Elevated Seal Predicted*
Test Location Seal Seal Seal Pressure Seal
Series of Temp . Pressure Temp. at Temp. Pressure
Number Seal (°F) (psig) (°F) (psig) (psig) (7)/(6)
(3 (4) (5) (6) (7) (8)
1 Inner 70.4 90.2 389.9 128.2 151.9 1.18
Quter 70.4 60.0 389.9 104.3 103.5 0.99
2 Inner 78.3 89.9 285.8 127.6 129.3 1,01
Outer 77.8 90.2 307.0 129.7 133.8 1.03
3 Inner 80.6 90.0 299.2 134.,9 131.3 0.97
Quter 80.4 $0.0 299.6 134.,2 131.5 0.98
4 Inner 88.3 89.7 297.7 126.6 128.6 1.02
Outer 88.6 89.8 305.3 126.6 130.1 1.03
Average 1.03
Std. Dev. 0.066

* The ideal gas law was used, assuming constant volume, to compute the

predicted seal pressure at the measured seal temperature shown in column
(5). Atmospheric pressure at Sandia is assumed to »- " .2 psia for these

calculations.
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5.5.2 Effect of External Pressure on Seal Pressure

For the tests that were performed with the seals isolated from their
pressure source by a closed valve, the internal seal pressure increased
as a result of increasing external pressure. The internal seal pressure
is plotted vs. chamber pressure in Figure 5.4 for an initial seal
pressure of 90 psig for test series 3 at room temperature.

As a result of the increasing seal pressure due to chamber pressure, the
chamber pressure required to produce significant leakage pact both
seals, Pf, also increased to levels beyond the initial seal pressure,
Pi. Column (6) of Table 5.2 presents the observed ratios of Pg/Pj for
all room temperature tests, As shown, in most cases, there is a
noticeable increasing trend in the value of Pg/Py as Pj increases.?

For the old design seals in test series 1, Pf was approximately equal to
Py for Py = 50 psig. However, as Py increased, Pg/Pi also increased.
For Py = 100 psig, the measured value of Py was 129.6 psig. Because the
ratio of Pg/Py increased approximately linearly from Pj = 50 psig to Py
= 100 psig, the following expression was developed to predict the
chamber pressure at failure, P.:

Pe = P{(0.006P4+0.70) (5.1)

Similarly, for the new design seals, a prediction equation has been
developed which assumes Pg/Py =1.20 for Py = 50 psig and Pg/Py = 1.70
for P; = 100 psig. This equation may be written as:

Po = P1(0.010P§40.70) (5.2)

For the tests that were conducted while maintaining a constant seal
pressure (denoted as 60C and 90C for Test Series 3 - Round 1), the
chamber pressure at failure, Pf, was approximately equal to the initial
seal pressure, Py. Thus, if the air supply system is such that the seal
pressure is not significantly affected by increasing containment
pressure, Pf may be simply estimated as:

The above equations are incorporated into the overall prediction method
outlined in Section 6.

5.Round 1 of Test Series 3 was the only exception. For some unexplained
reason, the failure pressure for the 50, 60, and 70 psig initial seal
pressure levels was inordinately high. As shown in Table 5.2, the
failure pressures for the second round »f tests for the same pair of
seals were more consistent with the results of the other test series.
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Table 5.2

Test Initial
Series Seal
Number Pressure,
Py
(psig)

(2)

1 50 (1lst
60
70
80
90
100
50 (2nd

2 60 (lst
60 (2nd

3 Round 1: 50 (lst
60
60C**
70
80
30
90C**
50 (2nd

3 Round 2: 50 (1lst
60
70
80
50 (2nd

4 60 (1st
60 (?2nd

*Seal and Chamber pressures, respectively, at which leakage exceeded

Comparison of Chamber Pressure at Failure to
Initial Seal Pressure - Room Temperature Tests

Test)

Test)

Test)
Test)

Test)

Tast)

Test)

Test)

Test)
Test)

Maximum* Maximum* Chamber*
Inner OQuter Pressure
Seal Scal At

Pressure, Pressure, Failure,
Pig Pos Pg
(psig) (psig) (psig)

(3) (4) (5)
58.7 54.0 $1.1
72.6 66.6 65.4
85.6 78.8 7.0
101.2 92.9 94 .8
115.9 106.9 109.9
135.0 124.6 129.6
59.2 54.2 $1.7
78.9 74.7 79.0
76.2 72.2 76.3
94 .9 92.0 93.0
100.7 96.3 98.5
60.0 60.0 60.8
106.6 101.3 104.3
127.2¢ 121.2 125.1
144 .8 138.3 142 .8
90.0 90.1 92.6
69.9 66.9 67.0
61.8 60.3 58.2
80.0 77.4 76.9
100.1 96.3 97 .4
127.3 .. 129.1
62.4 60.5 58.9
99.4 93.4 100.5
99.9 94.0 101.0

10,000 scfd past both seals.

Initial seal pressure, P{ = nominal seal pressure in both seals at ambient

Pg/Py
(5)/(2)
(%)

P & .

.02
.09
13
19
.22
.30
.03

P b e e e e e e ol

-

38
.27

.86
.64
.01
49
.56
.39
.03
.34

.16
.28
.39
.61
.18

.68
.68

Temperature before increusing pressure and temperature in test chamber.

**Seal pressure maintained constant throughout test.
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5.5.3 Effect of Isolating Seals From Their Pressure Source

As mentioned in Section 5.5.2, the chamber pressure at which significant
leakage began, for a given initial seal pressure, was considerably
higher for the seals that were isolated from their pressure source than
for those seals that were held at a constant internal pressure. The
effect of isolating inflatable seals from their pressure source on the
chamber pressure required to cause leakage can be clearly seen in Figure
5.5 for the 60 psig initial seal pressure tests during test series 3.
Similar data is shown in Figure 5.6 for an initial seal pressure of 90
psig. As shown, because the seal pressure increased for the seals that
were isnlated from their pressure source, leakage began at higher
chamber pressures than for those tests in which the seal pressure was
maintained constant.

It is alsc interesting to note the difference in the growth of leakage
as the chamber pressure is increased. As shown in Figures 5.5 and 5.6,
once leakage began for the constant seal pressure tests, leakage
increased much more rapidly for & given increase in chamber pressure
than for the seals that were isolated from their pressure source.

5.6 Fallure Modes of Inflatable Seals

As previously mentioned, the onset of significant leakage occurred as a
result of ruptures in the seals for the elevated ten . a“re portions of
test series 1, 2, and 4. As explained in the footn: . .n Section 5.4,
the seals in test series 3 remained intact after leakage tests at 300°F
and 350°F, but then ruptured at 400°F with virtually no chamber pressure
applied. All testing at room temperature ended when leakage past both
seals exceeded 10,000 scfd with no apparent damage to the seals.

The typical failure mode at elevated temperature occurred as a
longitudinal tear of the seal tube in the vicinity of the valve stem as
shown in Figure 5.7. The cause of these tears seems to be a combination
of the internal pressure within the seals, the relatively large "side"
pressure ¢n the seal tube, and the high degree of restraint of the seal
tube near the valve stem.®

Just hefore failure, the pressure between the seals was typically the
same (within 0.5 psi) as the chamber pressure. Obviously the pressure
on the outer side of the outer seal was atmospheric (0 psig). Thus, the
outer seal was always subjected to the largest differential pressure
which caused the outer seal to rupture before the inner seal. Posttest
inspection revealed that, after failure, a pathway existed from the
valve stem opening in the test fixture, through the outer seal, and into
the test fixture (Figure 5.8). Thus, after the outer seal failed,

6.As discussed in Section 3.3, in order to prevent leakage around the
valve stem opening, the seal is drawn in into close contact with the
door in this region by tightening a nut on the valve stem. The method
used to model the actual restraining conditions on the valve stems in
alrlock doors is shown in Figure 3.7.
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Figure 5.7 Typical Failure of Outer Seal Caused By a Rupture of the Seal Tube
Near the Valve Stem



Figure 5.8 Typical Pathway for Leakage Around Valve Stem After Seal Rupture



leakage could enter the test fixture thruigh the valve stem opening-
-effectively bypacsing the inner seal. Because the magnitude of this
extraneous leakage was such that the failure pressure level could not be
maintained or increased further, the tests were typically ended at this
point. However, if the chamber pressure could have been held at the
failure level or increased slightly, failure of the inner seal would

have likely occurred in the same mode as the outer seal at approximately
the same chamber pressure.

The relatively large lateral force caused by the chamber pressure on the
outer seal also produced a longitudinal tear, in some cases, between the
outer seal tube and its inner flange. Typical tears of this nature are
shown in Figures 5.9 and 5.10. Also, inspection of the new design seals
revealed that the added layer of EPDM (Figure 1.4(c)) had delaminated
from the seal tube along the outer edge in some cases as shown in Figure
5.11. Although the seal damage illustrated in Figures 5.9 through 5.11
show definite signs of distress, this type of damage is not believed to
have been the direct cause of rupture of the seals. In most cases, the

primary cause of seal rupture was a tear in the seal tube near the valve
stem.

Posttest inspection of the seals also revealed that there was no
apparent degradation in the RPDM material for test temperatures up to
350°F, However, for test series 1, which was tested &t 400°F, the outer
layer of EPDM seemed to have degraded slightly as evidenced by its
nonuniform thickness and shiny appearance. Also, an oily residue was
observed coming out of the flowmeter gallery after failure of the seals.
No such residue was noticed during the other tests at up to 350°F.
Further evidence that seal decomposition began around 400°F was that
EPDM material was found bonded to the sealing surface of the test
fixture for test series 1 only. Also, as discussed in Section 5.5.1,
the volume of the seal tube appeared to be increasing as the temperature
was increased from = 350°F to 400°F during heatup for test series 1.7
Based on these observations, it appears that appreciable deterioration
of the seals begins between 350°F and 400°F. Therefore, caution should

be exercised when using the seals in environments that might experience
temperatures in excess of 350°F.

5.7 Resealing Capabjlity of Inflatatle Seals

As shown in Figures 4.1 through 4.5, after significant leakage was
measured past both seals, the seals resealed upon reduction in the
chamber pressure at room temperature However, because the sevals
ruptured at elevated temperature in test series 1, 2, and 4, they
obviously could not reseal as the chamber pressure was reduced. As
previously described, all of the elevated temperature trsts were
conducted with the seals isolated from their pressure source. Thus, the

internal seal pressure increased as a result of increasing chamber
pressure and temperature.

7.An increase in the seal volume seemz to indicate that the Kevlar
reinforcement was actually slipping with respect to the adjacent EPDM
material
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Figure 5.9 Typical Tear Between Outer Seal Tube and Its Inner Flange
Test Series 1



Figure 5.10 Typical Tear Between Outer Seal Tube and Its Inner Flange
Test Series &
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If the seal pressure was only affected by temperature and not by
external pressure as would occur if the inflation valve (Figure 1.3) is
open, it seems likely *hat, for temperatures up to 350°F, the seals
would not have ruptured. For temperatures significantly in excess of
350°F, it is difficult to form a conclusion on the likely seal failure
mude .
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6. LEAKAGE PREDICTION METHODS FOR INFLATABLE SEALS

6.1 Presentation of Prediction Equations

The prediction equations presented below have beer. developed for the
following range of test parameters.

50s Pj = 100 psig
70 £ Tglev S 400°F

Use of the equations beyond these parameters should be performed with
caution.

The containment pressure atr which significant leakage is expected, Pg,
may be estimated with the fellowing equation:

PC - ’\PB = Pmax (6.1)

where!
Pm‘x bad 156.67 - 0.067Telev < 150 pﬂig (6-2)
= maximum containment pressure without danger of rupturing
the inflatable seals; For Tgley S 100°F, Ppgx = 150
psisv FOI‘ Telev - 600'F. Pmax - 130 psig.

Telev= estimated average temperature of seals during accident
conditions, °F

Pi{ = seal pressure under normal operating conditions, psig
For ambient conditions:

Py = Pi{ = seal pressure under normal operating conditions
(i.e., no pressure within containment), psig

For elevated temperatures:

Pg = seal pressure at elevated temperature with no pressure
within containment, psig

At elevated temperatures, Pg may be estimated using the
ideal gas law and assuming constant volume of the
inflatable seals:



Pg = (TRglev/TRamb)(Pjg @ ambient conditions) - Pg, psig

Pia = absolute seal pressure under normal operating
conditions, psia

P = atmospheric pressure, psig

TRelev= estimated average temperature of seals during
accident conditions, °“R

TRgmbh = seal temperature during normal operating
conditions, °R

For constant seal pressure, regardless of seal design:8
A=1.0 (6.3)

For pld seal design and assuming that seals are isolated from their
internal pressure source:

A = 0,006Pg + 0.70 (50 s Pg s 100) (6.4)

For pnew seal design and assuming that seals are isolated from their
internal pressure source:

A = 0.010Pg + 0.70 (50 = Pg = 90) (6.5)

6.2 Comparison of Predicted-to-Actual Chamber Pressures at Failure

The predicted chamber pressures at failure, Po, using the above equations,
are compared to the observed failure pressures at room temperature in Tablie
6.1. As shown in column (5) of Table 6.1, the above equations provide a
good estimate of the required chamber pressure to produce significant
leakage past both seals at room temperature.

Table 6.2 provides a comparison of the predicted chamber pressures at
failure using the above methods to the inflatable seals tests that were
conducted at elevated temperature. As shown in column (7) of Table 6.2, in
most cases, the recommended method provides conservative estimates of the
chamber pressure required to cause significant leakage. Because of the
limited amount of test data at elevated temperature and the scatter within
the available data, the expression for Ppax intentionally provides lower

8 .Assumes that an open pathway exists between the seal tube and the
accumulator tank.

9. Assumes that a closed valve isolates the seal from the accumulator tank.
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bound estimates for the predicted chamber pressure at failure at elevated
temperatures.

Figure 6.1 provides a comparison of the predicted-to-actuul failure
pressure ratios for the tested range of initial seal pressures for both the
room temperature and elevated temperature tests.
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Test
Seriers
Number

Table 6.1 Comparison of Predicted-to-Actual Failure®*
Pressures - Room Temperature Tests

Initial
Seal
Pressure,
Py
(psig)

2)

3 Round 1:

3 Round 2:

50 (1lst
60
70
80
90
100
50 (2nd

60 (1lst
60 (2nd

50 (lst
60

60C**

70

80

90

90C**

50 (2nd

50 (lst
60
70
80
50 (2nd

60 (1lst
60 (2nd

Test)

Test)

Test)
Test)

Test)

Test)

Test)

Test)

Test)
Test)

Chamber*
Pressure
At
Failure,
Pg
(psig)

R & | T

51.1
65.4
79.0
94.7
109.9
129.6
31.7

Predicted
Failure* Po/Pg
Pressure,

Pe (4)/(3)
(psig) (%)
S . I ERUEE ¢ g
50.0 0.98
63.6 0.97
78.4 0.99
94.4 1.00
111.6 1.02
130.0 1.00
50.0 0.97
63.6 0.81
63.6 0.83
60.0 0.65
78.0 0.7%
60.0 0.99
98.0 0.9
120.0 0.96
144 .0 1.03
90.0 0.97
60.0 0.90
60.0 1.03
78.0 101
98.0 1.01
120.0 0.93
60.0 1.02
78.0 0.78
78.0 0.77

Average 0,93
Std. Dev. 0.103

*Failure pressure is defined as the chamber pressure in psig at which

leakage past both seals exceeded 10,000 scfd for a given seal pressure.

**Seal pressure maintained constant throughout test.
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Table 6.2 Comparison of Predicted-to-Actual Failure®
Pressures - Elevated Temperature Tests

Initial Nowinal Actual® Predicted**
Test Seal Ambient Test Failure Failure
Series Pressure, Temp. Temp., Pressure, Pressure, Pe/Fg

Number P‘ T. lev Pf PC
(psig) (*F) (*F) (psig) (psig) (6)/(5)

[&)) (&) (5) (6) )
70.4 132.0 95.5 0.72

77.8 180.0 136.6 0.76

180.9 136.6 0.76
146.1 133.2

137.5 136.6

Average 0.83
Std. Dev. 0.116

* Actual failure pressure represents the measured chamber pressure at which
leakage past both seals first exceeded 30,000 scfd.

**Predicted failure pressure, P., computed from equations in Section 6.1.
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7. SUMMARY

The results of several tests to determine the leakage behavior of
inflatable seals at room temperature and elevated temperatures have been
presented sv¢ discussed. The room temperature tests covered a wide range
of seal pressures representative of the normal operating seal pressures in
nuclear containments. Because they were generally destructive in nature,
only one seal pressure was normally tested at elevated temperature.

The test program included the two primary seal designs currently in use in
nuclear containments. For sach seal design, a pair of unaged and a pair of
aged seals were tested first at room temperature and then finally at
elevated temperature. The aged seals were subjected to both radiation and
thermal aging.

During the tests, two different valve conditions were modeled. In the
first, it was assumed that the inflation valve (Figure 1.3) is closed after
the seals are inflated. Because the inflation valve is between the seal
and accumulator tank, the volume of air within the seais is essentially
isolated from the pressure source. As a result, increasing external
pressure causes a corresponding increase in seal pressure. The other valve
condition assumed that the inflation valve remains open after the seals are
inflated. If the inflation valve is open during normal operation, there is
an open pathway for airflow between each seal and accumulator tank.
Because of the large effective volume acting with the seals, increasing
external pressure has little effect on seal pressure. The second valve
condition is believed to be most representative of current practice in
nuclear containments. For either valve condition, increasing containment
temperature will likely cause an increase in seal pressure.

Based on the results of all the inflatable seals tests, a general method
has been developed to provide reasonable estimates of the containment
pressu s+ at which significant leakage can be expected for a given normal
operating seal pressure. As described in Section 6, this method may be
used to predict the leakage behavior of inflatable seals subject to either
of the above valve conditions. Because the prediction method is empirical,
use of the prediction equations beyond the tested range of parameters
should be performed with cautjon. Also, it should be kept in mind that
only four pairs of inflatable seals have been tested. Although it is
thought to be small, the variability in leakage behavior that would
naturally occur due to manufacturing variations is difficult to quantify.

It should be remembered that, although the tested seals were identical in
cross-section to those used in nuclear containments, the length of the
tested seals was somewhat less than the total length of inflatable seals on
personnel airlock doors. The tested seals were approximately 100 inches in
length whereas those used on airlock doors vary in length from about 240 to
310 inches. Thus, for a given containment pressure and seal pressure, the
actual amount of leakage past inflatable seals in nuclear containments will
likely be greater than measured for the tested seals.
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The results of the inflatable seals tests may be summarized as follows:

.

Regardless of seal design, seal pressure, v.lve condition, applied
aging, or test temperature, significant leakage (>10,000 scfd) past both
seals did not occur until the chamber pressure reached or exceeded the
initial seal pressure at the start of each test. (Initial seal pressure
is defineo as the seal pressure at the beginning of each test at room
temperature with no applied chamber pressure.)

For a given initial seal pressure at room temperature, leakage generally
began at higher chamber pressures for the new design seals than for the
old design. However, there was no distinguishable difference between
the two designs at elevated temperature.

Radiatior and thermal aging actually improved the leakage behavior at
room temperature; however, at elevated temperature there was no
observable difference between the performance of the aged and unaged
seals.

Increasing seal temperature produces a corresponding increase in seal
pressure. The amount of increase can be adequately predicted using the
ideal gas lav assuming constant volume. The increase in seal pressure
due to temperature also tends to increase the chamber pressure at which
significant leakage begins. 1In all cases, significant leakage did not
begin until the chamber pressure exceeded the seal pressure that was
predicted by the ideal gas law for the test temperature. If the actual
seal temperature is unknown, a lower bound estimate of the containment
pressure necessary to cause significant leakage may be obtained by
assuming room temperature conditions.

For temperatures up to 350°F, there were no indications of degradation
of the seal material. However, between 350°F and 400°F (the maximum
test temperature), signs of a breakdown in the composite seal material
began to occur, For this reason, use of inflatable seals in
environments in excess of 350°F should be done with caution.

1f inflatable seals are isolated from their pressure source by a closed
valve near the seals’' valve stem, the internal seal pressure will
increase as a result of increasing containment pressure. However, if an
open pathway exists between the seal and accumulator tank, no
appreciable change in seal pressure will occur due to containment
pressure. For either case, methods are precented in Section 6 to
predict the containment pressure at which significant leakage will
begin.

For the room temperature tests, the seals always resealed upon reduction
in chamber pressure. The resealing pressure was about the same as the
pressure at which significant leakage begai. At elevated temperatures,
significant leakage normally began as a result of a rupture of the seal
tube; thus, it was impossible for the seals to rescal upon reduction in
chamber pressure.
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A.1 DETAILED DESCRIPTION OF TEST SERIES 1

Inflatable seals test series number 1 was completed on June 28, 1988.
The room temperature portion of the test was performed from June 21
through June 24 and the elevated temperature (40C°F) portion was
pertormed on June 28. As shown in Table 2.1, the tested pair of seals
were of the "old" seal design and were unaged. All of the leakage tests
were conducted with the seals isolated from their pressure source.

A.1.1 Reom Temperature Tests

Separate tests were performed at room temperature in which the seal
pressure, at the beginning of each test, was varied from 50 to 100 psig
in increments of 10 psi. Because the seals were isolated from their
pressure svurces, the actual seal pressure increased during each test as
a result of the increasing chamber pressure. For each seal pressure
level, the chamber pressure was increased from 0 psig until leakage past
both seals reached approximately 10,000 scfd. Table 4.1 presents the
chamber pressure corresponding to approximately 10,000 scfd leakage for
each seal pressure. The relative increase in seal pressure, which was
caused by the chamber pressure, may be observed by comparing columns (2)
and (4) of Table 4.1,

The measured lezkage past both sesls, as a function of the chamber
pressure, may be compared in Figure 4.1 for each seal pressure level.
In order to determine the resealing capability of the seals, leakage was
also recorded at several levels as tlie chamber pressure was decreased to
0 psig. The direction of "loading" is indicated by arrows on each of
the curves in Figure 4.1. As shown, in most cases, less leakage was
measured for a given chamber pressure on the unloading side of the
curves. As expected, the chamber pressure at which significant leakage
began increased as the seal pressure level was increased. (For example,
less leakage occurred, for a given chamber pressure, at 60 psig in the
seals than at 50 psig and so forth.) In order to verify that the seals
vere not damaged during these tests, the 50 psig seal pressure test was
repeated after completing all of the originally scheduled room
temperature tests, As can be seen in Table 4.1, there was little
difference between the two 50 psig seal pressure tests.

A.1.2 Elevated Temperature Tests

An initial test was performed in order to observe the effect of
temperature on the internal seal pressure. During this test, the seal
pressure was monitored as the test chamber was heated, using hot dry
air, to the desired test temperature of 400°F. The pressure within the
test chamber was less than 15 psig at all times. The initial seal
pressure at room temperature was set at 60 psig in the outer seal and 90
psig in the inner seal. After adjusting the seal pressure to these
levels, the seals were isolated from their pressure sources by closing
valves Vig and Vpg (Figure 3.5). As shown in Figure 5.3, a considerable
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increase in seal pressure was measured as the fixture temperature
increased. The seal temperature was taken from an intrinsic
thermocouple (TC) which was attached to the stiffener between the seals;
thus, the actual seal temperature may have varied slightly from the
temperature recorded from this TC. It is interesting to note that, as
discussed in Section 5.5.1, the rate of increase in seal pressure
decreased as the fixture temperature approached 400°F.

For the actual leakage test at 400°F, the seal pressure was initially
set at B0 psig (at 4O0°F). (According to the ideal gas law [assuming &
fixed volume], a seal pressurs of 80 pulg at 4OO°F corresponds to
approximately 45 psig sea) pre sure at 70°F.) The tempcrature of the
stiffener between the seals was maintained at 400#5°F throughout the
test. The chamber pressure was increased from 0 psig. Aluust no
leakage (<150 scfd) was measured until failure of the seals. At
approximately 132 psig chamber pressure, leakege psst both se s
increased suddenly from about 100 scfd to >30,000 scfd (at this poiut,
leakage was greater than the capacity of the flowmeters). Pressure in
the outer and inner seals was 132.1 and 132.3 psig, respectively, at
failure. Posttest inspection revealed that the outer seal ruptured
during the test in the vicinity of the valve stem.

By comparing the chamber pressures at failure at room temperature and at
400°F in Figures 4.1 and 4.6, it can be seen that the leakage behavior
for an initial seal pressure of 50 psig is much better at 400°F. The
improved performance may be attributed to the increased seal pressure
caused by increacing temperature and the "softening" effect of high
temperature on the seal material. However, it should be noted that the
same factors of increascd seal pressure and material softening due to
temperature also increase che likelihood of a rupture o’ the seal.



A.2 DETAILED DESCRIPTION OF TEST SERIES 2

The second series of inflatable seals tests were completed on August 3,
1988. The rvom temperature portion of the test was conducted on August
1 and the elevated temperature (300°F) portion was performed on August
3. As shown in Table 2.1, the tested pair of seals were of the "old"
seal design. The seal: were both radiation and thermal aged as
described in Section 2.5. All of the leakage tests were conducted with
the seals isolated from their pressure source,

A.2.1 Room Temperature Testis

Because the seals were aged for test series number 2, there was some
concern before the test that any testing at room temperature might
damage the seals before the elevated temperature tests. In order to
minimize any potential damage, only the 60 psig seal pressure level was
tested at room temperature. Because 60 psig is a relatively low
internal pressure for the seals, the resulting stresses in the seal tube
are small and thus, the potential for damage wis kept to a minimum.

For the first 60 psig seal pressure test, almost no leakage (<50 scfd)
was measured past the seals as the chamber pressure was increased from 0
psig until just before failure. At approximately 79 psig chamber
pressure, leakage past both seals increased rapidly from about 50 scfd
to >30,000 scfd. The outer and inner seal pressures at failure were
74.7 and 78.9 psig, respectively., As shown in Figure 4.2, leakage
continued to be >10,000 scfd until the chamber pressure was reduced to
approximately 63 psig. At 63 psig chamber pressure, leakage suddenly
decreased from »10,000 scfd to about 7 scfd. As the chamber pressure
was decreased further to 0 psig, leakage past both seals remained <10
scfd at all imes.

In order to determine if the seals were damaged during the above test, a
second test with 60 psig seal pre ure was performed. During this test,
failure again occurred quickly at 76.3 psig chamber pressure at which
time leakage grew from around 10 scfd to >30,000 scfd. The outer and
inner seal pressures at failure were approximately 72.2 and 76.2 psig,
respectively. Leakage stopped abruptly when the chamber pressure was
reduced to 6B psig. Because the leakage behavior of the seals was quite
similar for both tests, it seems that no damage occurred during the room
temperature tests.

A.2.2 Elevated Temperature Tests

As for test series number 1, an initial test was performed in order to
observe the effect of temperature on the internal seal pressure. During
this test, the seal ' ressure was monitored as the test chamber was
heated, using a flow of hot, dry air, from ambient temperature to the
desired test temperature f 300°F. The pressure within the test chamber



was less than 15 psig at all times. The initial seal pressure at room
temperature was set at 90 psig in both seals. In addition to the
fixture thermocouples (TCs) for test series number ', a TC was placed
inside the "valve stem" of each seal (Figure 3.8). As shown in Table
5.1, the pressure within the seals increased from 90 psig to
approximately 130 psig as the chamber was heated to 300°F.
Approximately 8-1/2 hours were required to reach 300°F in the test
fixture.

At the beginning of the leekage test at 300°F, (he outer seal pressure
was 129.1 psig and the inner sea: pressure was 127.5 psig. The
temperature of the stiffener between the seals was maintained at 300%5°F
throughout the test. The chamber pressure was increased from 0 psig.
As shown in Figure 4.7, appreciable leakage past both seals began around
90 psig chamber pressure then stopped at about 120 psig. At no time in
this pressure reglon did the leakage exceed 1500 scfd. No additional
leakage of significance occurred until approximately 172 psig chamber
pressure. Leakage increased steadily from 172 psig to 180 psig chamber
pressure. At 180 psig chamber pressure, leakage past both seals grew
from approximately 2500 scfd to >30,000 scfd over a period of about an
hour The outer and inner seal pressures at failure were 180.7 and
178.7 psig, respectively. Posttest inspection revealed that the outer
seal tuhe had again (as in test series no. 1) ruptured near the valve
stem. Also, the outer seal tube ripped away from its inner flange
around most of the circumference.
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A.3 DETAILED DESCRIPTION OF TEST SERIES 3

The third series of inflatable seals tests were completed on September
27, 1588. The room temperature portion of the test was conducted from
August 30 to September 19 and the elevated temperature portion of the
test was performed on September 27. As shown in Table 2.1, the tested
pair of seals were of the "new" seal design and were unaged.

A.3.1 Room Temperature Jests

Two different sets or "rounds" of leakage tests were conducted at coom
temperature during test series 3. Originally, only one round of room
temperature tests were planned. However, because the leakage behavior
of the seals was significantly altered during the first round, a second
round of room temperature tests were performed, During round 1, room
temperature tests were conducted with the seals isolated from their
pressure source by a closed valve and also with the seal pressure held
constant, A detailed descrivtion of the tests that were conducted in
each round is provided below.

A.3.1.1 Round 1 (Seals lsolated From Pressure Source)

During round 1, separate tests were performed at room t<wmerature in
which the seal pressure, at the beginning of each test, was varied in 10
psi increments from 50 to 90 psig. After completion of the 90 psig seal
pressure test, it seemed likely that, for a 100 psig seal pressure test,
the internal seil pressure associated with "failure" would be well in
excess of the standard "proof" test pressure of 135 psig; thus, in order
to minimize the risk of damaging the seals, no test was performed for an
initial seal pressure of 100 psig.

For each seal pressure level, the chamber pressure was increased from 0
psig until leakage past both seals reached approximately 10,000 scfd.
Table 4.1 presents the chamber pressure corresponding to approximately
10,000 scrd leakage past both seals for each seal pressure level. The
relative increase in seal pressure, which was caused by the chamber
pressure, may be observed by comparing columns (2) and (4) of Table 4.1.
Figure 4.3 graphically illustrates the recorded leakage behavior for
each of the first round room temperature tests in which the seals were
isolated from their pressure source. After all of the originally
scheduled seal pressures were tested in round 1, the 50 psig seal
pressure test was repeated in order to ensure that the seals were not
damaged during the first round of tests. For the second 50 psipg seal
pressure test of round 1, the leakage limit of 10,000 scfd was obtained
at a chamber pressure of only 67.0 psig--much lower than the first 50

psig seal pressure test, It was believed that, during the round 1
tests, leakage had possibly developed around the valve stem on the outer
seal . The test chamber and fixture were disassembled and the valve

stems were tightened against the test fixture.
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A.3.1.2 Round 1 (Constant Seal Pressure)

Two additional leakage t.sts were cenducted during round 1 in which the
seal pressire was maintained constant throughout the test. In this way,
the leakage behavior of inflatable seals that are connected to the
accumulator tank (Figure 1.3) by an open air line could be modeled. For
the first of these tests, the seal pressure was set at 60 psig in both
seals. However, as the chamber pressure was increased, the resulting
increase in seal pressure was bled off--keeping a constant 60 psig
pressure in both seals throughout the test. As shown in Figure 4.5,
significant leakage did not begin until the chamber pressure reached the
seal pressure of 60 psig. At 60.8 psig chamber pressure, leakage past
boch seals reached approximately 12,000 scfd. Leakage effectively
stopped (<2 scfd) when the chamber pressure was reducsd to about 50
psig. A similar test was performed at 90 psig pressure in ecach seal.
As illustrated in Figure 4.5, again, there was no significant leakage
past both seale until tle chamber pressure reached the seal pressure of
90 psig. At 92.6 psig chamber pressure, leakage reached approximately
10,000 scfd. lLeakage effectively stopped (<3 scfd) when the chamber
pressure was reduced to about 85 psig. By comparing the results of
these two tests to their counterparts in which the seal pressure was
allowed to increase (Figure 4.3), it can be seen that much less leakage
occurs if the seals are isolated from their pressure source in such a
way that the internal seal pressure increases with increasing chamber
pressure. The results of these “constant seal pressure" tests are
denoted by a "C" suffix under Round 1 in Table 4.1,

A.3.1.3 Round 2

Afier reassembling the test equipment, a seconu Round of room
temperature tests was conducted, which included seal pressures of 50
through 80 psig. All testing during this round was performed with the
seals isolated from their pressure source, As shown in Table 4.1, the
chamber pressure at which leakage reached 10,000 scfd was considerably
less for the 50 and 60 seal pressure levels than that of round 1.
Hovever for the higher 70 and 80 seal pressure levels, there was little
difference between the first and sevond round of room temperature tests.
The %0 psig seal pressure test was not repeated in round 2 for fesr of
damaging the seals before the elevated temperature tests. In order to
check for any deterioration in the leakage behavior of the seal: that
night Lave occurred during the second round of tests, the 50 psig seal
pressure test was repeated As shown In Table 4.1, there was no
significant difference between the two 50 peig seal pressure tests of
round 2; thus, it seems that no further change in leakage behavior
occurred cduring round 2. Figure & .4 shows the measured leskage behavior
for each of the second round tests.

In the tinal analysis, it seems that, even if leakage around the outer
‘ralve stem did exist before tightening the valve items, it certainly was
not the major cause of the decrease in chamber pressure at which leakage
occurred for the 50 and 60 psig seal pressure levels. Perhaps the main



cause of this voorer leakage behavior after round 1 was simply due to an
inelastic "stretching" of the seal tube during the higher seal pressure
tests in round 1.

By comparing Figures 4.3 and 4.4, one can see that, once leakage began,
it increased at a much faster rate for the second round of test than for
the first. For each seal pressure level in the second round of tests,
leakage grew suddenly at failure from <100 scfd to >30,000 scfd.

A.3.2 Elevated Temperature JTests

Leakage tests were performed, or at least attempted, at 300°F, 350°F,
and 400*F during the elevated temperature portion of test series 3. All
of the leakage tests at elevated temperature were conducted with the
seals isolated from their pressure source. A detailed description of
the testing that was conducted at each of these temperatures is given
below.

A.3.2.1 300°F

An initial test was performed in order to observe the effect of
temperature on the internal seal pressure. During this test, the
pressure in each seal was monitored as the test chamber was heated from
ambient temperature to the initial test temperature of 300°F.
Superheated steam, instead of hot, dry air, was used to bring the test
chamber up to temperature. Steam was chosen because of its superior
heat transfer qualities which allows the test chamber to reach the test
temperature much more quickly. (Approximately 8-1/2 hours were required
to reach 300°F in test series 2 in which heated, dry air was used as
opposed to only about 3 hours for test series 3 which used superheated
steam,) At no time during the heating of the test chamber did the
chamber pressure exceed 20 psig. After reaching 300°F, the steam system
was isolated from the test chamber and heated, dry air was allowed to
flow through the chamber for the last two hours before beginning the
leakage test. As in previous tests, heated, dry air was used to supply
the chamber pressure during the leakage tests.

The initial seal pressure at room temperature was set at 90 psig in both
seals. A thermocouple was placed inside the valve stem of each seal in
order to measure the air temperature inside the seals. As shown in
Table 5.1, the pressure within the seals increased from 90 psig to
approximately 135 psig as the chamber was heated te 300°F.

At the beginning of the leakage test at 300°F, the outer seal pressure
was 134.1 psig and the inner seal pressure was 134.8 psig. The air
temperature within the seals was maintained at 300:10°F throughout the
test. The chamber pressure was increased from 0 psig. As shown in
Figure 4.7, appreciable leakage past both seals did not begin until the
chamber pressure reached approximately 180 psig. At that point, leakage
grew from <50 scfd to >30,000 scfu. The outer and inner seal pressures
at failure were 183.2 and 181.3 psig, respectively. Leakage effectively
stopped (<50 scfd) when the chamber pressure was decreased to about 155



psig. Further decrease in the chamber pressure to 0 psig revealed that
both seals were still inflated. (Previously, for the elevated
temperature portion nf test series 1 and 2, the outer seal ruptured at
failure and thus, would no longer hold its internal pressure.) At 0
peig chamber pressure and 39U°F, the inner seal pressure was 123.1 psig
and the outer seal pressure was 115.4 psig. The loss of internal seal
pressure was apparently caused by inelastic "strotching" of the seal
tube a= a result of the 300'F temperature and the external "side"
pressure on the seals during the test. This stretching of the seal tube
increas~s its volume and thus decreases its internal pressure.

A.3.2.2 350°F

Becavse the seals were still intact at the end of the 300°F test, it was
decided to increase the temperature inside the test chamber to 350°F and
perform another leakage test. Steam was again used to increase the
chamber tempeiaturc and hot, dry air was used during the actual leakage
test at 350°F. No significant leakage past both seils (< 50 ecfd) was
measured until the chamber pressure reached approximately 145 psig. At
about 145 psig chamber pressure, leakage grew suddenly from around 50
scfd to >30,000 scfd. The outer and inner seal pressures at failure
were 153.8 and 150.7 psig, respectively. Leakage effectively stopped
(<10 scfd) when the chamber pressure was reduced to about 125 psig.
After reducing the chavber pressuve to 0 psig, the outer and inner seal
pressures were 112.5 and 127.8 psiy, respectively. Figure 4.8 shows the
measured leakage as a function oi the chamber pressure for the 350°F
test. Undoubtedly, there was some damage to the seals during the
previous 300°F test due to the effects of both the elevated temperature
snd the external "side" pressure on the seals; however, the leakage test
at 350°F should at least be useful as & lower bound on the chamber
pressure necessary to cause failure at 350°F,

A.3.2.3 4OO°F

Because the seals were still holding internal pressure when the chamber
pressure was reduced to 0 psig, an attempt was made to perform yet
another leakage test at 400°F.  However, during rhe transition from
350°*F to 400°F, the outer seal ruptured and would no longer hold
internal pressure. The air tenp ature within the seals had just
reachad 400°F and the chamber pressure was approximately 30 psig at the
time of the rupture. The outer and inner seal pressures, just before
rupture of the outer seal, were 113.8 and 129.2 psig, respectively.

Posttest inspection of the outer seal revealed that a small tear
(approximately 1 inch long) occurred in the Kevlar reinforcing on the
{nner side of the seal tube near the valve stem. The seal material was
also torn along the inner edge of the outer valve stem. Both of these
tears went through the thickness of the se ! material which allowed air
to flow into the test fixture along the outer valve stem--eoffectively
bypassing the inner seal. The inner seal was still capable of holding
internal pressure at the end of the test and showed little signs of
distress.
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A.4 DETAILED DESCRIPTION OF TEST SERIES &

The fourth series of inflatable seals tests were completed on October
14, 1988, The room tempeiature portion of the test was conducted on
October 11 and the elevated temperature (300°F) portion was performed on
October 14. As shown in Table 2.1, the tested pair of seals were of the
"new" seal design. The seals were both radiation and thermal aged as
described in Section 2.5, All of the leakage tests were conducted with
the seals {, “lared from their pressure source.

A.4.1 Room Temperatuce Tests

Because the seals were aged for test series number 4, there was some
concern before the test that any testing at room temperature might
damage the seals before the elevated temperature tests. In order to
minimize any potential damage, only the 60 psig seal pressure level was
tested at room temperature, Because 60 psig is a relatively low
internal pressure for the seals, the resulting stresses in the seal tube
are small and thus, the potential for damage wns kept to a minimum.

For the first 60 psig seal pressure test, almost no leakage (<50 scfd)
was measured past the seals as the chamber pressure was increased from 0
psig until &bout 90 psig. As shown in Fig ve 4.2, leakage grew from
around 50 to approximately 10,000 scfd ar the chan'ser pressure was
increased ficm 90 to 100.5 psig. The outer and inner s¢al pressures for
10,000 scfd leakage past both seals were avproximately 93.4 and 99.4
psig, respectively. Leakage effectively stopped (<10 scfd) when the
chamber pressure was reduced to 95 psig. As the chamber pressure was
decreased further to 0 psig, leakage past both seals remained <10 scfd
at all times.

In order to determine if the seals were damaged during the above test, a
second test with 60 psig seal pressure was performed. The leakage
behavior for this test was practically identical to the first test.
Leakage past both seals remained less than 50 scfd as the chamber
pressure was increased from 0 to 95 psig. As the chamber pressure was
further increased from about 95 to 101 psig, leakage past both seals
grew from spproximately 25 to 10,000 scfd. The outer and inner seal
pressures for 10,000 scfd leakage were 94.0 and 99.9 psig, respectively.
As in the first test, leakage stopped abruptly when the chamber pressure
was reduced to 95 psig. Because the leakage behavior of the seals was
quite similar for both tests, it is assumed that no damage occurred
during the room temperature tests.

A.4.2 Elevated Temy .rature Tests

As for each of the previous test series, an initial test was performed
in order to ob.arve the effect of temperature on the internal seal
pressure. During this test, the seal pressure was monitored as the test
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chamber was heated using superheated steam from ambient temperature to
the desired test temperature of 300'F. The pressure within the test
chamber was less than 20 psig at all times during heatup. The ‘nitial
seal pressure at room temperature was set at 90 psig in both seals. In
order to monitor the temperature of the seals, a thermocouple (TC) was
placed inside the valve stem of each seal. These TCs measure the air
temperature inside the seal tube. As shown in Table 5.1, the pressure
within the seals increased from 90 psig to approximately 126 psig as the
chamber was heated to 300°F. Approximately 2-1/2 hours were required to
reach 300°F in the test fixture.

At the beginning of the leakage test at 300°F, the outer seal pressure
was 126.3 psig and the inner seal pressure was 126.6 psig. The
temperature of the stiffener between the seals was maintained at 300%5°F
throughout the test using a flow of heated, dry air. As shown in Figure
4.7, appreciable leakage past both seals began around 138 psig chamber
pressure. At 138 psig chamber pressure, leakage past both seals grew
suddenly from <50 scfd to >30,000 scfd. The outer and inier seal
pressures at failure were 133.9 and 138.1 psig, respectively. The
pressure in the outer seal began falling sharply just before faillure
indicating that the seal had ruptured. However, the inner seal was
still intact. After holding the chamber pressure at 138 psig for about
5 minutes, the inner seal pressure suddenly increased from around 140 to
163 psig. Apparently, the "side" pressure on the inner seal pushed the
seal tube between its flange and the test fixture resulting in a
decrease in the volume of the seal tube and thus, an increase in the
seal pressure. After this sudden increase in the inner seal pressure,
leakage dropped from >30,000 to about 1600 scfd. Leakage past both
seals became relatively stable at 1600 to 1800 scfd for a chamber
pressure of 138 psig. Further increase in the chamber pressure led to
another large burst of leakage at 146 psig. /At this point, the inner
seal ruptured and leakage once again exceeded 30,000 scfd. The inner
seal pressure had fallen to 142 psig just befcre the second surge of
leakage. Because both seals had burst, it was impossible for the seals
to reseal as the chamber pressure was reduced.
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Section B.1 provides a listing of the steps followed before each test.
The general procedure for the room temperature and elevated temperature
tests is given in Section B.2. Section B.3 provides sample data sheets
used during the tests.

8.1 TEST PREREQUISITES

The following items must be performed and checked by the .esponsible
person before performance of each test.

1

?)

3)

4)

5)

6)

7)

8)

lnit/Date

Install seals using a light layer of silicone lubricant
between seals and test fixture. Coat the bolts that
connect the seals to the fixture with "Never-Seez". Turque
these bolte until t'« seul material is compressed to &
thickness of 3/8 of an inch.

Clean seals using isopropyl alcohcl.

Apply light layer of silicone lubricant to sealing
surface of test fixture.

Record seal identification numbers on first page of data
sheets .

Install thermocouples inside fixture.

Assemble test fixture. Install new gasket between inner and
outer shell at outer end of fixture. Torque connecting bolts
to 150 in-1bs. Tighten bolts at inner end of fixture until
snug. (For unaged sea's,K skip 7) and 8).)

Send to Ga. Tech for radiation aging. Radiation aging
to be performed with seals inflated ac 50 psig. Dosage
to be 200 Mrads at 1 Mrad/hr--gamma radiation. Receive
documentation from Ga. Tech.

Thermal age with seals deflated at 250°F for 168 hrs

(1 week). Receive and file documentation of time-
temperuture data for total aging period.
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9)

10)
11)

12}

13)

14)
15)

16)

17)

18)

19)

20)

21)

Check connection of all leak detection and seal pressure
lines to the test chamber before attaching these lines to
the test fixture. Pressurize the lines to 150 psig with
air--use leak detect solution to check for leakage. Also,
check all connections and valves outside of test chamber -
between test chamber and flowmeter gallery. Repair

leaks as required.

Place test fixture in the lower section of test chamber.

Connect lnak detection lines and seal pressure lines to
test fixture.

Pressurize both seals with air to 90 psig. Using helium,
increase pressure to 50 peig (or use air at 60 psig) both
between the seals and above upper seal inside the test
fixture. This may be accomplished by pressurizing back
through the leakage detection lines with valves Vyp and
Vrr open. Check for leakage at connection of leak
detection lines to test fixture and at penetration of
valve stem of test fixture. Repair leaks as required.

With seals still pressurized at 90 psig,

a. check for leakage at connection of pressure supply line
to valve stem,

b. isolate seals from pressure supply by closing valves
Vis and Vpg. Record pressure drop over a 24 hour period.

Connect remaining thermocouples to test fixture.

Install heaters within inner diameter of test fixture. I
Install new gaskets between each section of th- test chamber.
Place remainder of test chamber over test fixture. Torque
bolts that connect sections of test chamber to 300 ft-lbs.

Connect pressure detection piping to pressure transducers,

Connect pressure transducers to datalogger--verify proper
placement or each pressure transducer in datalogger.

Record manufacturer, serial number, and applicition of each
pressure gage in log book for each test,

Connect leak detection piping to flowmeter gallery.
Connect flowmeter gallery to data acquisition system -
verify proper placement of each flowmeter in datalogg r.
Record manufacturer, serial number, and application of
each flowmeter in logbook.

Connezt. thermocouples to datalogger--verify proper placement
of each TC in datalogger.
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B.2 GENERAL TEST FROCEDURES

B.2.1 Room Temperature Tests

Documentation that the procedures listed below were followed
during each test were provided by completion of the
data sheets,

Step 1 Fressurize inflatable seals using clean, dry air to desired
initial seal pressure level.

Step 2 Isolate each seal from its pressure source by closing
valves Vig and Vgg. Record date and time at which test
for each seal pressure begins.

Step 3 Increase chamber pressure in small (0.5 to 10 psi) incrementsl
until leakage past both seals reaches 10,000 scfd. (8.5 digital
output on flowmeter #3)

Note that to measure leakage past both
seals valve Vrr must be open and Vuv_closed. Record all data at

each pressure level.

Step 4 Decrease chamber pressure until leakage past both seals stops.
Record all data at each pressure level.

Step 5 Release chamber pressure. Increase seal pressure to nex*
level (normally, previous seal pressure plus 10 psi) and

continue from step 2 above. Note that seal pressure should mot
exceed 135 psig for these tests.

1. For the constant seal pressure tests, the increase in seal pressure caused by
ircreasing chamber pressure was bled off at each chamber pressure level,

B-4



B.2.2 Elevated Temperature Tests

Steps 1 through & are intended to determine the effect of temperature on the
internal pressure in the seals.

Step 1 Inflate seals to desired initial pressure level.
Use clean, dry air te inflate the seals.

Step 2 Isolate both seals from pressure source by closing valves
Vis and Vpgs.

Step 3 Turn on heaters for test fixture--set at 700°F for heater
element and 300 to 400°F for fixture TC. Turn on heated
flow of air or superheated steam into test chamber.

Step 4 Record fixture and air temperature and each seal pressure
at 15 or 30 minute intervals until desired fixture temperature
is obtained.

Documentation that the procedures listed below were followed during
each test is provided by completing the data sheets.

Step 5 Pecord date and time at which test began.

Step 6 With valves Vyp open and Vyp closed and chamber and fixture
at desired test temperature, slowly increase chamber pressure

until onset of leakage. Note that chamber pressure must not exceed
180 psig. Record all data - pressure - temperature - flows.

Step 7 Increase chamber pressure in small (0.5 to 10 psi) increments
until leakage past both seals reaches 30,000 scfd. Note that

to measure leakage past both seals valve Vrr.must be open and
YMr.closed. Record all data at each pressure level.

Step 8 Decrease chamber pressure in small increments until leakage
past both seals stops. Record all data at each pressure level.

Step 9 Upon completion of the test, the test fixture shall be
thoroughly inspected for any signs of possible leakage into
the fixture, which would invalidate the rerorded leakage
during the test. If leakage is suspected, the fixture
shall be checked as described in Section 3.4,

Step 10 Verify that seal I1.D. number is still legible after testing.
1f not, relabel the seals.
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B.3 DATA SHEETS

DATA ACQUISITION SYSTEM
CHECKLIST

Test Number Date

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Turn on power supply for pressure gages - adjust to
28 volts.

Turn on datalogger. Check channel output to ensure
all TC's, pressure gages, and flowmeters are being
being continuously scanned.

Turn on PC and load VTERM.

Input file name in VTERM for current test.

Press cntl prtsc to write datalogger output to hard
disk.

Before beginning test, start a "dummy" scan and check
to see that data is being recorded on hard disk.

B-6



INFLATABLE SEALS
DATA SHEETS

Test Number
Date: Start Test Completion

Tested By:

Description of Test:

Seal 1.D. Numbers: Top Bottom

Seal Design:

Test Temperature: i 4

Aging:

Notes:
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