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ABSTRACT

Tests were performed on three elastomer seal designs commonly used
for nuclear plant containment mechanical penetrations. The
objective of this research project is to obtain an understanding of
the integrity and leakage behavior of these seal designs under
severe accident temperature and pressure conditions. The three
designs tested and the seal materials used in the tests were:
(a) double tongue-and—-groove design with silicone rubber seals,
(b) double-O-ring design with neoprene and ethylene-propylene (EPDM)
seals, and (c) double gumdrop design with neoprene and EPDM seals.
The effects of thermal aging and angular rotations of flange mating
surfaces were determined. The test results provide information
required to characterize the leakage behavior of penetrations under
severe accident conditions.

iii/iv






CONTENTS

ABSTRACT

ACKNOWLEDGMENTS

EXECUTIVE SUMMARY

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

INTRODUCTION

BACKGROUND

CURRENT PROGRAM

DESCRIPTION OF TESTS

DESCRIPTION OF TEST APPARATUS

DESCRIPTION OF TESTING PROCEDURES

TEST RESULTS

CONCLUSIONS

REFERENCES

APPENDIX A--TEST FIXTURE DRAWINGS

APPENDIX B--TEST PROCEDURES

Page
iii/iv

viii

11
13
19
28
30
31

37



Figure

10

LIST OF FIGURES

Double Tongue-and-Groove Seal Design

Double O-Ring Seal Design

Double Gumdrop Seal Design

Flange Separation and Rotation

Schematic Diagram of Seal Test Apparatus
Uninsulated DTG Test Fixture

Insulated Test Fixture

Thermocouple Locations for DTG Tests
Thermocouple Locations for DOR and DGD Tests

Silicone Rubber Seals at Completion of Test 6

vi

10

12

14

15

16

17

25



Table

10

11

12

LIST OF TABLES

Seal Test Matrix

Seal Hardness Values

Double
Rubber

Double

Double

Double

Double

Tongue-and-Groove Design With Silicone
Seals

Gumdrop Design With EPDM Seals
O-Ring Design With EPDM Seals
Gumdrop Design With Neoprene Seals

O-Ring Design With Neoprene Seals

Leak Rates for DTG Design With Silicone Rubber Seals

Leak Rates for DGD Design With EPDM Seals

Leak Rates for DOR Design With EPDM Seals

Leak Rates for DGD Design With Neoprene Seals

Leak Rates for DOR Design With Neoprene Seals

vii

Page

11

20
21
22
23

23

26
27
27

28



ACKNOWLEDGMENTS

The author wishes to thank Larry Koenig, the technical monitor from

Sandia National Laboratories, for his contributions during the
testing portion of this project and also for his helpful comments

during the reviewing process.

The author also wishes to express his appreciation to the following
EG&G Idaho personnel: Billy Stoddard and Eric Yarger, for their
expertise and hard work while running the tests; Berlinda Quintana,

for her assistance in data reduction; and Gene Heaton, for preparing
the figures for the report.

viii



EXECUTIVE SUMMARY

The Engineering Analysis and Project and Engineering Support
Divisions of EG&G Idaho, Inc. (EG&G Idaho), under contract to Sandia
National Laboratories (SNL), have performed elastomer seal leak rate
tests at the Idaho National Engineering Laboratory (INEL). These
tests are part of the Integrity of Containment Penetrations Under
Severe Accident Loads Program, which is being sponsored by the U.S.
Nuclear Regulatory Commission (NRC) and managed by SNL. The
objective of this program is to obtain knowledge of the integrity
and leakage behavior of containment penetrations during severe
accidents.

Three seal designs commonly used for nuclear power plant containment
mechanical penetrations were tested at INEL. These seal designs
were: (a) a double tongue—and-groove design with silicone rubber
seals; (b) a double O-ring design with neopreme and EPDM seals; and
(¢) a double gumdrop design with neoprene and EPDM seals. The seal
designs were tested at 160 psig pressure and at temperatures up to
700°F or seal failure, whichever came first. The seals were either
thermally aged or unaged and were placed in test flanges with the
seating surface of one of the flanges machined at an angle of 0° to
12° relative to the mating flange surface to simulate relative
flange rotation due to severe accident pressure loading. The test
fixtures were heated by resistance heaters and pressurized with dry
nitrogen. The leak rate of the seals being tested was determined by
flow turbine meters in the nitrogen supply line or by isolating the
test fixture with a block valve and measuring the pressure decay.
The effects of a steam environment and irradiation aging were not
included in these tests, since evaluations of those effects are
included in other portions of this program currently being performed
at SNL.

The effects of flange rotation and thermal aging on the elastomer
seal failure temperature were insignificant. The failure tempera-
tures for silicone rubber seals in a nitrogen atmosphere were
determined to be in excess of 700°F. The range of failure tempera-

tures was 570° to 670°F for EPDM seals and 460° to 500°F for
neoprene seals.

The effect of thermal aging on the seepage leak rate of the seals
prior to failure was determined to be insignificant; however, the
seepage leak rate prior to failure of the seals did increase with
increased relative flange rotations. The leak rates after failure
of the seals were determined to be controlled primarily by the
amount of flange separation.

The leak rates determined in these tests should be used with the
understanding that the effects of a steam environment and irradia-
tion aging were not considered.



1.0 INTRODUCTION

Since the accident at Three Mile Island, a major effort in safety
studies has been directed toward the risks and consequences of
severe accidents. As a part of this effort, several studies are
currently underway to determine the behavior of containments under
severe accident conditions. Knowledge of the integrity and leakage
behavior of containment beyond design conditions is required for the
evaluation of severe accident mitigation strategies, risk studies,
emergency preparedness planning.

Typically, each containment has 100 to 300 mechanical penetrations,
providing a large number of potential containment leakage paths.
Leakage behavior of those containment penetrations with elastomer
seals 1is greatly influenced by the behavior of the elastomer seals.
The objective of this study 1is to determine the leakage behavior
during severe accident conditions of some elastomer seals commonly
used for containment mechanical penetrations. This study 1is a
portion of the Integrity of Containment Penetrations Under Severe
Accident Loads Program currently being funded by the Office of
Nuclear Regulatory Research of the NRC and managed by Sandia
National Laboratories.

2.0 BACKGROUND

Prior to this study, EG&G Idaho performed a series of elastomer seal
leak rate tests under contract with the Office of Nuclear Regulatory
Research of the NRC (Reference 1). Those tests were limited to
testing unaged rectangular silicone rubber seals and 1/2-in.
diameter neoprene O-ring seals. Leak rates were determined as a
function of flange separation for severe accident temperature and
pressure conditions. Electric resistance heaters provided the heat
source, and nitrogen gas provided the pressure source. The silicone
rubber seals were tested using a double tongue—and-groove design,
and the O-rings were tested in a double O-ring design.

3.0 CURRENT PROGRAM

One portion of this program was to test thermally aged seals of the
designs previously tested using the seal test apparatus from the
previous study (see '"Description of Test Apparatus'"). In addition,
double gumdrop Type W neoprene seals were selected for testing in
both a thermally aged and unaged condition. These tests with flange
separation simulated pressure unseating penetration closures.

Testing seals for pressure seating penetration closures, closures on
the inside of containment, was the second portion of this program.
A study performed by Argonne National Laboratory (Reference 2)
determined that sealing surface rotations 'may occur for large
pressure seating penetration closures depending on the penetration



sleeve design. This rotation was estimated to be on the order of
seven degrees at the containment burst pressure. The main objective
of the second portion of this program was to determine what effect
sealing surface rotation has on seal leakage under severe accident
conditions.

4.0 DESCRIPTION OF TESTS

Seal leak rate tests were performed on three seal designs commonly
used for containment mechanical penetrations. These seal designs
are: (1) double tongue-and-groove (DIG); (2) double O-ring (DOR);
and (3) double gumdrop (DGD). A study performed by Argonne National
Laboratory (Reference 3) determined that these seal designs are
among the most common used for large mechanical penetrations.

The double tongue—and-groove design shown in Figure 1 was tested
with silicone rubber seals for both the pressure seating and
unseating tests. The silicone rubber seals were Garlock Compound
8364 with a specified hardness of 40 durometer. This seal design is
typical of most double tongue—and-groove designs. The width of the
flange and spacing between the tongues varies somewhat from design
to design.

Both ‘'pressure seating" and ‘'pressure unseating' designs were
considered for the seals. 'Pressure seating" refers to a pene-
tration for which increased internal containment pressure will cause
an increase in pressure between the mating surfaces of the contain-
ment and the penetration sealing surface. This would be typified by

a hatch which opens inward to the containment so that, when closed,
containment pressure pushes the hatch toward the containment wall.

"Pressure unseating'" refers to a penetration for which increased
internal containment pressure will reduce pressure between the
mating surfaces. This is typified by an external hatch which opens
outward; containment pressure thus pushes the batch away from the
contalinment.

The test design was effectively a pressure unseating arrangement
(see '"Description of Test Apparatus'). However, because of the
flange closure arrangement of bolts, seating was tightly controlled;
and no natural separation, or unseating, occurred. Pressure
unseating was simulated .by shimming between flanges and thus forcing
a specified metal-to-metal separation for specific tests.

The double O-ring design tested is as shown in Figure 2. Material
references are commercial designations for specific seal materials.
Seals made of Type W neoprene with a specified hardness of 40 duro-~
meter were tested for the pressure unseating test. Seals made of
EPDM compound Number E603 with a specified hardness of 60 durometer
were tested for the pressure seating tests. Double O-ring designs
vary considerably in industry. O-rings with 1/8- to 3/4~in.
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cross—sectional diameter are used with this type of design.
Dovetail grooves are commonly used; however, standard O-ring face
grooves for 1/2-in. diameter O-rings were tested. This seal design
provides a seal compression consistent with the testing Sandia is
currently performing with 1/4~in. diameter O-rings. It is important
to be able to correlate the two sets of test results, since Sandia
testing includes irradiation aging and testing with both steam and
dry air.

The double gumdrop design tested is as shown in Figure 3. The seals
for the pressure unseating tests were made of Type W neoprene with a
specified hardness of 60 durometer. The seals for the pressure
seating tests were made of EPDM compound E603 with a specified
hardness of 60 durometer. The double gumdrop design is similar to
the double tongue-and-groove design in that it is a fairly typical
design with only slight variations.

The test matrix (see Table 1) shows all the seal parameters tested
for both closures.

Since pressure on a penetration closure may cause flange rotation
this was a consideration in testing. Rotation was simulated by
machining one of the test flange faces to effect an angle between
the two mating surfaces. This will be referred to as flange
rotation 1in subsequent discussions. Bolt preloads were always
greater than pressure loading, so metal-to-metal contact was always
preserved whether flange to shim to flange or flange to flange.
Flange bolting consisted of six bolts torqued to 300 ft-lb each.
When flange spacing was used, three equally spaced shims were used.

The intent at the beginning of the project was to perform the tests
with flange rotation without flange separation. After completing
Tests 5 and 6 and 9 through 12, it was apparent that the timing of
the seal failures and leak rates were being controlled primarily by
the metal-to-metal line contact. As can be seen in Figure 4, a
flange rotation without any flange separation results in a metal-
to-metal 1line contact depending on the flatness of the flange.
Tests were performed with the test flanges without any seals, and
the leak rate was not appreciably affected. It was then decided
that the remainder of the tests with flange rotation should be
conducted with a flange separation so the effects of temperature and
pressure on the elastomer seals could be better determined. The
seals were tested for severe accident conditions, at 160 psig
pressure and temperatures to 700°F or until seal failure, whichever
occurred first. The seals were thermally aged by holding them in
the test configuration at 300°F for 168 h.

Before testing began the actual seal hardness was determined upon
receipt for each type of seal. The hardness test was performed at
three locations for each seal type. The hardness values obtained
are listed in Table 2, along with the mean value.
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Tablie 1
Seal Test Matrix

Seal Tests Without Flange Rotation

Flange Flange
Test? Sealb Seal Thermally Rotation Separation

Number Design Material Aged (°) (in.)

1 (1) DTG Silicone rubber Yes 0 0.060
40 durometer

2 (7) DGD Neoprene Type W No 0 0.094
60 durometer

3 (6) DGD Neoprene Type W Yes 0 0.094
60 durometer

4 (3) DOR Neoprene Type W Yes 0 0.063

40 durometer




Table 1 (continued)

Seal Tests with Flange Rotation

Flange Flange

Testd sealb Seal Thermally  Rotation Separation
Number Design Material Aged (%) (in.)
5 (2) DTG S.R. No 3 None
6 (4) DTG S.R. Yes 3 None
7 (12) DGD EPDM No 3 0.010
8 (11) DGD EPDM Yes 3 0.010
9 (10) DOR EPDM No 3 None
10 (9) DOR EPDM Yes 3 None
11 (5) DTG S.R. No 6 None
12 (8) DTG S.R. Yes 6 None
13 (22) DGD EPDM No 6 0.010
14 (21) DGD EPDM Yes 6 0.010
15 (15) DOR EPDM No 6 0.010
16 (18) DOR EPDM Yes 6 0.010
17 (14) DTG S.R. No 12 0.010
18 (13) DTG S.R. Yes 12 0.010
19 (17) DGD EPDM No 12 0.003
20 (1l6) DGD EPDM Yes 12 0.010
21 (19) DOR EPDM No 12 0.003
22 (20) DOR EPDM Yes 12 0.003

4Number in parentheses indicates chronological order of that test.

bprg--pouble tongue-and-groove design; DGD--Double gumdrop design;
DOR~-Double O-ring design; S.R.--Silicone rubber 40 durometer;
EPDM--E603 60 durometer,

-9
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Table 2

Seal Hardness Values

First Second Third Mean
Seal Type Value Value Value Value
Silicone rubber 37 38 34 36.3
Neoprene O-ring 37 39 37 37.7
EPDM O-ring 59 55 55 56.3
EPDM dropd 58 59 59
gumdrop 28 23 2 56.3
N drop? 50 54 51
eoprene gumdrop 29 24 2} 52.0

4Two gumdrop seals were tested.

5.0 DESCRIPTION OF TEST APPARATUS

The test apparatus is as shown schematically in Figure 5. With the
exception of the nitrogen supply, the test apparatus was located in
the high-bay building of ARA III at the INEL. The nitrogen supply
trailer was located just outside the building. Two turbine flow
meters (1/2 and l-in. size) mounted in parallel with manual valves
allowed for measurement of flow up to 10 cfm (actual) for steady-
state conditions. Temperature and pressure sensors upstream from
the turbine meters provided the necessary data to convert the flow
rates to standard conditions. A pneumatic-actuated pressure control
valve downstream from the turbine meters maintained the seal test
pressure at 160 psig. A safety pressure relief valve with a
pressure relief setting of 200 psig was located downstream of the
pressure control valve. A manual block valve downstream from the
pressure relief valve provided a means of isolating the test fixture
for determining seal leak rates that were too low to be measured by
the turbine meters. Using the gas test volume and changes in the
gas temperature and pressure, the seal 1leak rate was calculated
using gas law relationships. Temperature and pressure-monitoring
instrumentation provided the necessary gas test temperature and
pressure data.

The test fixture for each seal design tested consisted of an upper
and a lower flange with the test seals placed between the two
flanges. The flanges for the DTG tests were machined from 18-in.,
900-1b rated reducing flanges. The DOR and DGD test flanges were
machined from 14-in., 1500-1b rated reducing flanges. A flange
mating surface specification of 125 finish was used. The flange
material was Type 304 stainless steel. (Detailed drawings of the
test flanges are contained in Appendix A.) Electric resistance
heaters placed at the outer diameter of the test flanges provided
the heat source for the tests.

-1 1_
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Figure 6 is a photo of the DTG test fixure assembled and

instrumented. Insulation blankets were placed over the test
fixtures, as shown in Figure 7, to provide test temperature
conditions as uniform as possible. The test flanges were

instrumented with Type K (chromel-alumel) thermocouples to provide
detailed temperature data, especially for the region near the
seals. Figure 8 shows the thermocouple locations for the DTG
flanges, and Figure 9 shows the thermocouple locations for the DOR
and DGD test flanges. Flange temperatures were assumed to be
axisymmetric. A thermocouple was also located in the void between
the flanges to provide temperature data for the nitrogen gas. A
pressure transducer was located between the seals to determine when
the first seal failed.

Both strip chart recorders and computer data acquisition program
(SCANN) recorded the test data. Test and annulus pressure and the
lower flange temperature between the seals (thermocouple location
B3) were recorded on strip charts; the computer program recorded all
the temperature, pressure, and flow data channels. The scan
interval was varied from 30 min to 30 s, depending upon the
particular test activity. SCANN contains up to six polynomial
coefficients for each data channel to convert the data channel
reading in millivolts to engineering units, recording and storing
both values according to the user's request. For these tests, the
data were stored both on computer file and hard copy.

In addition to the data recording devices, visual instrumentation
indicators were present for temperature, pressure, and flow. Each
of the three pressure-sensing locations had a pressure gauge for
visual observation. A digital frequency counter provided visual
indication of flow. A digital thermometer for the lower flange seal
temperature (thermocouple location B3) provided a visual indication
of the seal test temperature. The controllers for the resistance
heaters contained a visual indicator of the heater temperature. The
computer CRT and printer were located adjacent to the test apparatus
to allow visual observation of all the data.

6.0 DESCRIPTION OF TESTING PROCEDURES

The objective of this project was to test containment penetration
seals under severe accident temperature and pressure conditions. As
stated previously, the test pressure was 160 psig and the maximum
test temperature of interest was 700°F. Before pressure testing
began thermal aging of the seals consisted of heating the seals in
the test flanges to 300°F and holding them at that temperature for 7
days (168 h). Detailed test procedures are found in Appendix B.

The testing procedure changed somewhat as the project proceeded.
The original intent for the pressure-unseating tests (Tests 1
through 4) was to determine leak rates as a function of flange
separation. However, during the first test, a considerable amount
of seal degradation was observed to be occurring as a result of
separating the test flanges and changing the flange separation. As

-13~



Figure 6. Uninsulated DTG Test Fixture
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Figure 7. Insulated Test Fixture
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a result of this observation, it was decided that the remaining
three pressure-unseating tests (Tests 2 through 4) would be
performed with a single flange separation equal to one half of the
full seal compression without any separation.

The second significant change in the testing procedure occurred
after the completion of Tests 1 and 5. (It should be noted here
that tests were not conducted in numerical order. Tests 1 and 5
were the first two tests conducted. This was done to maximize
efficiency in terms of test setup, aging, and flange machining.)
The original test requirements specified raising the seal to 360°F
and holding this test temperature for 8 to 16 h then increasing the
seal temperature to 700°F or wuntil the seal failed, whichever
occurred first. Using this procedure, the test data indicated
significant temperature gradients between the two seals. Since the
resistance heaters were located on the test flange outer diameters,
a thermal gradient between the inner and outer seals must exist as
the seal test temperature was increased. To reduce the temperature
differences between the seals, the following changes in procedure
were incorporated:

l. When the seal temperatures reached 500°F, 600°F, and 700°F, the
test temperature of the seals was held constant for 2 h.

2. The heatup rate between these test temperatures was limited to
50°F/n.

3. The insulation below the lower test flange was improved.

4, Stainless steel wool was placed in the test flange inner cavity
to reduce natural conmvection currents.

After the above changes were made, the temperature difference
between thermocouples at B6 and B7 (see Figure 8) ranged from about
10 to 15 degrees.

The third procedural change occurred after the completion of flange
pressure-seating Tests 5 and 6 and 9 through 12 with no flange
separation. This zero separation condition would normally occur for
the pressure-seating case, assuming perfectly flat machined flange
faces and no out-of-plane distortions of either flange from the
pressure loading. From the results of the tests performed with no
flange separation, it was apparent that leak rates and failure
temperatures of the seals were being controlled primarily by the
line metal-to~-metal contact between the upper and lower flanges.
This was verified by testing the flanges without any seals; the leak
rate was determined to be of the same order of magnitude. It was
therefore decided that the remainder of the pressure-seating tests
would be performed with a small flange separation, so more meaning-
ful information could be obtained with regard to the time and
temperature of failure of the seal materials.

-18-~



The procedure for thermal aging the seals was to age the seals in
the test flange with the flange separation and rotation the same as
for the test. An exception to this was for Test 10, where the seals
were aged with a flat (zero rotation) top flange and no flange
separation. As a result of this aging procedure, the seal compres-
sion set from aging was sufficient that there was no seal compression
for the 3° top test flange and a seal could not be achieved for the
test. It was therefore decided that the remaining thermal aging
would be performed with the flange separation and rotation the same
as for the test conditions. If thermal aging does take place before
separation and/or rotation, the preaging may well preclude an

effective seal after separation and rotation.

7.0 TEST RESULTS

The temperature at which the seals failed and other pertinent test
parameters for each seal design and material are provided in Tables

3 through 7. Seal compression values shown are the result of
calculations based on flange separation, flange rotation, seal

diameters, and the known geometry of the flanges. Failure
temperatures shown are based on the temperature of thermocouple B3
at the initiation of detected leakage. For cases where failure

temperature 1is shown as greater than 700°F, the test was terminated
at that temperature without detectable leakage. Mean failure

temperature is the average of failure temperatures for that design.
Standard deviations are noted even though the number of samples is

statistically small.

Based on the seal failure temperatures, the following observations
are made:

1. The seal failure temperature for the double tongue-and-groove
design with silicone rubber seals is in excess of 700°F with a
pressure of 160 psig.

2. The mean failure temperature for the double gumdrop design with
EPDM seals was 630°F.

3. The mean failure temperature of the double O-ring design with
EPDM seals was 600°F.

4., The mean failure temperature of the neoprene seals (Tests 2, 3,
4) was 490°F.

5. Thermal aging had 1little if any influence on the failure
temperatures of the seals.

6. Failure temperatures of the seals decreased slightly with
decreasing seal compression.

7. The O-ring design offers an advantage over the gumdrop design in
that seal compression is not always a necessary requirement to
maintain a seal for O-rings. The results of Test 10 provide an
exception to this condition. The O-ring deformation from the

-19-



Table 3

Double Tongue-and-Groove Design With Silicone Rubber Seals

Flange Flange Outer Seal Inner Seal Failure

Test Rotation Separation Compression Compression Temperature
Number (®) (in.) (%) (%) (°F)
1 0 0.060 28.7 28.7 6102
5 3 0.0 31.4 16.4 =700
6 3 0.0 31.4 16.4 730P
11 6 0.0 22.6 None > 700
12 6 0.0 22.6 None =>700
17 12 0.010 2.7 None =700
18 12 0.010 2.7 None =700

a8eal failure was due to overpressurizing test fixture to 190 psig.
bSeals were tested to failure temperature for this test.

_2 0_



Table 4

Double Gumdrop Design With EPDM Seals

Flange Flange Outer Seal Inner Seal Failure
Test Rotation Separation Compression Compression Temperature
Number (°) (in.) (%) (%) (°F)
7 3 0.010 16.2 2.4 650
8 3 0.010 16.2 2.4 6002
13 6 0.010 10.5 None 667
14 6 0.010 10.5 None >700P
19 12 0.003 - None 600°
20 12 0.010 None None d

4Failure occurred at approximately 1 h and 15 min into the 600°F
soak.

PThe seal material flowed in a manner to fill the wedge~shaped
void outside of the outer seal and provided a seal through the
700°F test. The failure temperature listed is not a realistic
failure temperature for the EPDM seal material.

CFailure occurred at approximately 1 h into the 600°F soak.

diost test pressure at approximately 6 h into the 360°F soak.
This is not an indication of the seal material failure temperature,
since the combination of the flange rotation and separation
resulted in no seal compression for either seal. The initial seal
could only have been the result of the seals not being bottomed in
the seal grooves.

~21-



Table 5

Double O-Ring Design With EPDM Seals

Flange Flange Outer Seal Inner Seal Failure

Test Rotation Separation Compression Compression Temperature
Number () (in.) (%) (%) (°F)

9 3 0.0 15.8 None a

10 3 0.0 15.8 None b

15 6 0.010 4.6 None 600°¢

16 6 0.010 4.6 None 628

21 12 0.003 None None 580

22 12 0.003 None None 577

2The test pressure was maintained through the 700°F test, but as a
result of the combination of the metal-to-metal seal and flow of
the seal material, this test did not provide an indication of the
true failure temperature of the seals.

bThese seals were thermally aged with no flange rotation or
separation. The compression set from the aging portion of the test
was sufficient that the seals would not maintain a seal.

Csignificant seal leakage started at approximately 15 min into the
600°F soak. Complete seal failure occurred at the end of the 2-h
600° soak.
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Table 6

Double Gumdrop Design With Neoprene Seals

Flange Flange Quter Seal Inner Seal Failure
Test Rotation Separation Compression Compression Temperature
Number (°) (in.) (%) (%) (°F)
2 0 0.094 11.5 11.5 460
3 0 0.094 11.5 11.5 5008

d85eal failure occurred just as the seal temperature (location B3)
reached 500°F.

Table 7

Double O-Ring Design With Neoprene Seals

Flange Flange Quter Seal Inner Seal Failure
Test Rotation Separation Compression Compression Temperature
Number (°) (in.) (%) (%) (°F)
4 0 0.063 12.4 12.4 5008

dL,eak occurred at the end of the 2-h 500°F soak.
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thermal aging for Test 10 was such that the O-rings would rise
out of the seal grooves to provide a seal, as was the case for
Tests 21-22 and previous tests (Reference 1).

Figure 10 is a photograph of the silicone rubber seals after the
completion of Test 6. As can be seen, a considerable amount of seal
thermal degradation was present. The photographed region 1is the
location where the seal failed at approximately 730°F.

Tables 8 through 12 provide seal leak rates as a function of seal
temperature and some leak rates after failure of the seals. These
leak rates were calculated using gas law relationships with no flow
of nitrogen into the test fixtures.

The following observations are noted from the leak rates determined
prior to failure of the seals:

1. The seepage leak rates increase with increased flange rotation
and decreased seal compression or increased separation.

2. The seepage leak rate generally was not a function of
temperature except just prior to seal failure.

3. Thermal aging of the seals did not result in a significant
change in the seepage leak rates.

The seal leak rates calculated after seal failure vary considerably
and should be used with extreme caution, based on the following
considerations:

1. The method of calculating the leak rate using gas law relation-
ships 1s not very reliable considering its sensitivity to input
data. The seepage calculations for Test 16 at 600°F were redone
by first varying the final test pressure by 1% then by varying
the final test temperature by 1%Z. The change in leak rate was
13% for the change in pressure and 7% for the change in tempera-
ture. Depending on actual leak rates, this technique may be
more or less sensitive than this example.

2. Test conditions were different from severe accident conditions
in that room-temperature nitrogen was the pressure source rather
than steam. The nitrogen would tend to cool the seals at a
leak, whereas steam would provide a heat source.

3. The seal failure leak rates are largely a function of flange
separation in combination with the seal design. Therefore,
prior to using the leak rates tabulated, one must consider the
flange separation at which that leak rate occurred.

4. Leak rates tend to increase rapidly after the seals initially
fail, as 1is shown by the two values for Tests 2 and 3. The
first values were determined by the seepage method as the leaks
first developed, and the second values were obtained using the
turbine meter flow rates within minutes of the initial leak.
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Figure 10. Silicone Rubber Seals at Completion of Test 6
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Table 8

Leak Rates for DIG Design With SR Seals?®

Test No. 360°F 500°F 600°F 700°F Failure
1 0 0 4.38E-5 PFTP 1.0E-1
5 0 1.94E-5 3.27E~5 PFT -—
6 7.37E-5 6.69E-4 2.77E-5 1.12E-5 2.96E-3
11 0 8.15E-4 1.15E-3 1.24E-3 BMRP
12 0 6.35E-4 8.95E-4 8.73E~4 BMR
17 2.14E-3 2.18E-3 2.15E-3 2.01E-3 BMR
18 1.66E-3 1.53E-3 1.70E-3 1.85E-3 BMR

4Seal leak rates--standard cubic feet per minute per inch of seal
circumference (63.62 in).
bpFT--past failure temperature; BMR--beyond measuring range.

Table 9

Leak Rates for DGD Design With EPDM Seals?

Test No. 360°F 500°F 600°F 700°F Failure
7 1.84E-5 4.81E-6 6.72E-6 PFTP 6.62E-2
8 1.30E-5 1.30E-5 2.42E-4 PFT 9.5E-1°€
13 2.29E-4 2.29E-4 2.74E~4 PFT 5.56E-2
14 3.29E-4 3.12E-4 2.42E-4 5.21E-4 BMRP
19 1.87E-3 1.78E-3 1.42E-3 PFT 6.0E-12
20 1.80E-3 PFT PFT PFT BMR

4Seal leak rates—-standard cubic feet per minute per inch of seal
circumference (55.76 in).

PFT--past failure temperature; BMR--beyond measuring range.
CLeak rate was determined from turbine meter reading.
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Table 10

Leak Rates for DOR Design With EPDM Seals?®

Test No. 360°F 500°F 600°F 700°F Failure
9 6.33E-4 7.04E~4 6.33E~4 4.76E~4 BMRP
10 PFTP PFT PFT PFT BMR
15 3.93E-4 5.89E-4 3.07E-3 PFT 1.0E-1
16 2.14E-4 1.08E-3 1.15E-3 PFT 2.16E-2
21 1.82E-3 1.81E-3 PFT PFT 1.48E-1
22 1.84E-3 1.93E-3 PFT PFT 6.7E-1C

4Seal leak rates—-standard cubic feet per minute per inch of seal
circumference (55.76 in).

bPFT-—past failure temperature; BMR--beyond measuring range.

CLeak rate was determined from turbine meter reading.

Table 11

Leak Rates for DGD Design With Neoprene Seals?

Test No. 360°F 500°F 600°F 700°F Failure
2 7.6E-5 PFTP PFT PFT 2.33E-2

4 .1E-1€

3 1.26E-4 PFT PFT PFT 1.30E-2
603E_1C

8Seal leak rates-——standard cubic feet per minute per inch of seal
circumference (55.76 in).

bpFT--past failure temperature.

CLeak rate was determined from turbine meter reading.
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Table 12

Leak Rate for DOR Design With Neoprene Seals?

Test No. 360°F 500°F 600°F 700°F Failure
4 1.85E-3 1.93E-3 PFT PET >6.0E-12

45eal leak rates--standard cubic feet per minute per inch of seal
circumference.

bPFT—-past failure temperature.

CLeak exceeded 1/2~in. turbine meter flow capacity.

This condition would probably be more severe for a steam
environment. In general the seal failure leak rates determined
using the seepage leak rate method should be considered
lower-bound values. A test was performed for the double
tongue—and-groove design with no seals, and the leak rate for
this condition was determined to be 1.87E-02 scfm/in. This
could be considered for use as an upper-~bound value, assuming
that the flatness of the test flanges 1is consistent with that
for containment mechanical penetration closures. Considering
the small size of the test flange relative to large containment
penetration closures, the leak rate determined by the test is
probably an underestimate for an upper-bound value.

8.0 CONCLUSIONS

The leakage behavior for three seal designs commonly used for
containment mechanical penetrations has been determined. The
temperature range at which failure of elastomer seals can be
expected is as follows:

Seal Design _ Seal Material Failure Temperature
Double tongue and groove Silicone rubber =>700°F
Double gumdrop EPDM 600-670°F
Double gumdrop Neoprene 460-500°F
Double O-ring EPDM 570-630°F
Double O-ring Neoprene 500°F

The effects of flange rotation and thermal aging on the elastomer
failure temperatures were nearly insignificant. The elastomer
failure temperatures decreased some with decreasing seal compression.

The effects of flange rotation on seepage leak rates prior to

failure of the seals were quite significant. The seepage leak rate
varied from 4.8E-6 to 1.9E-3 scfm per inch of seal circumference in
varying the flange rotation from 3 to 12 degrees for the three seal
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designs tested. The test results indicate strongly that the seepage
leak rate is influenced by the seal compression. The seepage leak

rate was not significantly influenced by temperature or thermal
aging of the seals.

The leak rate after failure of the seals varies primarily with

flange separation. The leak rate was determined to be
1.87E~2 scfm/in. for the double tongue-and-groove design with no
seals. The maximum measured leak rate from these tests was

0.63 scfm/in., which was for the double gumdrop design with a flange
separation of 0.094 in.

These conclusions should be used recognizing their limitations,
since the effects of a steam environment and radiation aging must be
considered before applying results to containment penetrations.
Both of these effects will be evaluated in the remainder of this
program being performed at Sandia.
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APPENDIX A

TEST FIXTURE DRAWINGS
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APPENDIX B

TEST PROCEDURES
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SEAL LEAK RATE TEST PROCEDURE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

RECORD TEST PARAMETERS: DATE ( ), TEST NO. ( ),
SEAL DESIGN ( ), SEAL MATERIAL ( ),
SEAL HARDNESS ( ), FLANGE ROTATION ( ),
FLANGE SEPARATION ( .

IF TESTING AGED SEALS SKIP TO STEP 11.

INSTALL TC'S IN TEST FIXTURE.

CLOSE ALL BLOCK VALVES.

PLACE SEALS IN LOWER FLANGE SEAL GROOVES.

TURN ON STRIP CHART RECORDER FOR SEAL TEMPERATURES.

NOTE HERE AND ON CHART: DATE ( ), TIME ( ),
CHART SPEED ( ), TEST NO. ( ).

NOTE PEN COLOR CORRESPONDENCE HERE AND ON CHART:
RED ( ) BLUE ( ).

CALIBRATE RECORDER AND NOTE ON CHART THE CALIBRATION SCALES.
OPEN TOP FLANGE VENT VALVE.

PLACE TOP FLANGE ON LOWER FLANGE. FOR TESTS 2-4 PUT SHIMS
BETWEEN FLANGES SUCH THAT THE SEAL COMPRESSION IS ONLY HALF
WHAT IT WOULD BE WITHOUT SHIMS.

TORQUE SIX FLANGE BOLTS TO 300 FT-LBS.

CONNECT ALL TC LEADS TO DATA SCANNER.

CONNECT PRESSURE TRANSDUCER LEADS TO DATA SCANNER.

PERFORM A MANUAL COMPUTER SCAN AND VERIFY THAT ALL THE
INSTRUMENTATION READINGS ARE REASONABLE.

PERFORM SEEPAGE TEST PER SEEPAGE TEST PROCEDURE.

IF LEAKAGE IS DETERMINED TO BE EXCESSIVE, LOCATE AND FIX AS
REQUIRED.

CONNECT HEATER LEADS.

PLACE INSULATION OVER AND AROUND THE TEST FLANGES.
REMOVE DANGER TAGS FROM HEATER PLUGS.

PLUG IN HEATERS.

SET HEATER THERMOSTAT TO 450 DEG. F.
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SEAL LEAK RATE TEST PROCEDURE (continued)

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

CHECK SYSTEM EVERY 2-3 HOURS TO SEE IF THE SEAL TEMPERATURE HAS
REACHED 360 DEG. F, ADJUST THERMOSTAT AS REQUIRED TO ACHIEVE
STEADY 360 DEG. F SEAL TEMP.

ONCE STEADY STATE 360 DEG. F SEAL TEMPERATURE (B6&B7) IS
OBTAINED, TURN ON STRIP CHART RECORDER FOR PRESSURE RECORDING.

NOTE HERE AND ON CHART: DATE ( ), TIME ( ),
CHART SPEED ( ), TEST NO. ( ).

NOTE PEN COLOR CORRESPONDENCE HERE AND ON CHART:
RED ( ), BLUE ( ).

CALIBRATE RECORDER AND NOTE ON CHART THE CALIBRATION SCALING.
SET PRESSURE CONTROL VALVE AT 100 PSIG.

OPEN BLOCK VALVE AT NITROGEN TRAILER.

OPEN BLOCK VALVE FOR 1/2 INCH FLOW METER.

OPEN BLOCK VALVE DOWNSTREAM FROM PRESSURE CONTROL VALVE.

MAKE A HARD COPY OF THE POLYNOMIAL COEFFICIENTS USED TO CONVEKRT
MILLIVOLT READINGS TO ENGINEERING UNITS FOR EACH DATA CHANNEL.

SET UP COMPUTER TO SCAN THE DATA CHANNELS EVERY 30 MINUTES.
DATA SHALL BE WRITTEN ON TWO FILES AND HARD COPY.

NOTE COMPUTER FILE NAME HERE AND ON HARD COPY:
(TESTX) WHERE X = TEST NO. X = ( ).

IF TEST PRESSURE HAS STABILIZED AT 100 PSIG, INCREASE PRESSURE
CONTROL VALVE SETTING TO 160 PSIG

CONTINUE TEST AT 360 DEG. F at 160 PSIG FOR 6-20 HOURS.
PERFORM SEEPAGE TEST PER SEEPAGE TEST PROCEDURE.
SET HEATER THERMOSTAT AT 550 DEG. F.

WHEN SEAL TEMPERATURE REACHES 400 DEG. F (B3),
INCREASE HEATER THERMOSTAT SETTING TO 650 DEG. F.

WHEN SEAL (B3) TEMPERATURE REACHES 500 DEG. F,

HOLD SEAL TEMPERATURE AT 500 DEG. F FOR 2 HOURS THEN PERFORM
SEEPAGE TEST PER SEEPAGE TEST PROCEDURE.

SET UP COMPUTER TO CONTINUE SCANNING EVERY 30 MINUTES. STORE
DATA ON SAME FILE (TESTX) AND HARD COPY.
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SEAL LEAK RATE TEST PROCEDURE (continued)

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

INCREASE HEATER THERMOSTAT SETTING TO 750 DEG. F.

WHEN SEAL (B3) TEMPERATURE REACHES 600 DEG. F, HOLD SEAL
TEMPERATURE AT 600 DEG. F FOR 2 HOURS THEN PERFORM SEEPAGE TEST
PER SEEPAGE TEST PROCEDURE.

SET UP COMPUTER TO CONTINUE SCANNING EVERY 30 MINUTES. STORE
DATA ON SAME FILE (TESTX) AND HARD COPY.

INCREASE HEATER THERMOSTAT SETITING TO 800 DEG. F.

TEST TO A MAXIMUM SEAL TEMPERATURE OF 700 DEG. F AND HOLD SEAL

TEMPERATURE AT 700 DEG. F FOR 2 HOURS OR UNTIL A LEAK DEVELOPS
WHICHEVER COMES FIRST.

IF SEAL LEAK DEVELOPS, THROTTLE BLOCK VALVE AT TURBINE METER
SUCH THAT STEADY STATE CONDITIONS ARE ACHIEVED.

NOTE START OF LEAKAGE ON STRIP CHARTS AND ON COMPUTER OUTPUT
HARD COPY.

CHANGE COMPUTER TO SCAN EVERY 30 SECONDS. STORE DATA ON SAME
FILE (TESTX) AND HARD COPY.

IF LEAK IS INSUFFICIENT FOR A TURBINE METER READING, PERFORM A
SEEPAGE TEST PER SEEPAGE TEST PROCEDURE.

NOTE TERMINATION OF TEST ON STRIP CHARTS AND ON COMPUTER OUTPUT
HARD COPY.

TURN OFF COMPUTER AND STRIP CHARTS.

TURN OFF HEATER THERMOSTAT.

UNPLUG HEATERS AND PLACE DANGER TAGS ON PLUGS.
CLOSE ALL BLOCK VALVES,

VENT TEST ASSEMBLY.

REMOVE INSULATION.

ALLOW FLANGES TO COOL.

DISASSEMBLE FLANGES FOR INSPECTION.

PHOTOGRAPH SEALS IN THE DISASSEMBLED FIXTURE WITH TEST NO.
IDENTIFICATION.
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AGING PROCEDURE FOR SANDIA TEST NO. ( )

1.

10.

11.

12,

13.

14.

15,

le6.

17.

RECORD TEST PARAMETERS: DATE ( Y, TEST NO. ( ),
SEAL DESIGN ( ), SEAL MATERIAL ( ),
SEAL HARDNESS ( ), FLANGE SEPARATION ( )P
FLANGE ROTATION ( ).

INSTALL TC'S IN LOCATIONS B6 AND B7.
PLACE SEALS IN SEAL GROOVES.
MEASURE SEAL HEIGHT ABOVE THE FLANGE SEATING SURFACE AT 4

LOCATIONS 90 DEGREES APART, LOCATIONS MEASURED COUNTERCLOCKWISE
LOOKING DOWN, FROM PIPE INLET. RECORD MEASUREMENTS HERE.

MEASUREMENT LOCATION 0 DEG. 90 DEG. 180 DEG. 270 DEG.
INNER SEAL ] ( ) ( ) ( ) ( )
OUTER SEAL ( ) ( ) ( ) ( )

PLACE TOP FLANGE ON LOWER FLANGE. FOR TESTS 2-4 PUT SHIMS
BETWEEN FLANGES SUCH THAT THE SEAL COMPRESSION IS HALF WHAT IT
WOULD BE WITHOUT THE SHIMS.

TORQUE SIX BOLTS TO 300 FT-LBS.

CONNECT TC LEADS TO STRIP CHART RECORDER.

CONNECT HEATER LEADS.

PLACE INSULATION OVER AND AROUND THE TEST FIXTURE.

TURN ON STRIP CHART RECORDER.

NOTE HERE AND ON CHART: DATE ( Y, TIME ( Y,
CHART SPEED ( ).

NOTE PEN COLOR CORRESPONDENCE HERE AND ON CHART:
RED ( ), BLUE ( ).

CALIBRATE RECORDER AND NOTE CALIBRATION SCALES ON THE CHART.
REMOVE DANGER TAGS FROM HEATER PLUGS.

PLUG IN HEATERS.

SET HEATER THERMOSTAT SETTING TO 400 DEG. F.

CHECK SYSTEM APPROXIMATELY EVERY 2-3 HOURS TO SEE IF SEAL

TEMPERATURE (B3) HAS REACHED 300 DEG. ¥. IF SEAL TEMPERATURES

HAVE REACHED 300 DEG. F, NOTE START TIME OF 300 DEG. F AGING ON
CHART AND HERE: DATE ( ), TIME ( )
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AGING PROCEDURE FOR SANDIA TEST NO. ( )

18.

19.

20.

21.

22.

23.

24.

25,

26,

27.

CHECK SEAL TEMPERATURE AND MAKE APPROPRIATE THERMOSTAT
ADJUSTMENTS TWICE EACH DAY. NOTE SETTING CHANGE BELOW.

AT THE END OF THE SEVENTH DAY OF AGING, NOTE HERE AND ON CHART
DATE ( ), TIME ( )

TURN THERMOSTAT OFF.

UNPLUG HEATERS AND PLACE DANGER TAGS ON HEATER PLUGS.
REMOVE INSULATION FROM TOP FLANGE.

DISCONNECT HEATER LEADS.

REMOVE FLANGE BOLT NUTS.

REMOVE TOP FLANGE.

MEASURE SEAL HEIGHT ABOVE THE FLANGE SEATING SURFACE AT 4

LOCATIONS 90 DEGREES APART, LOCATIONS MEASURED COUNTERCLOCKWISE
LOOKING DOWN, FROM PIPE INLET. RECORD MEASUREMENTS HERE.

MEASUREMENT LOCATION 0 DEG. 90 DEG. 180 DEG. 270 DEG.
INNER SEAL ( ) ( ) ( ) ( )
OUTER SEAL ( ) ( ) ( ) ( )

RECORD HERE TC READINGS FOR LOCATIONS B3, B6, at B7.
B3 ( ) B6 ( ) B7 ( )

THERMOSTAT ADJUSTMENTS

DATE TIME B3~-READING SETTING
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SEEPAGE TEST PROCEDURE FOR SANDIA TEST NO. ( )

10.

11.

12.

13.

14,

15.

le.

17.

IF THIS SEEPAGE TEST IS NOT THE FIRST SEEPAGE TEST SKIP TO
STEP 10.

MAKE A HARD COPY OF THE POLYNOMIAIL COEFFICIENTS USED TO CONVERT
THE MILLIVOLT READINGS TO ENGINEERING UNITS FOR EACH DATA
CHANNEL.

OPEN BLOCK VALVE DOWN STREAM FROM PRESSURE CONTROL VALVE.

TURN ON STRIP CHART RECORDER FOR PRESSURE RECORDING.

CALIBRATE RECORDER AND NOTE CALIBRATION SCALES ON CHART

NOTE HERE AND ON CHART: DATE ( ), TIME ( )

NOTE PEN COLOR CORRESPONDENCE HERE AND ON CHART
RED ( ), BLUE ( ).

SET PRESSURE STRIP CHART RECORDER CHART SPEED AT 1 INCH PER
MINUTE.

NOTE CHART SPEED ON CHART.

SET UP THE COMPUTER TO SCAN THE DATA CHANNELS EVERY 30 SECONDS
FOR 5-10 MINUTES.

WRITE DATA TO TWO FILES AND HARD COPY.

NOTE COMPUTER FILE NAME HERE AND ON HARD COPY
FILENAME (STxzzz) WHERE x = TEST NO. and z = TEMPERATURE OF B3

IN DEGREES F. (st )

PRESSURIZE TEST FLANGE TO 160 psig VIA 1/2 INCH TURBINE METER
VALVE AND CONTROL VALVE.

CLOSE BLOCK VALVE DOWN STREAM FROM CONTROL VALVE.

NOTE START OF SEEPAGE TEST ON PRESSURE STRIP CHART AND ON
COMPUTER HARD COPY.

AFTER 5-10 MINUTES NOTE END OF TEST ON STRIP CHART AND ON
COMPUTER OUTPUT HARD COPY.

RETURN TEST CONDITIONS TO THOSE PRIOR TO SEEPAGE TEST.
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