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ABSTRACT

As part of the U.S. Nuclear Regulatory Commission's (USNRC) Containment 
Integrity Program, tests were performed on a full-size personnel airlock for a 
nuclear containment building to determine its leakage potential and to measure 
its structural and thermal response. The airlock was subjected to conditions 
simulating severe accident conditions. Testing was performed by CBI Research 
Corporation (CBIRC) under contract to Sandia National Laboratories (SNL), 
which manages the Containment Integrity Program for the USNRC.

The objective of the test was to characterize the performance of airlock door 
seals when subjected to conditions that simulate a severe accident 
condition. The gaskets tested had a cross-section known as a "double dog-ear" 
configuration and were made from EPDM E603. The seals were aged at an 
accelerated rate to simulate aging that might occur during 40 years of 
continuous service and a loss of coolant accident (LOCA). The data obtained 
from this test will be used by SNL as a benchmark for development of 
analytical methods. Leak rate, strain, temperature, displacement, and 
pressure data were measured and recorded from over 330 transducers.

A total of nine tests were performed on the airlock. In the most rigorous of 
these tests, the airlock inner door was subjected to pressures and 
temperatures of 300 psig (2.07 MPa) and 850°F (454°C). The airlock was 
originally designed for a pressure of 60 psig (410 kPa) and 340°F (171°C). 
During the beyond-design-basis test, the inner door and bulkhead of the 
airlock were exposed to a maximum surface pressure of 300 psig (2.07 MPa) and 
a maximum surface temperature on the door of 783°F (417°C)

The remaining eight tests were performed at ambient temperatures and at air 
pressures on the airlock doors up to 69 psig (476 kPa). These tests were 
conducted to provide reference points for leakage under design conditions, to 
estimate the need for and effectiveness of the gaskets, and to characterize 
the post-severe accident behavior of the airlock.
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EXECUTIVE SUMMARY

The U.S. Nuclear Regulatory Commission (USNRC) has embarked on a program, 
known as the Containment Integrity Program, to establish behavior 
characteristics of light water reactor (LWR) containment buildings subjected 
to conditions beyond design basis. Sandia National Laboratories (SNL) manages 
the following four elements of this program:

(1) Tests of seals and mechanical penetrations,
(2) Scale model tests of containment buildings,
(3) Analysis and methodology development, and
(4) Electrical penetration assemblies.

The overall objective of these program elements is to develop test validated 
methods for predicting the performance of containment buildings subjected to 
severe accident conditions.

Personnel airlocks provide access into and out of containment buildings for 
maintenance and inspection crews, as well as for the transport of light 
equipment. The full-size airlock tested in this program was partially 
fabricated for the Union Electric Company's cancelled Callaway Unit 2. 
Construction of the airlock was completed for this test program.

The airlock consisted of a steel cylinder 19 ft-5/16 in (5.80 m) long with an 
inside diameter of 9 ft-10 in (3.00 m). Both ends of the cylinder are 
enclosed with reinforced bulkheads. The bulkheads are made of steel plate 
reinforced with structural stiffeners to resist bending loads created by the 
pressure loading on the bulkhead surface. A 6 ft-8 in (3.0 m) by 3 ft-6 in 
(1.1 m) rectangular doorway is located in the middle of each bulkhead and is 
framed by the primary bulkhead structural stiffeners. The reinforced steel 
doors that measure 7 ft-1/2 in (2.1 m) by 3 ft-10-1/2 in (1.2 m) complete the 
structural design. The door overlaps the bulkhead doorway opening. The 
overlapping surfaces of the door and bulkhead are machined and form the 
sealing surface for the gasket. A gland groove is machined into the door and 
contains the gasket. The door is located on the side opposite the bulkhead 
stiffeners.

The airlock was tested to provide benchmark data that can be used to validate 
analytical methods for predicting the performance of personnel airlocks 
subjected to loads beyond design. A major objective of this test program was 
to evaluate the leakage potential of the airlock door seals when subjected to 
conditions beyond the original design basis. Eight additional tests were 
performed at ambient temperature conditions to provide reference data for 
leakage under design conditions, to estimate the need for and effectiveness of 
the gaskets, and to characterize the post-severe accident behavior of an 
airlock. The experimental program was also designed to measure the structural 
and thermal behavior of a personnel airlock subjected to pressures and 
temperatures simulating severe accident conditions greater than design 
conditions.
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The airlock door seals used were "double dog-ear" gaskets made of EPDM E603. 
The gaskets were subjected to an accelerated thermal aging process to simulate 
in-service radiation and thermal aging over a 40-year service life plus a 
loss-of-coolant-accident (LOCA). Radiation aging was not practical due to the 
size of the airlock. The equivalent thermal aging condition was determined by 
SNL using the Arrhenius model to obtain the life (as measured by compression 
set retention) corresponding to both radiation and thermal aging over the 40- 
year service life and a LOCA. Accelerated aging was achieved by heating the 
airlock door with the gasket seals installed and the doors closed and 
latched. The inner door gasket was maintained at an average temperature of 
369°F (187°C) and the outer door gasket at an average temperature of 365°F 
(185°C). The duration of heating was approximately 172 hours for both doors.

As a result of the accelerated aging process, the gaskets were deformed to the 
point that the interspace gap and the original "double dog ear" cross-section 
were no longer recognizable. At several locations around the perimeter of the 
doors the gaskets flowed into the space between the doors and the adjacent 
bulkhead. This material between the door and the bulkhead prevented metal-to- 
metal contact between the door and bulkhead.*

The personnel airlock was extensively instrumented with 123 strain gages, 115 
thermocouples, 88 displacement transducers, five pressure transducers, and 
flow meters. Data was acquired from 331 transducers.

A total of nine tests were performed on the airlock. In the most rigorous of 
these tests, the airlock inner door was subjected to pressures and 
temperatures beyond the design basis. The airlock was originally designed for 
a pressure of 60 psig (410 kPa) and 340°F (171°C). During the beyond design 
basis test, the inner door and bulkhead of the airlock were exposed to the 
following three load cycles:

• The first load cycle consisted of heating the air above the inner door to 
400°F (204°C). In the test configuration "above the inner door" is 
equivalent to inside the containment building. The air temperature was 
allowed to stabilize and the pressure was increased to 300 psig (2.07 
MPa) in 10 psi (69 kPa) increments. Pressure was decreased in 25 psi (17 
kPa) increments.

• The second load cycle consisted of increasing the air temperature above 
the inner door from 400 to 800°F (204 to 427°C). The air temperature was 
allowed to stabilize, and the pressure was increased to 300 psig (2.07 
MPa) in 10 psi (69 kPa) increments. Pressure was decreased in 25 psi 
(170 kPa) increments. As pressure was increased, the air temperature 
above the door dropped below 600°F (316°C).

• The third load cycle was implemented since the gasket survived the first 
two load cycles. The air temperature above the door was increased to

The cross-sectional area of the double dog-ear gasket was designed to be 
slightly less than that of the gland the gasket was contained in so that 
metal-to-metal contact is achieved when the gasket is fully compressed.
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850°F (454°C) and allowed to thermally soak for approximately 10 hours.
Pressure was increased in 25 psi (170 kPa) increments until the gasket
seal failed. The larger pressure increments were used to minimize heat 
loss during pressurization. The airlock was then pressurized to 300 psig 
(2.07 MPa).

During the first and second loading cycles the seals remained intact and there 
was no measurable leakage. During the third load cycle, the inner door gasket
material became unstable, and at 151 psig (1.04 MPa) the inner door seal
failed. The failure occurred suddenly and the gasket eroded quickly as the 
hot air rushed past. Upon further examination of the data, there was evidence 
the inner door seal was leaking very slowly prior to full failure. During the 
third pressurization cycle, at a pressure of 51.0 psig (352 kPa), the pressure 
in the airlock (between the inner and outer doors) began to increase. 
Pressures in the airlock cylinder increased from 2.3 to 6.5 psig (16.1 to 44.7 
kPa) while the pressure on the inner door was increased from 51 to 149 psig 
(352 kPa to 1.02 MPa). There was a small increase in flow rate measured past 
the inner door, but it was not considered to be accurate in this low range. 
While increasing pressure from 149 psig (1.02 MPa) to 175 psig (1.21 MPa), the 
seal failed completely at a pressure of 151 psig (1.04 MPa). The gasket 
eroded quickly in the area of the failure, creating a larger leak opening. 
The gasket material remaining adjacent to the eroded gasket area was either 
powdery or charred and brittle, indicating that the gasket may have smoldered 
or ignited as outgassing of combustibles occurred during the third load 
cycle. When the seal failed, the maximum leak rate recorded was 706 SCFM
(20,000 1/min), or 102% volume/day of a 1 million ft3 (28,300 m3) containment 
building. However, since leak rate was not recorded continuously during 
pressurization, it is possible that the instantaneous leak rates exceeded 706 
SCFM (20,000 1/min) after the inner door seal failed.

The temperature profile measured on the door was fairly uniform except along 
the 0 and 180° axis, which had the lowest and highest temperatures,
respectively. The test temperatures measured on the door were all near the 
temperature at which the seal material degrades and thus these elevated test 
temperatures are considered the major cause of the seal failure.

During heating from 400°F to 800°F (204 to 427°C), the inner door moved away 
from the bulkhead. The movement was significant, with the maximum increase in 
the gap between the inner door and bulkhead as much as 0.13 in. (3.3 mm). 
Restrained expansion of the gasket material is the only source of applied load 
that could force a separation of the inner door and bulkhead. The second
pressurization cycle on the inner door closed the gap. The gap did not reopen
to any significant amount during heating of the third load cycle.

Based on the above discussion the following summarize the test results:

(1) The airlock was designed for 60 psig (410 kPa) and 340°F (171°C). 
Testing exposed the airlock to 300 psig (2.07 MPa) and an air 
temperature above the inner door of 850°F (454°C). Although the 
gasket was degraded by an accelerated aging process, no leakage of 
the airlock door occurred for pressures from 0 to 300 psig (0 to
2.07 MPa) while the gasket was subjected to temperatures less than 
its ignition temperature (approximately 620°F (327°C)).
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(2) Degradation and subsequent failure of the gasket seal was related to 
temperatures in excess of the temperatures at which EPDM E603 
elastomer is stable. When the gasket failed it was quickly eroded 
by an onrush of hot air. The gasket was reduced to a powdery 
consistency in the area that the seal was breached.

(3) Test results indicate that the gasket expanded while increasing air 
temperature above the door from 400 to 800°F (204 to 427°C) causing 
significant upward deflection of the inner door and resulting in 
larger gaps between the inner door and bulkhead.

(4) The personnel airlock survived 300 psig (2.07 MPa) internal 
pressurization. All strain gages indicated elastic behavior 
throughout the airlock from stresses induced by the elevated 
pressures and temperatures.

(5) The condition of the gasket due to accelerated aging did not appear 
to affect sealing ability at high temperatures and pressures. 
However, extrusion of the gasket material between the inner door and 
bulkhead during accelerated aging and high temperature heating, as 
in Item (3) above, prevented metal-to-metal contact between the door 
and bulkhead.

(6) The outer door at 300 psig (2.07 MPa) did not leak. Temperatures
measured on the outer door were below 200°F (93°C). Heat transfer 
conditions have an important effect on the temperature 
distribution. The temperature of the inner door and bulkhead 
reached an average surface temperature of approximately 611°F 
(322°C) when the air temperature was 800°F (427°C), even under 
forced convection conditions. The outer door and bulkhead
temperatures were lower for this test than might be expected due to 
the effect of the airlock orientation.
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1.0 INTRODUCTION

The safety of nuclear power plants in the very unlikely event of a severe 
accident depends on the performance of the containment system, which is the 
last engineered barrier to the release of radioactive material to the 
atmosphere. Personnel airlocks are an important component of most containment 
systems. A severe accident may generate loads (pressure and temperature) much 
greater than the design basis for the containment system. It is commonly 
assumed that the consequences of a severe accident are^not significant unless 
leakage from the containment exceeds 10% volume/day, which then serves as 
the failure threshold. Performance parameters of interest include when, 
where, and how failure takes place and also the size of the leak area.

The U.S. Nuclear Regulatory Commission (USNRC) has been involved in sponsoring 
and developing a research and development effort known as the Containment 
Integrity Program. This program was developed with the ultimate goal of 
establishing performance characteristics of light water reactor (LWR) 
containment buildings subjected to pressure and temperature conditions beyond 
the original design conditions. Sandia National Laboratories (SNL) is 
currently managing the following four elements of this program:2

(1) Tests of seals and mechanical penetrations,
(2) Scale model tests of containment buildings,
(3) Analysis and methodology development, and
(4) Tests of electrical penetration assemblies.

The overall objective of these program elements is to develop methods for 
predicting the performance of containment buildings subjected to severe 
accident conditions. In a .survey of containment penetrations conducted by 
Argonne National Laboratory, personnel airlocks were identified as having a 
relatively high potential for leakage. Idaho National Engineering Laboratory 
came to similar conclusions in the analysis of specific containments and 
penetrations for the NUREG-1037 study. Because of the complex structural 
behavior and uncertainty with respect to gasket performance in an actual 
penetration that must be accounted for in an analysis of personnel airlocks, 
experimental validation was needed. As part of this program, a full size 
personnel airlock was tested by CBI Research Corporation (CBIRC) to provide 
benchmark data that can be used to validate analytical methods for predicting 
the performance of personnel airlocks subjected to loads beyond design.

The purpose of the tests reported herein was to gather and interpret the 
following items of interest:

(1) Measure leak rate characteristics of aged gasket seals,
(2) Gather strain and deformation data on the airlock structural members 

and door gaskets,
(3) Gather temperature data on the personnel airlock, and
(4) Record and review the data at pressures and temperatures that exceed 

design pressures and temperatures.

Superscript numbers refer to the numbered references in Section 10.0.
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The severe accident was not based on an actual or hypothetical accident 
scenario. The pressures and temperatures that the test airlock was exposed to 
should be considered representative of severe accident profiles, but generic 
in nature. Although a great deal of valuable information has been generated, 
any extension of the test results must account for differences in airlock 
design and differing load scenarios. Also, other potential limit states for a 
given containment may be realized first.

1.1 Test Philosophy

Accident scenarios for LWR containments encompass a wide variety of pressure, 
temperature, and radiation exposure conditions that no single test can 
duplicate. Rather than defining a particular set of load conditions for a 
specific accident scenario, plausible loads were defined to determine the 
conditions under which significant leakage occurs. An upper bound of 300 psig 
(2.07 MPa) was established since, if the airlock withstood this pressure in an 
actual power plant installation, some other component of the containment 
system would likely have failed before this condition was reached.

Beyond design basis testing of the airlock needed to address the important 
effect of gasket performance on leakage; two different phases of gasket 
performance were considered. Two temperature plateaus were established. The 
first temperature plateau was at an air temperature above the door of 400°F 
(204°C). At this temperature, gasket performance is dictated by degradation 
due to thermal aging in addition to accelerated aging to which the gaskets 
were exposed. The second temperature plateau was at an air temperature above 
the door greater than 800°F (427°C). At this temperature gasket performance 
is dictated by the gasket material instability. It was important to separate 
the pressure and temperature loadings. At each of these thermal plateaus 
pressure was increased to a maximum of the upper bound.

Sizing of the orifice flow metering system was defined by typical design 
allowables for containment leakage. The design allowables for the flow 
metering system are from Q.1% to 25% volume/day (10% volume/day is considered 
to be a failure threshold1). For a 1 million ft3 (28,300 nr) containment at 
standard temperature and pressure, this corresponds to leak rates between 0.7 
to 174 SCFM (19.8 to 4930 1/min).

The above discussion delineates the process by which parameters were defined 
for the beyond design basis test. Test conditions were dictated largely based 
on the containment accident scenario concept and acceptable conditions 
formulated from plausible limit-state loading.

1.2 Test Rationale

During severe accident conditions in an LWR containment, it is possible to 
have either a steam or dry air atmosphere. Additionally, there is no fixed 
rate of thermal and pressure loading. For this test program, there was no 
unique set of heat transfer conditions that were being duplicated. The intent 
was to expose the airlock inner door to a set of temperature and pressure 
conditions from which reasonable benchmark data could be gathered.

The orientation of the airlock and the use of air rather than steam as the
pressure medium was dictated by the following:
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(1) The test facility available for testing,
(2) Safety considerations,
(3) Instrumentation requirements, and
(4) Maximum pressure and temperature loading requirements.

The airlock was tested in a 40 ft (12 m) deep cell with the cylinder oriented 
vertically (the airlock doors in the horizontal plane). In the event of a 
catastrophic release of the pressure boundary, it was essential to ensure 
safety. With the airlock in the deep test cell, a failure could be safely 
contained with the exception of the area directly above the airlock. Rather 
than build a containment, an available structure was utilized.

The presence of steam in the airlock would have presented some difficult 
problems for instrumentation. Although strain gage and thermocouple elements 
are hermetically sealed, the displacement transducers used to measure 
displacements within the airlock were extremely sensitive to the presence of 
moisture in the air. In the event that the airlock developed a leak, 
meaningful leak rate measurements may not have been possible due to condensate 
in the piping and flow metering system.

A one-dimensional thermal analysis modeling the airlock door was performed to 
evaluate the natural convective heat transfer characteristics with the airlock 
oriented horizontally (with the doors in the vertical plane) and with the 
airlock oriented vertically (with the doors in the horizontal plane). The 
door was modeled as a flat plate using an equivalent thickness based on the 
mass of the door, stiffeners, and bulkhead. It was determined that the effect 
of orientation of the door was significant for the modeled configuration. At 
a pressure of 200 psia (1.38 MPa) and an air temperature of 700°F (371°C) 
(which were the upper limit test conditions originally planned) the average 
temperature of the door when in the vertical plane was 530°F (277°C). For the 
same pressure and temperature conditions, the average temperature of the door 
when oriented in the horizontal plane was 436°F (224°C). The temperature 
differential between these two conditions was 94°F (53°C). To offset the 
effects of the orientation of the door, a flow header was designed to blow 
preheated air onto the inner door seal area directly from the pressure inlet, 
thus providing forced convection heating. Heat transfer to the outer door was 
not considered in this analysis and is discussed qualitatively in a subsequent 
paragraph in this section.

Based on test results reported by SNL (after the initial thermal and pressure 
conditions were defined), it was determined that the temperature at which the 
gasket material (EPDM E603) becomes unstable is approximately 620°F (343°C) , 
which was much greater than the maximum of 530°F (277°C) predicted using the 
one-dimensional analysis. The one-dimensional model was used in a parametric 
study to determine the air temperature and pressure that would be necessary to 
increase the door temperature to the temperature at which the gasket becomes 
unstable and loses its sealing capability. With the air temperature increased 
to 800°F (427°C) and the air pressure increased to 300 psig (2.07 MPa), the 
predicted average door temperature increased to 637°F (336°C). The upper 
bound parameters were then re-defined (from 200 psia (1.38 kPa) and 700°F 
(371°C) to 300 psig (2.07 kPa) and 800°F (427°C)) to test the limit of the 
gasket seal and the airlock.
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In an actual airlock installation, the door, hinge beam, bearing blocks, 
hinges, latching mechanism, and stiffeners on the door that are located within 
the containment are an obstacle in the path of natural convective flow 
considered above. Therefore, the door temperatures predicted in the analysis 
for a vertical flat plate are probably higher than what would actually 
occur. Within the airlock itself, the primary and secondary stiffeners are 
also obstacles at the inner door bulkhead such that secondary and tertiary 
convective flow loops within the boundaries of the bulkhead stiffeners could 
develop. This would limit the amount of convective heat transfer to the outer 
door. Inside the airlock the heated air moving across the vertical flat plate 
would likely lose its bouyancy before it reached the outer door as a result of 
heat losses through the airlock cylinder wall. In essence, the flow loop 
would reach an equilibrium state and would close before it reached the outer 
door. Within the actual airlock, the presence of the bulkhead stiffeners 
would further hamper convective air flow.

Comments in the preceding paragrph are based strictly on engineering 
judgement. A complete analysis would be required to validate or disprove the 
above supposition. However, the preceeding discussion demonstrates the 
rationale used to determine the major test parameters. The loading that the 
inner door and bulkhead were exposed to is an upper limit of temperatures and 
pressures that a similar in-service personnel airlock could possibly 
experience, which is consistent with the test philosophy described in Section 
1.1.
1.3 General Test Plan

The beyond design basis test (Test 2C) has been discussed in detail in Section
1.1 of this chapter. There were eight additional tests performed. These 
tests were performed at ambient room temperature conditions and at pressures 
up to 15% beyond design. These ambient temperature tests were performed to:

(1) Establish a baseline leak rate to evaluate the effectiveness of the 
gaskets,

(2) Understand the effect of any permanent deformations that occurred 
during the beyond design basis test, and

(3) Provide a basis for comparison on the overall behavior of the 
airlock before and after the beyond design basis test.

The following is a description of the tests that were performed on the 
personnel airlock.

Test 1A - Leak rate test of the airlock inner door without the gasket. The 
inner door was subjected to a pressure of 69 psig (476 kPa) at ambient 
temperature.

Test IB - Leak rate test of the airlock outer door without the gasket. The 
outer door was subjected to a pressure of 69 psig (476 kPa) at ambient 
temperature.
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Test 1AA - Leak rate test of airlock inner door with accelerated aged gasket 
in place. The inner door was subjected to a pressure of 69 psig (476 kPa) at 
ambient temperatures. This test was not originally planned and was added to 
determine if the aged gasket seal could adequately seal the inner door and 
bulkhead closure. Repeat of Test 1A.

Test IBB - Leak rate test of airlock outer door with accelerated aged gasket 
in place. The outer door was subjected to a pressure of 69 psig (476 kPa) at 
ambient temperature. This test was not originally planned and was added to 
determine if the aged gasket seal could adequately seal the outer door and 
bulkhead closure. Repeat of Test IB.

Test 2A - Leak rate test of the airlock inner door with gasket in place and 
full instrumentation. The door was subjected to a pressure of 69 psig (476 
kPa) at ambient temperature.

Test 2B - Leak rate test of the airlock outer door with gasket in place and 
ful 1 Tnstrumentation. The door was subjected to a pressure of 69 psig (476 
kPa) at ambient temperature.

Test_2C - Leak rate test of the entire personnel airlock assembly under severe 
accident conditons. Both doors were closed with gaskets in place. The inner 
door was subjected to simultaneous elevated temperatures and pressures.

Pressure and temperature systems accommodated the following maximum 
capacities:

o 300 psig (2.07 MPa) 
o 800°F (427°C)
o 174 SCFM @ 300 psig (4930 1/min @ 2.07 MPa) 
o 7°F/min @ 174 SCFM (3.9°C/min @ 4930 1/min).

Test 3A - Leak rate test of the airlock inner door without disturbing the 
gasket from Test 2C. The door was subjected to a pressure of 69 psig (476 
kPa) at ambient temperature.

Test 3B - Leak rate test of the airlock outer door without disturbing the 
gasket from Test 2C. The door was subjected to a pressure of 69 psig (476 
kPa) at ambient temperature.

1-5



2.0 PERSONNEL AIRLOCK AND TEST VESSELS

This section describes the details of the personnel airlock and the test 
chambers that capped both ends of the airlock cylinder.

2.1 Personnel Airlock

The personnel airlock was originally fabricated at CBI's Birmingham, Alabama 
fabrication facility. The airlock was designed and fabricated for the Union 
Electric Company's cancelled Callaway Unit 2 nuclear power generating 
facility. Under a separate contract with SNL, the partially fabricated 
airlock was completed.” This included:

(1) Attaching hinges necessary to mount the doors,
(2) Machining sealing surfaces of both doors and bulkheads,
(3) Attaching hold down fixtures necessary to hold both doors in place 

during pressurization (not the cam latching mechanism),
(4) Sealing all penetrations through bulkheads except the doors,
(5) Conducting a leak test of the airlock at 60 psig (410 kPa) (design 

pressure), and
(6) Providing two sets of double dog-ear gasket seals.

A full set of drawings and mill test reports for the airlock were also 
provided under the contract.

The airlock assembly was 19 ft-5/16 in. (5.8 m) long with an inside diameter 
of 9 ft-10 in. (3.0 m). The airlock was made from steel conforming to the 
minimum requirements of ASME Designation: SA 516 Grade 70 steel plate. As 
shown in Figures 2.1 through 2.5, the airlock can be divided into five major 
structural components: the inner door; the inner door bulkhead; the
cylindrical body; the outer door; and the outer door bulkhead. The 
cylindrical body is made from a 5/8 in. (16 mm) thick steel plate.

The bulkhead assemblies consist of 1 in. (25 mm) thick heavily reinforced 
steel plate. These steel plates are welded to the inside wall of a 
cylindrical ring. The cylindrical rings are welded to the cylindrical body of 
the airlock. The cylindrical ring around the inner door bulkhead is 1 in. (25 
mm) thick and the cylindrical ring around the outer door bulkhead is 5/8 in. 
(16 mm) thick. Cut and framed into the centers of both bulkheads are 6 ft-8 
in. (2.0 m) high by 3 ft-6 in. (1.1 m) wide rectangular door openings. The 
doors are attached to the pressure sides of the bulkheads by means of a large 
hinge assembly. The doors overlap the doorway opening to provide a perimeter 
area for installation of the gasket seal and for transferring the pressure 
loadings into the bulkheads.

The inner and outer doors are identical in design. As shown in'Figure 2.4, 
each door consists of a steel plate 1-1/2 in. (38.1 mm) thick. The plate 
measures 3 ft-10-1/2 in. by 7 ft-1/2 in. (1.18 x 2.15 m) as shown in Figures
2.1 and 2.2. The door overlaps the bulkhead doorway opening by 2-1/4 in. 
(57.2 mm). A gland to contain the gasket seal is machined in the door as 
shown in Figure 2.4. The surfaces of the bulkhead and the door that overlap 
are machined flat and form the sealing surface for the gasket. Surface 
finishes of the machined surfaces on the bulkhead and door are shown in Figure 
2.2. The design requirements specify that when the door is closed without the
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gasket seal in place, the gap between the machined surfaces of the bulkhead 
and door must be less than 0.005 in. (0.13 mm).

The door is reinforced with structural stiffeners that are attached on the 
opposite side of the seal surface. Reinforcing the door plate perimeter is a 
steel plate welded on edge. The stiffener is fillet welded to the door plate 
the entire length of the stiffener and has a full fusion weld at the corner 
where adjacent stiffeners meet. The stiffener around the perimeter is a steel 
plate with 4x1 in. (100 x 25 mm) cross-section. In the short direction of 
the interior portion of the door away from the edges, five "T" shaped 
structural members reinforce the door. The flange of the T-section is 3 x 1- 
1/2 in. (76 x 36 mm) and the web is 2-1/2 x 1 in. (64 x 25 mm) as shown in 
Figure 2.2. These structural members are spaced equally about the centerline 
of the door.

The door is hinged at a weldment located along the longitudinal centerline of 
the door. This attachment location allows rotational freedom so the door can 
seat properly against the bulkhead in the closed position. The center hinge 
pin assembly is attached to the bulkhead by a hinge arm assembly. The hinge 
arm assembly, shown in Figure 2.5, is attached to the bulkhead at the roller 
bearing pillow block assembly.

The door is latched using the latching mechanism that is attached to the 
bulkhead as shown in Figure 2.5. The latch consists of a roller bracket 
assembly that attaches to the hinge arm assembly and cantilevers over the 
bulkhead. The latching bar assembly, which is attached to the bulkhead, 
engages the roller bracket assembly roller bearing and applies a force on the 
door that causes the gasket to be compressed between the door and the 
bulkhead. Compression of the gasket between the door and bulkhead provides 
the initial seal for air pressures below 5.0 psig (34 kPa). At pressures of
5.0 psig (34 kPa) and above, the surface pressure applied to the door is 
sufficient to compress the gasket, and the latching mechanism may no longer be 
engaged.

The gasket cross-section is known as a "double dog-ear" and is patented by CBI 
Industries, Inc. (Patent No. 3,831,950). The gaskets used in this test were 
fabricated from an EPDM E603 compound and were manufactured by Presray.* The 
double dog-ear seal was designed to form an initial seal at low pressures. At 
elevated pressures the seal compresses, fills the voids in the gland left by 
the initial cross-section configuration, and forms a nearly solid rubber 
seal. In addition, with the gasket filling the machined gland in the door, 
the door and bulkhead can come into metal-to-metal contact.

2.2 Differences in Airlock Tested and Airlock in Service

There were a number of modifications that were made to the airlock to 
accommodate all of the test equipment, instrumentation, and orientation of the

Mention o? specific products and/or manufacturers in this document 
implies neither endorsement or preference nor disapproval of the use of a 
specific product for any purpose by the U.S. Government, any of its 
agencies, or Sandia National Laboratories.
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airlock. These modifications will be discussedMn/ the following section 
(Section 2.3). In this section, the main differenced between the airlock used 
in this test and a similar airlock already in service are discussed.

Airlocks are normally oriented with the longitudinal axis parallel to the 
horizontal and with the doors opening into the containment building. The 
airlock tested was oriented with the cylinder longitudinal axis parallel to 
the vertical. The doors opened upward and the dead weight of the doors and 
hinge assemblies rested on the bulkhead when closed. The dead weight of the 
door is equivalent to about 2.0 psig (14 kPa) surface pressure on the door and 
precompresses the gasket seal between the door and bulkhead.

Normally there are floor plates in airlocks to provide a flat walking 
surface. This floor surface was not provided in the test airlock. The 
absence of this floor detail was not significant during testing. Instead, a 
ladder was used to gain access from the top of the outer door bulkhead to the 
underside of the inner door bulkhead. A section of grated flooring was 
suspended below the underside of the inner door bulkhead to serve as a work 
piatform.

Personnel airlocks are normally welded into the containment building shell to 
form a leak tight barrier. The airlock tested had the normal interlock ring 
assembly installed, which acted as a reinforcing ring for the airlock 
cylinder. Interaction between the airlock and containment shell was not 
modeled in this test.

The door latch in an airlock in service is normally an automated system that 
is electronically controlled and has a manual backup system. Once the door is 
closed, the latch bracket engages the roller bracket assembly. Mechanical 
linkages and electrical wiring penetrate both the inner and outer door 
bulkheads. In the airlock tested, the door was latched manually, and all 
mechanical and electrical penetration were welded shut and leak tested. These 
closure details are shown in Figures 2.6 and 2.7. The mechanical and 
electrical penetrations were welded shut; these penetrations are a potential 
source of leakage from the containment into the airlock in an actual in- 
service airlock, which may require a separate investigation.

2.3 Modifications to Personnel Airlock

The airlock required a number of modifications for testing purposes. These 
modifications were made, where applicable, in accordance with the 1974 Edition 
of the ASME Boiler and Pressure Vessel Code (Section III).1U These 
modifications included the addition of the following items:

(1) An access manhole,
(2) Nozzles for instrumentation leadwires,
(3) Pipe fittings in the cylinder wall,
(4) Drilled and tapped holes in the inner door bulkhead stiffener, and
(5) A shroud enclosing the inner doorway.

The manhole was added to obtain access to the airlock cylinder. The nozzles
were added to route instrument leadwires into and out of the airlock. The
nozzle cover plates, known as blind flanges, were drilled and tapped to accept
various sized pipe threads. Conax high pressure and temperature fittings were
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used to provide a leak tight barrier around the instrument leadwires. A 
shroud was attached across the inner door stiffeners below the inner door to 
capture air that had effectively leaked past the inner door seal. The shroud 
consisted of a five-sided sheet metal box (0.090 in. (2.3 mm) thick) 4 in. 
(100 mm) deep that overlapped the inner door opening. The box was reinforced 
with structural stiffeners to withstand bending stresses exerted due to the 
differential pressure between the door and inside the airlock. The shroud was 
designed to withstand a differential pressure of 10 psi (69 kPa). The shroud 
was welded to the structural steel stiffeners inside the airlock that frame 
the inner door. A flexible pipe was attached to the shroud and was connected 
to a fitting in the cylinder wall to allow movement due to thermal effects.

Threaded coupler pipe fittings were installed in the airlock cylinder walls. 
These pipe fittings were used for routing air that bypassed the inner door 
seal to the flow meters, returning air from the flow meters to the airlock, 
and pressurizing the airlock.

As a result of enclosing the inner door with the shroud box, the surface of 
the inner door within the airlock was inaccessible. Holes for instrument 
leadwires were drilled and tapped in the primary stiffener webs that framed 
the inner door as shown Figure 2.8. Instrument leadwires were routed through 
Conax high pressure and high temperature fittings to provide a leak tight 
barrier around the instrument leadwires.

2.4 Additional Structural Pressure Vessel Assemblies

The personnel airlock test required that enclosures be installed above the 
inner door bulkhead and below the outer door bulkhead. The following 
parac/Vaphs describe these enclosures. The airlock and test assembly is shown 
in Figure 2.9.

2.4.1 Top Chamber Above the Inner Door Bulkhead (Chamber V-l)

The top chamber (Chamber V-l), located above the inner door bulkhead, was 
originally designed to pressurize the inner door bulkhead up to 200 psia 
(1.38 MPa) and withstand air temperatures up to 700°F (371°C). Chamber V-l 
was fabricated in accordance with these requirements. A 2 in. (51 mm) thick 
layer of Kaowool insulation was installed to cover the entire inside surface 
of Chamber V-l to protect the steel from elevated temperatures and to reduce 
heat loss. Based on a thermal analysis of the bulkhead, 1 it was determined 
that the gasket seal would not reach 620°F (327°C), which is the instability 
temperature of the gasket material, if the air temperature in Chamber V-l was 
limited to 700°F (371°C). It was decided that the maximum air temperature be 
increased to 800°F (427°C) and the maximum pressure be increased to 300 psig 
(2.07 MPa). During the test, the maximum pressure that Chamber V-l was 
exposed to was 300 psig (2.07 MPa) and the maximum air temperature above the 
inner door was approximately 850°F (454°C).

Chamber V-l was fabricated from steel conforming to the minimum requirements 
of ASME Designation: SA516 Grade 70° and consisted of a cylindrical section 4 
ft (1.22 m) long with an inside diameter of 9 ft-11-1/4 in. (3.03 m). The 
cylinder wall was 1 in. (25.4 mm) thick. The cylinder was capped with a 2:1 
elliptical head. In the center of the elliptical head a 24 in. (610 mm) 
diameter manhole was located for access to the top side of the inner door and 
bulkhead.
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Three 10 in. (254 mm) nozzles, similar to the nozzles in the airlock, were 
installed. Blind flange plates were drilled and tapped to accommodate 
instrument leadwires. Pipe fittings of varying sizes were welded to the 
cylinder wall for the following:

(1) Pressure inlet,
(2) Pressure outlet, and
(3) High voltage electrical feedthroughs.

On the inside, bracket assemblies were installed to support electric heaters 
and air outlet piping.

2.4.2 Bottom Chamber Below Outer Door Bulkhead (Chamber V-2)

Chamber V-2 provided two functions. One was to support the dead weight of the 
airlock and Chamber V-l. The other function was to capture any air that 
effectively bypassed the outer door seal and route it to a flow meter to 
measure the outer door leak rate. A 24 in. (610 mm) diameter manhole was 
provided as well as two 10 in. (254 mm) nozzles and one 3 in. (76 mm) pipe. 
The 10 in. (610 mm) nozzle blind flanges were drilled and tapped to accept 
various sized pipe threads. Conax fittings were used to provide a leak tight 
barrier around instrument leadwires.

Chamber V-2 was fabricated from steel plate conforming to the minimum 
requirements of ASTM Designation: A36 and consisted of a cylinder 5 ft 
(1.524 m) long with an inside diameter of 9 ft-10-1/4 in. (3.00 m). The 
cylinder wall was 1/4 in. (6.4 mm) thick. The bottom of the cylinder was 
sealed with a flat plate fabricated from two half circles of 1/4 in. (6.4 mm) 
thick steel plate. Chamber V-2 was designed for a pressure of 5 psig 
(34 kPa).
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3.0 TEST SETUP AND CONTROL

The test setup required rigorous design and fabrication efforts before the 
first tests could be performed. The following paragraphs describe the test 
setup, including piping and insulation, pressurization and heating systems, 
and test controls for pressures and temperatures.

3.1 Test Setup

Figure 3.1 is an artist's rendering of the actual test setup.

3.1.1 System Piping

Transport of heated and pressurized air from the booster compressors to the 
test vessel and from the airlock to the flow meters was achieved using a 
system of valves and pipes. A process and instrument flow diagram for the 
entire piping system is shown in Figure 3.2. The valve positions are shown in 
Table 3.1.

3.1.1.1 Chamber V-l Pressurization System Piping

The pipes were sized to provide the maximum anticipated flow rate of 174 SCFM 
(4930 1/min) at a pressure up to 300 psig (2.07 MPa). Pipes from the booster 
compressor to Chamber V-l and the airlock were 1-1/2 in. (38 mm) schedule 80 
pipe. A 3000 lb (13.33 kN) threaded coupling was welded to Chamber V-l 
cylinder wall which penetrated the thickness of Chamber V-l. Inside Chamber 
V-l, the pressurization piping was continued into a distribution inlet header 
that was placed around the door seal surface, as shown in Figures 3.3 and 
3.4. This header routed hot air such that it was blown directly on the seal 
area of the inner door and bulkhead. The inlet header was located 
approximately 7 in. (178 mm) above the inner door bulkhead. A total of fifty- 
two 1/4 in. (6.4 mm) diameter holes were distributed evenly over the entire 
length of the inlet header and oriented such that flow was directed towards 
the seal surface. Holes in the inlet header were provided to direct and 
distribute the heated air across the seal.

As part of the pressure control system air in Chamber V-l could be vented to 
the outside of the test building to relieve pressures and to circulate heated 
air over the gasket. An outlet header, which had a hexagonal shape, was 
installed near the top of Chamber V-l. This was connected to a 3000 lb (13.3 
kN) threaded coupling for a 1-1/2 in. (38 mm) schedule 80 pipe. There were a 
total of fifty-two 1/2 in. (12.7 mm) diameter holes distributed uniformly 
along the length of the outlet header. This particular system of piping was 
used in all phases of testing the airlock, however, they were bypassed during 
flow meter verification.

3.1.1.2 Inner Door Flow Path

To detect air leaking past the inner door seal, a leak rate measurement system 
was implemented. Air that bypassed the inner door seal was collected and 
routed through a flow metering system and either returned to the airlock or 
vented outside of the test building, as dictated by the test requirements.
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Table 3.1

Valve Position During Testing and Flow Meter Verification

TEST NUMBER FLOW METER 
CALIBRATION

VALVES IA IB 2A 2B
3B

INNER
DOOR

OUTER
DOOR

1AA IBB 2C FT—01 FT-01

V-l (CHECK) — — — — — — —

V-2 (NO) OPEN OPEN OPEN OPEN OPEN CLOSED CLOSED
V-3 (NO) OPEN OPEN OPEN OPEN OPEN OPEN OPEN
V—4 (NO) OPEN OPEN OPEN OPEN OPEN CLOSED CLOSED
V-5 (NC) CLOSED CLOSED CLOSED CLOSED CLOSED OPEN CLOSED
V-6 (NO) OPEN OPEN CLOSED OPEN OPEN CLOSED CLOSED
V-7 (NO) OPEN OPEN OPEN OPEN OPEN CLOSED CLOSED

V-10 (NC) CLOSED CLOSED CLOSED CLOSED CLOSED OPEN CLOSED
V-l 1 (NO) OPEN OPEN OPEN OPEN OPEN CLOSED CLOSED
V-l 2 (NC) OPEN CLOSED CLOSED OPEN CLOSED CLOSED OPEN
V-l 3 (NO) OPEN OPEN OPEN OPEN OPEN CLOSED CLOSED
V-l 4 (NO) OPEN OPEN OPEN OPEN OPEN OPEN OPEN
V-l 5 (NO) OPEN OPEN OPEN OPEN OPEN CLOSED CLOSED

V—17
V—1B (NO) CLOSED OPEN OPEN CLOSED OPEN CLOSED CLOSED
V—19 (NC) OPEN CLOSED CLOSED OPEN CLOSED CLOSED CLOSED
V-20 (NC) CLOSED CLOSED CLOSED CLOSED CLOSED OPEN OPEN
V-21 (NC) CLOSED CLOSED CLOSED CLOSED CLOSED OPEN OPEN

V-2 4 (NO) OPEN OPEN OPEN OPEN OPEN OPEN OPEN
V-2 5 (NO) OPEN OPEN OPEN OPEN OPEN CLOSED CLOSED

V—28 (NC) CLOSED OPEN CLOSED CLOSED OPEN CLOSED OPEN
V-2 9 (NC) CLOSED OPEN OPEN CLOSED OPEN CLOSED OPEN

NC - NORMALLY CLOSED 
NO - NORMALLY OPEN
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Air leaking past the inner door was collected by a structural shroud that was 
welded to the primary structural stiffeners. The shroud was made up of 13 
gauge sheet metal in the form of a reinforced five-sided box. The box was 
reinforced with 2 in. (51 mm) structural steel tubes. The shroud, as shown in 
Figure 3.5, had a single penetration for a 3 in. (76 mm) schedule 80 pipe 
which was welded to the shroud for a leak tight seal. This pipe directed 
leaking air to the flow meter. A Flexonics metal hose was attached to the 
pipe to allow for any movement due to thermal and pressure effects without 
applying significant loads on the shroud and piping. Piping from the 
Flexonics metal hose attached to a flanged fitting that went through the 
airlock cylinder wall turned vertically to run up the height of the deep test 
cell to a flow measurement system for the inner door. Depending on the test 
requirements, the leaking air was either vented to atmosphere or returned to 
the airlock.

At the four intersections of the primary stiffeners that make up the doorway 
frame, openings at the corners are typically left unwelded. These openings, 
known as "rat holes", are intentionally fabricated at this juncture to 
facilitate a quality weld as welding in a corner is difficult. The openings 
would have allowed air to bypass the inner door flow meters and escape 
directly into the airlock. Thus, each of the four corners of the inner door 
bulkhead were sealed as shown in Figure 3.6. The welds were tested to ensure 
leak tightness. The material used was a sheet metal with a thickness of 0.090 
in. (2.3 mm), and did not provide any significant artificial stiffening of the 
bulkhead.

3.1.1.3 Outer Door Flow Path

To measure leakage of air past the outer door, air was collected in Chamber 
V-2 and routed via a 3 in. (76 mm) diameter schedule 80 pipe to a flow 
measurement system. Air that passed through the flow meter was then vented to 
atmosphere.

To ensure that Chamber V-2 was not overloaded (design pressure was 5 psig (35 
kPa)) a rupture disk was installed as part of the piping.

3.1.1.4 Flow Meter Verification

Additional pipes and valves were installed to bypass the airlock test assembly 
so the flow meters could be verified for accuracy. This flow path can be 
traced using Figure 3.2 and Table 3.1.

3.1.1.5 Valving and Insulation

All valves for the piping system were manual with the exception of inlet and 
outlet Pressure Control Valves PCV-5A and PCV-5B. Those valves that could 
potentially be exposed to elevated temperatures were manufactured with high 
temperature packings. All valves with flanged fittings were sealed with 
Durabla high temperature gasket material. Those gaskets that did not have 
flanged fittings had welded connections to the pipes. Prior to testing of the 
airlock, the pipes and valves that would potentially see pressures up to 300 
psig (2.07 MPa) were leak tested to a pressure of 345 psig (2.38 MPa).
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After the leak checks were completed all piping that carried high temperature 
pressurized air was insulated. Insulation was used to minimize heat loss 
through the piping and provide personnel protection. Pipes that were welded 
to the airlock or Chamber V-l or V-2 were insulated to the cylinder wall. 
Each valve and the flowmeters were also covered with insulation. Insulation in 
the high temperature areas consisted of 2 in. (51 mm) of fiberglass with a 
plastic casing enveloping the fiberglass. Other areas that could potentially 
become hot but to a lesser degree were also insulated for personnel 
protection.

3.1.2 Pressurization System

The pressurization sytem, shown in the upper left-hand corner of Figure 3.2, 
consisted of three main components. This included the plant air source, the 
booster compressors, and the receiving tank. With the exception of Test 2C, 
plant air pressure was sufficient. The maximum test pressure was 69 psig (476 
kPa) in Tests IA, IB, 1AA, IBB, 2A, 2B, and 3B. Test 3A was stopped after a 
pressure in Chamber V-l of approximately 16 psig (110 kPa) was reached because 
the leak rate was greater than the plant air flow capacity.

For Test 2C, booster compressors were used to increase the plant air pressure 
from 90 to 300 psig (0.62 to 2.97 MPa). Although one booster compressor was 
sufficient to achieve the desired maximum pressure, the target flow rate of 
174 SCFM (4927 1/min) could not be reached. As a result, two booster 
compressors, placed in parallel, and supplied with plant air were used. Air 
receiving tank R-l was installed between the booster compressors Cl and 
pressure control valve PCV-5A. This receiving tank provided a volume into 
which air could be compressed and provided a reservoir of compressed air so 
that the booster compressors did not run continuously.

3.1.3 Heating System

Pressurized, heated air was supplied to Chamber V-l for Test 2C (all other 
tests were performed at ambient temperatures). Air was routed through 
Pressure Control Valve PCV-5A to the Air Circulation Heater H-l. Heater H-l 
was a 45 kW inline heater that preheated the air before it entered Chamber 
V-l. Heater H-l is shown schematically in Figure 3.2.

To maintain the target air temperature above the inner door, twelve electrical 
resistance ribbon type heaters were installed as shown in Figures 3.7 and 
3.8. The total power requirements for the twelve oven heaters in Chamber V-l 
was 45 kW. The inside surface of Chamber V-l was covered with a 2 in. (51 mm) 
layer of Kaowool insulation. The insulation reduced the overall heating 
requirements and protected Chamber V-l from elevated temperatures.

3.2 Test Control

There were three parameters controlled during the test: pressure and 
temperature in Chamber V-l, and the outlet temperature from Heater H-l. The 
control panel shown in Figure 3.9 was used during the test. Dial pressure 
gages on the right were used as a visual guide. The same pressure lines had 
two pressure transducers for electronic monitoring. The pressure and 
temperature controllers are shown on the left. The two computers in the 
foreground were used for continuous monitoring and data acquisition, and also
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for storing data and plotting. The following paragraphs describe parameters 
and methods used to control pressure in Chamber V-l, the outlet temperature 
from the air circulation Heater H-l, and air temperature above the inner door 
of the airlock.

3.2.1 Chamber V-l Pressure Control

Pressure inside the top chamber was controlled by a single Moore proportional 
integral derivative (PID) controller. The controller was set up internally to 
act as two controllers, one each for pressure control valves PCV-5A and PCV- 
5B. As shown in Figure 3.2, the air inlet pressure control valve PCV-5A 
allowed air into Chamber V-l while the air outlet control valve PCV-5B allowed 
air to vent through the outlet header. By controlling the degree to which 
pressure control valve PCV-5B was open air circulation over the inner door 
seal could be controlled. Pressure Transducer PT-05 was used as a pressure 
sensor to send a feedback signal to the controller acknowledging pressure 
level in Chamber V-l. Pressure control valve PCV-5A was opened or closed as 
necessary to maintain pressure at the desired set point. The air outlet 
pressure control valve PCV-5B was configured to allow air to discharge out of 
Chamber V-l so air would move at a nominally constant rate over the inner door 
gasket. The maximum amount that pressure control valve PCV-5B was opened or 
closed could be changed at any time during the test. Since pressure control 
valves PCV-5A and PCV-5B were controlled separately, each valve opened or 
closed independently of the other.

3.2.2 Heating System Control

Both the air circulation heater outlet temperature and the air temperature 
above the inner door were controlled with two separate Moore PID 
controllers. Each heating system had a dedicated PID controller that used 
temperature from a thermocouple as the feedback signal and sent a 4-20 mA 
signal to a silicon controlled rectifier (SCR) that controlled power input to 
the heating elements. Each SCR had a high limit temperature cutoff to prevent 
overheating of the heating elements. As shown in Figure 3.2, the Type "K" 
thermocouple used in the controller feedback loop for Heater H-l was located 
at the outlet. The thermocouple sensor used to control the oven heat in 
Chamber V-l was located above the center of the inner door above the hinge- 
beam assembly.

3-13



4.0 INSTRUMENTATION AND DATA ACQUISITION

During each test, combinations of different types of transducers were used to 
monitor the airlock pressures, temperatures, strains, deflections, and 
leakage. Electronic instruments were used to monitor these parameters. In 
the case of pressure, dial pressure gages were used as a backup/verification 
of the electronic pressure devices. All transducers were either factory 
calibrated or calibrated at CBIRC prior to use. Those devices that were 
factory calibrated were tested to verify the factory calibration.

Data was acquired on command and required the use of a data acquisition system 
and two computers. One computer monitored selected transducers during the 
test. The second computer was used to record data from all transducers, 
reduce to engineering units, store data on floppy disk and hard disk, and plot 
selected transducers. A total of 475 channels of data were scanned for 331 
transducers used during the test. The following paragraphs are a general 
description of the types of instrumentation used during the test, verification 
tests of factory calibrated devices, and the data acquisition system setup.

4.1 Instrumentation

4.1.1 Flow Meters

Two flow meter systems were used to measure leak rates of air that bypassed 
the inner and outer doors. The two flow meter systems consisted of: 
(1) Rheotherm flow meters, and (2) orifice plate flow meters. Originally the 
Rheotherm flow meter was chosen for use, however, the meter was not capable of 
meeting the temperature ramping requirements. An orifice plate flow meter 
system was designed to replace the Rheotherm flow meters. Both systems were 
used during testing. The Rheotherm flow meters were used for Tests 1A, IB, 
1AA, and IBB, and the orifice plate flow meters were used for Tests 2A, 2B, 
2C, 3A, and 3B.

Rheotherm flow meters (Model No. LFI-lllD-ID-TUl(BP)), manufactured by Intek* 
of Columbus, Ohio, were used during Tests 1A, IB, 1AA, and IBB. The Rheotherm 
flow meters were specified to operate within the ranges shown in Table 4.1.

The Rheotherm flow meters were dual range meters that operated between 0.7 to 
11 SCFM (19.8 to 311 1/min) on Range 1, and 11 to 174 SCFM (311 to 4927 1/min) 
on Range 2. Switching ranges was performed manually. The flow meter was 
calibrated to output a DC proportional voltage signal from 0 to 10 volts for 
each flow range. Two calibration factors were required for each flow meter so 
that the voltage signal could be converted to a flow for each of the ranges. 
This system was originally selected for its simplicity and purported accuracy.

It was discovered during a verification of the factory calibrated Rheotherm 
flow meters that thermal transients resulted in unacceptable errors in the

Mention of specific products and/or manufacturers in this document 
implies neither endorsement or preference nor disapproval of the use of a 
specific product for any purpose by the U.S. Government, any of its 
agencies, or Sandia National Laboratories.
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meter output, rendering them useless for the high temperature testing. 
However, they were accurate for testing performed at steady-state temperature 
conditions. For Tests 1A, IB, 1AA, and IBB, the results reported are accurate 
to within ±5% of the reading.

Orifice plate flow meters were used in place of the Rheotherm flow meters for 
subsequent testing. Although more complex than the Rheotherm system, this 
flow measurement system was chosen for several reasons: reliability; 
insensitivity to changes in temperature; accuracy of flow measurements; and 
the wide range of flows that could be measured. Table 4.2 defines the flow 
range over which each meter could measure.

The orifice plate flow metering loops for the inner door consisted of four 
Daniel precision honed flow sections (Model No. H-1905W) in parallel while the 
flow metering loops for the outer door consisted of three sections in parallel 
as shown in Figure 4.1. Each honed flow section had an orifice plate with a 
precision center hole. Differential pressure transducers Sensotec Model No. 
A-5 (one dedicated to each array) with a range of ±10 psi, were used to 
measure the pressure drop across the orifice plate. Solenoid valves were used 
to isolate flow through a selected honed flow section and isolate the 
measurement of the pressure drop across the selected orifice plate. The 
solenoid valves were controlled using an Omron programmable logic controller 
(PLC). The equations used to calculate flow rates were based on the ASME 
Committee report on flow measurements.12

Verification tests of the inner door flow meter indicated that for conditions 
under which Tests 2C and 3A were performed, the leak rates reported herein can 
be as much as 6% less than the reported value. This was due to the failure of 
the gasket seal and coating of the orifice plates with a residue from the 
gasket. This was verified after completion of Test 3B.

The orifice plate flow meter array concept worked well for the variety of 
conditions it was subjected. Due to the interaction of the Omron programmable 
controller and the computer/data acquisition system, a computer dedicated to 
operating the arrays would have decreased reaction time and increased the 
speed with which the flow sections were isolated.

4.1.2 Strain Gages

The strain gages used during this test program were Eaton high temperature 
weldable strain gages (Eaton Part No. SG425). A total of 123 strain gages 
were installed in the airlock test assembly. The Eaton SG425 strain gage is a 
half bridge strain sensor with one active element and the other element used 
for temperature compensation. Each gage was factory calibrated and was 
provided with an apparent strain curve that defines the compensation for the 
difference in thermal expansion coefficients of the strain gage flange 
material and the base material to which the strain gage was attached. 
Coefficient of thermal expansion for the airlock steel was provided to Eaton 
by CBIRC and was based on tests of samples from the airlock cylinder wall.

A schematic of the strain gage completion circuitry is shown in Figure 4.2. 
In addition to the apparent strain curve and gage factor, each strain gage is 
provided with a balancing resistor, Rgni » and a temperature compensating 
resistor, Rjq^. These resistors minimizecf the reported apparent strain for
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Table 4.1

Rheotherm Flow Meter Operating Range Specification

Inner Door Meter Outer Door Meter

Fluid Ai r Ai r

Flow Range, SCFM 0.7 to 174 0.7 to 174

Temperature Range, °F 70 to 700 70 to 400

Pressure Range, psig 0 to 300 0 to 15

Temperature Increase 
Rate, °F/min

7 7

Metric Equivalents:
1 psi = 6.895 kPa 
1 SCFM = 28.317 1/m 
°C = 5/9 *(°F-32)

Table 4.2

Flow Rate Range for Inner and Outer Door Orifice Plate Flow Meters

Ai rlock 
Door

Honed Flow 
Section I.D. 

(in.)

Orifice Plate 
Bore Dia.

(in.)

FI ow
Range
(SCFM)

0.570 0.0855 0.5 - 4

Inner 0.765 0.2065 3-27

0.765 0.4666 14 - 148

1.530 1.071 76 - 818

0.765 0.1836 0.5 - 4.9

Outer 0.765 0.4513 3.4 - 31

1.308 1.0464 21 - 196
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Figure 4.1 Orifice Plate Flow Metering Loops
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each gage and balanced the Wheatstone bridge. The sense voltage, which is the 
voltage across the strain gage, is also a refinement in temperature 
compensation for long leadwire lengths exposed to elevated temperatures. 
Strain gages were factory calibrated for an operating range of 40 to 800°F (4 
to 427°C). Accuracy of the gages was reported by the manufacturer as ±3%. 
Installation of the strain gage began with laying out the exact location of 
the strain gage using a template. The strain gage was held in position by 
welding tabs of thin sheet stainless steel to the base material to which the 
strain gage was attached. The strain gage itself was then welded to the 
bulkhead or door by welding the strain gage flange with tiny spot welds that 
overlap and form a continuous bead along both sides of the strain tube. 
Schematic of a typical installation is shown in Figure 4.3.

As part of the contract requirements, six strain gages were tested to verify 
the strain gage operation as follows:

(1) Strains at ambient conditions,
(2) Strains at 600°F (316°C),
(3) Apparent strains, and
(4) Residual strains (effects of spot welding).

Testing was performed by first constructing a constant strain beam deflection 
assembly and an oven for the high temperature heating.

The constant strain beam had two high temperature strain gages attached 
opposite each other such that one gage was in compression while one was in 
tension. The constant strain beam test assembly inside the heating oven is 
shown in Figure 4.4. The strains generated for a deflection cycle at ambient 
and a deflection cycle at a constant temperature of 600°F (316°C) were in good 
agreement. This included both tension and compression. This indicated that 
the five wire correction system to account for changes in gage factor and 
leadwire resistance was performing as required.

The apparent strain test results were completed by heating the beam and strain 
gage and recording the strain gage output at temperatures over the operating 
range of the gage. The results of the apparent strain tests indicated poor 
agreement with the apparent strain data provided by the gage vendor. The 
difference was traced to a difference in the coefficient of thermal expansion 
of the airlock steel used by Eaton in the calculation of the apparent
strain. A sample of the airlock cylinder wall steel was tested for 
coefficient of thermal expansion. The measured value reported by Harrop 
Industries, Inc. was 8.3)dl0"6/oF (14.9xlO"6/°C) which was approximately
1.6x10-6/°F (2.9x10"6/°C) lower than the value used by Eaton. Eaton 
recalculated the apparent strain curves for each gage and replaced the
temperature compensatory resistor and the balancing resistor for each gage. 
Apparent strain tests were performed again with the new set of resistors and 
the apparent strains measured were in agreement with Eaton's reported values.

Ambient tests of strains were performed on strain gages and compared with
calculated strains for the constant strain beams. In comparison with the 
calculated strains, the average error was -0.38%, the maximum error 7.4%, “fTte 
minimum error -9.4%, and a standard deviation of 4.9%. These results take 
into account tensile and compressive strains at ambient conditions and at 
600°F (316°C).
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Figure 4.4 Constant Strain Beam Strain Gage Verification Assembly



The strain gages installed in the airlock and bulkheads were oriented in a 0°- 
45o-90° rosette. In addition, thermocouple elements were positioned near the 
strain gage rosette locations for temperature compensation as shown in Figure 
4.5. Strain gage locations for the inner and outer bulkheads, stiffeners, and 
doors, and the cylinder wall of Chamber V-l are shown in Figure 4.6 through 
4.8.

4.1.3 Capacitance Displacement Transducers

Gap and rotation of the inner and outer doors relative to the bulkhead and 
out-of-plane movement of the doors and bulkheads relative to a reference frame 
were measured using a high temperature displacement transducer that operates 
on a capacitance principle. Additionally, slip of the door relative to the 
bulkhead and the growth of the door frame were also monitored using these 
probes. A total of eighty-four Capacitec Model No. HPC-375I high temperature 
probes and Capacitec Model No. 3200-S amplifier cards were used for this 
purpose. The probes had an operating range of 0.025 to 0.25 in. (0.64 to 6.4 
mm) of a gap between the probe and the target surface. Although the operating 
range was up to 0.25 in. (6.4 mm), the gage had a repeatable non-linear range 
up to 0.40 in. (10 mm).

Each probe consisted of the transducer head and a length of coaxial cable 
sheathed in a stainless steel tube. An extension cable was provided with each 
probe assembly. The coaxial extension cable was sheathed with a flexible 
insulator. Each probe was paired with an extension cable and was calibrated 
as a total assembly. Calibration setup is shown in Figure 4.9.

Each transducer was calibrated individually at ambient temperatures and 
pressures. The curve that relates output voltage from the amplifier to the 
gap between the probe head and target surface is slightly non-linear. A fifth 
order polynomial was fit to each calibration curve to optimize the accuracy of 
the transducer output. For ambient conditions the gages are typically 
accurate to within ±0.5% of full scale. Figure 4.10 shows a typical set of 
calibration data and a fifth order polynomial curve fit for a capacitance 
displacement transducer.

Six capacitance probes were chosen at random and tested to determine the 
effects of elevated temperatures on the following:

(1) Zero drift,
(2) Probe mounting bracket, and
(3) Displacements at elevated temperatures.

Zero drift was measured by placing a target at a constant distance from the 
probe head and measuring the change in voltage of the probe output as 
temperature was increased to 700°F (371°C). All tests indicated that the zero 
drift amounted to less than 0.001 in. (0.03 mm) over a 630°F (332°C) 
temperature difference.

The mounting brackets used to hold the probe in place during the airlock test 
were tested to determine if the mounting system induced fictitious 
displacements. Temperature compensation was determined to result in a change 
of displacement measurement of 0.4% over the full range of temperatures
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Figure 4.5 Strain Gage Rosettes and Thermocouple
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LOCATING POINT _/ TC'S FOR 
TEMPERATURE
COMPENSATION

INSTRUMENTATION X Y 1NSTR.
IDENTIFICATION (IN. ) (IN. ) *

SGB1-001 24.5000 0 107
SGB1-002 40.0000 0 10B

muu
SGB1-003 56.0000 0 109
SGS2-004 * 24.5000 0.5000 011
SGS2-005 * 5B.0000 0.5000 012
SGD2-006 0 1.5000 001

M SGD1-007 0 1.5000 001
SGD2-00B 10.0000 1 .5000 001

m ^ 
m g

SGD1-009 10.0000 1.5000 001
SGD2-010
SGD1-011

0
0

6.8125
6.B125

013
013

SGD2-012 10.0000 6.6125 013
SGD1—013 10.0000 6.B125 013
SGS2-014 * 53.0000 23.0000 113

S-H SGB1-015 53.0000 23.5000 1 12
SGB2-016 40.0000 11.5000 015
SGB1-017 40.0000 11.5000 015
SGB2-01B 56.7500 11.5000 111
SGB1-0IS 56.7500 11.5000 1 10
SGS2-020 21.7500 40.7500 023

"5 SGS2-021 * 42.3400 40.0000 02 4
SGB2-022 0 43.5000 02 B
SGB1-023 0 43.5000 02 B

a: SGB2-024 21.7500 43.5000 026
♦ SGB1-025 21.7500 43.5000 026
M SGB2-026 36.0000 45.5000 114

SGB1-027 *** 36.0000 45.5000 016
u SGB2-02B 0 50.2500 027

SGB1-029 0 50.2500 027
SGB2-030 0.5000 5B.0000 025
SGB1-031 0.5000 58.0000 1 15

SG0E-E
(a) SURFHCE:

METRIC EQUIVALENT: 1 IN. -25.4 MM

(b) CHRMBER:
D - DOOR 
B - BULKHEAD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

BULKHERD _ -
1 i

* - SEE SECTION A-A FOR ORIENTATION 
*** - HORIZONTAL LEG IN RADIAL DIRECTION

VERTICAL LEG IN TANGENTIAL DIRECTION
1

TSTIFFENER
SIM3LRR 
LOCATION 
FOR S2-14 

S2-21

i
3.25 ' FOR 
S2-21

r-0. 125 ’ FOR 
1 S2-04/05/M

TT
s-1.00' (TYP)

t- 1 *SECTION R-R

Figure 4.6 Strain Gage Locations on Inner Door and Bulkhead
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INSTRUMENTATION X Y INSTRUMENT
IDENTIFICATION (IN. ) (IN ) NO.

n SGB2-032 58.0000 0 040
SGS3-033 * 58.0000 0.5000 039
SGD3-034 0 1.5000 04 1

■ S SGD2-035 0 1.5000 042
• a SGB3-036 0 43.5000 049
2 1 SGB2-037 0 43.5000 050
1 M SGB3-03B ## 36.0000 45.5000 051
CE W Ul SGB2-039 36.0000 45.5000 052

SG[£]B_[*] METRIC EQUIVALENT ! 1 IN. - 25.4

(a) SURFHCE:
D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

(b) CHRMBER:

2 4

3~

» - SEE SECTION R-A FOR ORIENTATION 
»* - HORIZONTAL LEG IN RADIAL DIRECTION

VERTICAL LEG IN TANGENTIAL DIRECTION

BULKHEAD SHELL

STIFFENER
1.00

section n-n
180

Figure 4.7 Strain Gage Locations on Outer Door and Bulkhead
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VI—40
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V4-45
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OF BULKHERD

ELEVRTION 
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-WELD SERM

STRAIN GRGES 
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(TOP OF STEEL)

TC'S FOR 
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COMPENSATION

INSTRUMENTATION
IDENTIFICATION
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ABOVE
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•
i y
.§ SCV1-040 I'-S" 45 050
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(a) SURFRCE:

CZ3=

D - DOOR 
B - BULKHERD 
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E - ENVIRONMENT 
T - TRANSDUCER
METRIC EQUIVALENT j

(b) CHRMBER:
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1 FT. - 0.305 M 
1 IN. - 25.4 MM

Figure 4.8 Strain Gage Locations on Chamber V-l Cylinder Wall
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Figure 4.9 Capacitance Probe Calibration Setup



Output Voltage, Vdc

Figure 4.10 Typical Calibration Data and Fifth Order Polynomial 
Fit for Capacitance Displacement Transducer
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The probe heads were heated to approximately 700°F (371°C) and then run 
through the full range of displacements and compared with a similar ambient 
calibration. The end points of the calibration, which ranged from 0.025 to 
0.25 in. (0.64 to 6.4 mm), had the largest error. Five capacitance probes 
were evaluated. The average variation when compared to full scale ambient 
calibration was 1.2% with a maximum of 1.8% and a minimum of 0.7% for a gap 
between the probe and target of 0.025 in. (0.64 mm). For a gap between the 
probe and target of 0.25 in. (6.4 mm), the average variation was -0.06% with a 
maximum of 0.9% and a minimum of -0.5%.

There were major difficulties with these particular probes during installation 
in the airlock test assembly. The stainless steel sheathing is part of the 
electronic circuit and carries an AC signal to the probe. The sheathing was 
provided with a Nextel insulator. However, where the probe penetrated the 
airlock shell, the Nextel fiber jacket was removed. In its place two layers 
of Kapton high temperature insulating tape were wrapped around the stainless 
steel sheath. When inserted in the Conax multiple feed through gland, the 
Kapton tape was inadvertantly scraped off the probe cable, interrupting the 
probe signal. If this was an intermittent problem and was thought to have 
been fixed, the probe signal could possibly have been affected during testing 
yielding erroneous data.

Additionally, capacitance probes located in the lowest part of the deep test 
cell required long extension cables. The length of these extension cables 
increased the relative capacitance of the probe. Although the probe and cable 
combination were calibrated, the total length of the probe conductor and 
extension cable was approaching the limits of total capacitance.

The probes were sensitive to moisture infiltration in high humidity 
environments. Dehumidifiers were installed inside of both the airlock and 
Chamber V-2. There was also a problem with the BNC coaxial cable connectors 
between the probe and extension cable and the extension cable and the 
conditioning circuitry rack. A large amount of time was spent trouble 
shooting these problems. Results for probes in Chamber V-2 were more erratic 
than the probes located in the airlock and Chamber V-l as a result of the 
higher humidities and combined effects of these difficulties. Typical 
gap/rotation and out-of-plane capacitance probe installation in the airlock is 
shown in Figure 4.11. Locations of capacitance type displacement transducers 
are shown in Figures 4.12 through 4.18. Mounting brackets and T-frame details 
are shown in Figures 4.19 through 4.22.

4.1.4 Thermocouples

Type "K" thermocouples were used for monitoring temperatures of the airlock 
doors, bulkheads, stiffeners, and the air inside and outside the airlock. A 
total of 115 thermocouples were installed inside and outside the airlock and 
surrounding chambers. In addition. Type "K" thermocouples were also used to 
monitor the temperature of air leaking past either door seal. A typical 
thermocouple is shown in Figure 4.5.

Thermocouples that were installed on the interior of the airlock and Chambers 
V-l and V-2, were Omega Type "K" thermocouples (Omega Part No. TJ36-CASS- 
11GG), sheathed with a 1/16 in. (1.6 mm) diameter stainless steel tube, with 
the temperature sensing element grounded to the sheath. This thermocouple
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Figure 4.11 Typical Gap/Rotation and Out-of-Plane Capacitance Probe Installation
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19,20

REF. POINT (0,9)
9,10

(6) <S>

+X
270

w

TC'S FOR 
TEMPERATURE 

COMPENSATION

INSTRUMENTATION X Y INSTR.
IDENTIFICATION (IN. ) (IN. ) ♦

TGD2-001 0 -38.6250 021
TRD2-002 0 -36.6250 021
TGD2-003 -17.6846 -36.6846 003
TRD2-004 -16.2704 -35.2704 003
TGD2-005 17.6846 -36.6846 005
TRD2-006 16.2704 -35.2704 005
TGD2-007 # -19.6250 0 007
TRD2-000 -17.6250 0 007
TRD2-009 ^ 17.6250 0 009
TGD2-010 19.6250 0 009
TRD2-011 17.6250 6.5000 009
TGD2-012 19.6250 6.5000 009
TRD2-013 17.6250 13.0000 009
TGD2-0M 19.6250 13.0000 009
TRD2-015 17.6250 19.3750 019
TGD2-016 19.6250 19.3750 019
TRD2-017 17.6250 23.5000 019
TGD2-018 19.6250 23.5000 019
TRD2-019 17.6250 27.6250 019
TGD2-020 19.6250 27.6250 019
TRD2-021 17.6250 31.7500 019
TGD2-022 19.6250 31.7500 019
TGD2-023 -17.6846 36.6846 017
TRD2-02 4 -16.2704 35.2704 017
TGD2-025 17.6846 36.6846 019
TRD2-026 16.2704 35.2704 019
TGD2-027 # 0 38.6250 021
TRD2-028 0 36.6250 021
TGD2-029 6.5000 38.6250 021
TRD2-030 6.5000 36.6250 021
TGD2-031 13.0000 38.6250 019
TRD2-032 13.0000 36.6250 019

METRIC EQUIVALENT: 1 IN. -25 . •! MM

BROCKET DOUBLES 
HS R SUPPORT FOR 
TRANSDUCER FRAME A

TG00-0 (OR) TR00-0

(a) SURFACE:

D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

(b) CHAMBER:

3

Figure 4.12 Gap/Rotation Transducer Locations on Inner Door
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S-ff 56“ 56

47,46

REF. POINT 
(0,0)

36,40

TC'S FOR
TEMPERATURE
COMPENSATION

INSTRUMENTATION X y INSTR.
IDENTIFICATION (IN. ) (IN. ) *

TGD3-033 0 -3B.6250 029
TRD3-034 0 -36.6250 029
TGD3-035 -17.6B46 -36.6B46 031
TRD3-036 -16.2704 -35.2704 031
TGD3-037 17.6846 -36.6846 033
TRD3-03B 16.2704 -35.2704 033
T GD3-039 -19.6250 0 035
TRD3-040 -17.6250 0 035
TRD3-041 17.6250 0 037
TGD3-042 19.6250 0 037
TRD3-043 17.6250 13.0000 037
TGD3-044 19.6250 13.0000 037
TRD3-045 17.6250 27.6250 045
TGD3-046 19.6250 27.6250 045
TRD3-047 17.6250 31.7500 045
TGD3-04B 19.6250 31.7500 045
TGD3-049 -17.6B46 36.6846 043
TRD3-050 -16.2704 35.2704 043
TGD3-051 17.6846 36.6846 045
TRD3-052 16.2704 35.2704 045
TGD3-053 0 38.6250 047
TRD3-054 0 36.6250 047
TGD3-055 6.5000 38.6250 047
TRD3-056 6.5000 36.6250 047
T GD3-057 13.0000 38.6250 045
TRD3-05B 13.0000 36.6250 045

METRIC EQUIVALENT : 1 IN. - 25.4 MM

TG00-0 (OR) TR 0 0-E
(a) SURFRCE:

D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

(b) CHRMBER:

3

180

Figure 4.13 Gap/Rotation Transducer Locations on Outer Door
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NOTE THE ORIENTRTION OF 
THE +X AXIS

INN ER DOOR TC'S FOR 
TEMPERATURE 
COMPENSATION

INSTRUMENTATION X Y INSTR. CHANNEL
IDENTIFICATION CIN. ) CIN. ) # *

TSD1-053 0 -42.2500 002 261
TSD1-060 23.2500 0 . 006 287
TSD1-061 -23.2500 0 010 263 j
TSD1-062 0 42.2500 022 461

OUTER DOOR TC'S FOR 
TEMPERATURE 

COMPENSATION

INSTRUMENTATION X Y INSTR.
IDENTIFICATION CIN. ) CIN. > ♦

TSD2-063 0 -42.2500 030
TSD2-064 23.2500 0 036
TSD2-065 -23.2500 0 036

j TSD2-066 0 42.2500 046

METRIC EQUIVALENT j 1 IN. - 25.4 MM

TS00-0
(a) SURFACE:

D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

Cb) CHAMBER:

2 4
T"

Figure 4.14 Slip Transducer Locations on Inner and Outer Doors
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TO00-S
(a) SURFRCE:

METRIC EQUIVALENT : 1 IN. - 25.4 MM

DOOR
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V - SLEEVE 
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Figure 4.15 Inner Door Structural Stiffener Frame Transducers
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+ X
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TC'S FOR 
TEMPERATURE 
COMPENSATION

INSTRUMENTATION X Y INSTR.
IDENTIFICATION (IN. > (IN. ) ♦

TOD2-063 0 0 037
TOD2-070 10.0000 0 036
TOD2-071 16.2500 0 036
TOD2-072 0 6.B12S 037
TOD2-073 0 13.6250 037
TOD2-074 0 20.4375 098
TOD2-075 0 27.2500 098
TOD2-07B 0 35.2500 099

METRIC EQUIVRLENT

TO00-S
(a) SURFRCE:

D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

> - INDICRTES R TRANSDUCER 
LOCATION

1 IN. - 25.4 MM

(b) CHRMBER:

Figure 4.16 Out-of-Plane Transducers for Inner Door (Inside Shroud)
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TOB2-081

TOB2-080 ^ TOS2-079

FRRME

TC'S FOR 
TEMPERATURE 
COMPENSATION

INSTRUMENTATION X Y INSTR.
IDENTIFICATION (IN. ) (IN. ) *

TOS2-077 29.5000 0 100
TOS2-078 49.0000 0 100
TOS2-079 21.7500 40.7500 101
TOB2-080 0 47.5000 102
TOB2-081 0 57.7500 102

METRIC EQUIVRLENT : 1 IN *= 25.4 MM

1000-0
Ca) SURFRCE:

D - DOOR 
B - BULKHEAD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

t> - INDICRTES R TRANSDUCER 

LOCRTION

(b) CHRMBER:

Figure 4.17 Out-of-Plane Transducers for Inner Door Bulkhead/Stiffener
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TC'S FOR 
TEMPERATURE 

COMPENSATION

INSTRUMENTATION X Y INSTR.
IDENTIFICATION (IN. ) CIN. ) *

TOD3-082 0 0 103
TOS3-083 29.5000 0 104
TOB3-084 0 47.5000 105

METRIC EQUIVALENT : 1 IN = 25.4 MM

toHE-E
Ca) SURFACE:

D - DOOR 
B - BULKHEAD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

(b) CHAMBER:

(3
iJ4
jj

t> - INDICATES A TRANSDUCER 

LOCATION

Figure 4.18 Out-of-Plane Transducers for Outer Door and Bulkhead/Stiffener
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DOOR

BULKHERD

ROTRTION
GRP

TRANSDUCER BRRCKET FOR 
GRP/ROTATI ON RT THE DOOR CORNERS

METRIC EQUIVALENT : 1 IN. = 25.4 MM

GAP/ROTATION 
TRANSDUCER BRACKET

DOOR

BULKHEAD

JTU43

FRAME A

DOOR FRAME

TRANSDUCER BRACKET FOR GAP/ROTATION

o o

SECTION X-X

Figure 4.19 Gap/Rotation Transducer Bracket for Inner and Outer Doors and Out-of-Plane T-Frame A
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BULKHERD
25.4 MMMETRIC EQUIVRLENT : 1 IN

Figure 4.20 Door Slip Transducer Bracket
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CRBLE RSSEMBLY

SPRING

TRANSDUCER

(2) 5-40
SET SCREWS

-20UNC-2R
CAP SCREWS

RSSEMBLY FOR
OUT OF PLRNE TRANSDUCERS

DRILL S. TRP 
STIFFENER FOR 
8-32 THREADED 
PLUG, l/Z" DEE

SEE RSSEMBLY DET'S 
FOR OUT-OF-PLANE 
TRANSDUCERS 
(THIS DRAWING)

DOOR FRAME

METRIC EQUIVALENT s 1 IN. - 25.4 MM
ELEVATION VIEW OF THE 

INNER DOOR FRAME TRANSDUCERS

Figure 4.21 Inner Door Frame Out-of-Pl ane Transducer Bracket
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.DOOR, BULKHERD 
OR STIFFENER

BULKHERD

RIRLOCK OR CHRMBER V-2

DRILL & TRP -J 
FOR 8-32 THD'D 
PLUG x 1/2" DEEP

9/16" HOLE 
THIS SIDE

3/16
3/16

LOCATED RT 0 90 & 270 DEG.

0* END OF FRAME B 
(ONLY)

FRAME B & C

METRIC EQUIVALENT 1 IN 25.4 MM

Figure 4,22 Out-of-Plane Transducer Bracket Details for T-Frames B and C
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design was chosen to provide a leak tight seal. The thermocouples installed 
outside of the airlock assembly consisted of custom made thermocouples made of 
Type "K" 22 ga. thermocouple wire.

Thermocouples measuring air temperature were suspended in the air at their 
predetermined position. Thermocouples installed on the surface of the doors, 
bulkheads, or stiffeners were fixed to the surface using a metal strap spot 
welded to the steel surface. This tie down system was the same one used for 
the strain gages. Thermocouples were accurate to within ±4°F (2.2°C) of the 
reading over the temperature range 32 to 530°F (0 to 277°C) and ±0.75% of the 
reading over the temperature range 530 to 2300°F (277 to 1260°C). Thermo­
couple locations are shown in Figures 4.23 through 4.29.

4.1.5 Pressure Transducers

Pressure transducers used to monitor pressures in Chambers V-l, V-2, and the 
airlock were manaufactured by Sensotec. Pressure Transducers PT-06, PT-08, 
PT-09, and PT-10 were Sensotec Model Z general purpose gage pressure 
transducers with a pressure range of 0 to 500 psig (0 to 3.45 MPa). The 
accuracy of these pressure transducers was within ±1.0% of the full scale. 
Pressure Transducers PT-06 and PT-09 were the most accurate transducers used 
to measure pressures in Chamber V-l and the airlock, respectively. Pressure 
Transducer PT-23 was also a Sensotec Model Z general purpose gage pressure 
transducer with a pressure range of 0 to 15 psig (0 to 103.4 kPa).

Since the operating temperature of these transducers was much lower than the 
temperatures anticipated during the high temperture test, the pressure 
transducers were located on the control panel in the trailer approximately 250 
ft (76.2 m) from the airlock. Pressure transducers were calibrated just prior 
to Test 2C. General locations where pressures were measured in the system are 
shown in Figure 3.2.

4.1.6 Cantilever Beam Displacement Sensors

The overall diameter growth of Chamber V-l just below the weld seam between 
the airlock and Chamber V-l cylinder wall was measured using a cantilever type 
displacement transducer. The cantilever beam transducers were designed, 
fabricated, and calibrated by CBIRC. The transducers were calibrated in 
place. The cantilever beam was connected to the airlock by a length of INVAR 
wire rod. The transducers were located 4 ft (1.22 m) from the outside surface 
of Chamber V-l cylinder wall. Air temperatures at a distance of 18 in. (457 
mm) from the outer surface of Chamber V-l did not exceed 124°F (51°C). INVAR 
is thermally stable with a very low coefficient of expansion. These 
transducers were not temperature compensated. The cantilever beam 
displacement transducers are accurate to within ±1.0% of the reading. 
Cantilever beam displacement transducer locations are shown in Figure 4.30.

4.2 Computers and Data Acquisition System

The overall computer and data acquisition system setup is shown schematically 
in Figure 4.31. The data acquisition system consisted of an HP3497A data 
acquisition unit with three HP3498A extender units.
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The data acquisition system was located in the building with the airlock while 
the computers were located in the trailer approximately 250 ft (76.2 m) 
away. A remote extender unit was used to transmit data from the data 
acquisition system to Computer No. 1.

Computer No. 1 performed the following tasks:

(1) Continuously monitored a small number of selected transducers,
(2) Relayed the process signal from the Omron controller to the

appropriate isolated honed flow section, and
(3) On command by operator, scanned all data channels and transmitted 

voltage data to Computer No. 2.

Computer No. 1 returned to the monitoring mode after Computer No. 2 received 
the data and acknowledged data transfer was complete. Computer No. 2 then 
performed the following tasks:

(1) Reduced voltage data for each transducer into engineering units,
(2) Stored voltage and engineering data on floppy disk,
(3) Stored voltage and engineering data on hard disk,
(4) Printed engineering data on paper, and
(5) Updated a plot of the output from up to eight selected transducers 

that was displayed on the computer screen.
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Ll B2-9

INSTRUMENTATION X Y
IDENTIFICATION (IN. ) (IN. )

TCD2-00! A 5.0000 1.5000
TCD1-002 A 0 -42.2500
TCB2-003 A -18.6569 -37.6569
TCD1-004 A -22.5178 -41.5178
TCB2-005 A 18.6569 -37.6569
TCD1-006 A 22.5178 -41.5178
TCB2-007 A -21.0000 0
TCD1-008 A -23.2500 0
TCB2-009 A 21.0000 0
TCD1-010 A 23.2500 0
TCS2-011 * 24.5000 0.5000
TCS2-012 * 58.0000 0.5000
TCD1-014 5.0000 1.5000
TCB2-015 40.0000 11.5000
TCB1-016 36.0000 45.5000
TCB2-017 £ -18.6569 37.6569
TCD1-018 £ -22.5178 41.5178
TCB2-019 £ 18.6569 37.6569
TCD1-020 £ 22.5178 41 .5178
TCB2-021 & 0 40.0000
TCD1-022 £ 0 42.2500
TCS2-023 21.7500 40.7500
TCS2-024 * 42.3400 40.0000
TCB2-025 0.5000 58.0000
TCB1-026 21.7500 43.5000
TCB2-027 0 50.2500
TCB1-028 0 43.2500
TCB1-107 24.5000 0
TCB1-108 40.0000 0
TCB1-109 58.0000 0
TCB1-110 56.7500 11.5000
TCB2-111 56.7500 11.5000
TCB1-112 53.0000 23.5000
TCS2-113 # 53.0000 23.0000
TCB2-114 36.0000 45.5000
TCB1-115 0.5000 58.0000

tcHEI-E
(a) SURFRCE: (b)

D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT

* - SEE SECTION R-R FOR LOCRTION 
A" SEE SECTION B-B FOR DETAILS 
METRIC EQUIVALENT s 1 IN. - 25.4 MM

CHRMBER:

<,Ss-E*r-
I \_LOCRTING 

POINT

SECTION B-B

Figure 4.23 Thermocouple Locations on Inner Door and Bulkhead
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BULKHEAD
SHELL

.STIFFENER -I
J
T

• 1.00

-1"

SECTION R-fl

NOTE - STRAIN GAGES SHOWN 
FOR REFERENCE ONLY

V.LOCATING POINT

INSTRUMENTATION
IDENTIFICATION

X
(IN. )

Y
(IN. )

TCB3-029 A 0 -40.0000
TCD2-030 A 0 -42.2500
TCB3-031 A -10.6569 -37.6569
TCD2-032 A -22.5178 -41.5178
TCB3-033 A 10.6569 -37.6569
TCD2-034 A 22.5178 -41.5178
TCB3-035 A -21.0000 0
TCD2-03S A -23.2500 0
TCBS-037 A 21.0000 0
TCD2-038 A 23.2500 0
TCS3-039 * 50.0000 0.5000
TCB2-040 58.0000 0
TCD3-041 0 1.5000
TCD2-042 0 1.5000
TCB3-043 A -18.6569 37.6569
TCD2-044 A -22.5178 41 .5178
TCB3-045 A 18.6569 37.6569
TCD2-046 A 22.5178 41 .5178
TCB3-047 A 0 40.0000
TCD2-04B A 0 42.2500
TCB3-049 0 43.5000
TCB2-050 0 43.5000
TCB3-05l 36.0000 45.5000
TCB2-052 36.0000 45.5000

TC00-0
(a) SURFACE:

D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

(b) CHAMBER:

A - SEE SECTION B-B FOR DETAILS 
* - SEE SECTION A-A FOR LOCRTION 
METRIC EQUIVALENT : 1 IN - 25.4 MM

SECTION B-B

Figure 4.24 Thermocouple Locations on Outer Door and Bulkhead
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. TC IN OUTS.
/ ENVIRONMENT

I /

ZS'-S 13/16

-ELEV.- 24'-0" 

ELEV.= 22'-4 5/16
(TOP OF BULKHERD)

ELEVl- 20'-3 

19 ■'-2ELEV

76,77,70
4 ELEV. 16'-0

70,71,72
12'-11

4 ELEV

■ ELEV 
ELEV.

56,57,50 (TOP OF BULKHERD) 
" ELEV

ELEV
(TOP OF STEEL)

TC ON SLEEVE
(TYP)

(TYP)TC IN INSIDE 
ENVIRONMENT

120 deg 120 deg

SECTION R-R

\
V-LOCRTING POINT

INSTRUMENTATION
IDENTIFICATION ELEVATION AZIMUTH

TCV3-053 5'-l0' 0
TCV3-054 5'-10a 120
TCV3-055 5'-l0m 240
TCE4-05G 5'-l0m 0
TCE4-057 5 # — 10* 120
TCE4-058 510* 240
TCE2-059 8'-3" 0
TCE2-060 8'-3' 180
TCV2-061 9'—10* 0
TCV2-062 9'-10’ 120
TCV2-063 9'-10" 240
TCE4-064 9'-10' 0
TCE4-065 910* 120
TCE4-066 9'-10* 240
TCV2-067 12'-ir 0
TCV2-068 121 * 120
TCV2-069 12'-11 * 240
TCE4-070 12'-11 * 0
TCE4-071 12'-11 * 120
TCE4-072 12'-U* 240
TCV2-073 !S'-0* 0
TCV2-074 16'-0* 120
TCV2-075 16'-0* 240
TCE4-076 16'-0* 0
TCE4-077 16'-0* 120
TCE4-07B 16'-0* 240
TCV2-079 19'-2 * 0
TCV2-0B0 19 ' -2 * 120
TCV2-0B1 19'-2* 240
TCE4-0B2 to ro 0
TCE4-0B3 19'-2 * 120
TCE4-0B4 19'-2 * 240
'TCE2-0B5 20'-3 * 0
TCE2-0B6 20'-3 * 180
TCE1-0B7 24'-0* 0
TCE1-0BB 24'-0 * 120
TCE1-0B9 24'-0* 240
TCV1-090 25'-5 13/16* 45
TCV1-091 25'-5 13/16* 165
TCV1-092 25'-5 13/16* 285
TCE4-093 25'-5 13/16* 0
TCE4-094 25'-5 13/16* 120
TCE4-095 25'-5 13/16* 240

TC00-0
(a) SURFRCE:

D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER
METRIC EQUIVALENT : 1 IN.

1 FT.

(b) CHRMBER:

2 4 
3~

25.4 MM 
0.305 M

Figure 4.25 Locations of Environmental Thermocouples and Cylinder Wall Surface Thermocouples
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TCT2-98

TCT2-97

Lfrrme r

INDICRTES R TRANSDUCER 
LOCRTION

INSTRUMENTATION
IDENTIFICATION

TRANSDUCERMOUNTEDNERR
TCT2-09G
TCT2-097
TCT2-09B
TCT2-099

TOD2-070
TOD2-072
TOD2-074
TOD2-07G

METRIC EQUIVALENT : 1 IN - 25.4 MM

TC00-0
Ca) SURFACE:
D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

Cb) CHAMBER:

2 4
3

^IRLLULl )m \DOOR

FRAME "R" _/ (SIDE OPPOSITE 
SET SCREWS)

V_THERMOCOUPLE 
SECURED WITH FLHNGE MRTERIRL

.TRANSDUCER

VIEW R-R

Figure 4.26 Thermocouple Locations on Capacitance Transducer Frame A
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TCT2-100

INDICRTES fl TRANSDUCER 
LOCRTION

INSTRUMENTATION
IDENTIFICATION

TRANSDUCER
MOUNTED

ON
TCTZ-100
TCTZ-101
TCTZ-10Z

TOSZ-77
TOSZ-79
TOBZ-80

TC00-H
(a) SURFRCE:

D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRANSDUCER

Cb) CHRMBER:

T
Z 4

”5”

TRANSDUCER RSSM 
(SIDE OPPOSITE 
SET SCREWS) THERMOCOUPLE 

SECURED WITH 
FLHNGE MRTERIRLFRAME B

VIEW R-n

Figure 4.27 Thermocouple Locations on Capacitance Transducer Frame B
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TRRNSDUCER RSSM 
(SIDE OPPOSITE 
SET SCREWS)

FRRME C

THERMOCOUPLE 
SECURED WITH 
FLRNGE MATERIAL

INSTRUMENTATION
IDENTIFICATION

TRANSDUCER
MOUNTED

ON

TCT3-103
TCT3-104
TCT3-105

TOD3-0B2
TOS3-0B3
TOB3-0B4

TC00-S
(a) SURFRCE:

180

> - INDICRTES R TRRNSDUCER 
LOCRTION

D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRRNSDUCER

(b) CHRMBER:

Figure 4.28 Thermocouple Locations on Capacitance Transducer Frame C



__ THERMOCOUPLE 
\ SECURED WITH \ FLRNGE MRTERIRL

BRRCKET _TRRNSDUCER RSSM
(SIDE OPPOSITE 
SET SCREWS)DOOR FRRME

VIEW H-R

INSTRUMENTATION
IDENTIFICATION

TRRNSDUCER
MOUNTED

ON
TCT2-106 TDS2-067

TC00-0
(a) SURFRCE:

D - DOOR 
B - BULKHERD 
S - STIFFENER 
V - SLEEVE 
E - ENVIRONMENT 
T - TRRNSDUCER

Cb) CHRMBER:

Figure 4.29 Thermocouple Location on Inner Door Frame Capacitance Transducer
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Figure 4.30 Cantilever Beam Displacement Transducer Locations
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COMPUTER NO. 1
TEST

MONITORING h DHTR RCQ,

COMPUTER NO.2
TEST DRTR

REDUCTION, REVIEW k STORRGE

HP 310

TEST BUILDINGCOMM. ♦ CHANNELS SLOTS USED CHANNELS USEDDESCRIPTION OF CARD USED
DC POWER

100 CHANNELS 5 OPTION 020 SLOTS 0-4 CHANNELS 0-B3

8 CAPAC1TEC CHANNELS 0-17
OPTION 3200-S

9 CAPACITEC
OPTION 3200-S

18 CHANNELS 9 CAPACITEC CHANNELS 36-S3
OPTION 3200-S

9 CAPACITEC 
OPTION 3200-S

12 CHANNELS CHANNELS 72-838 CAPACITEC
OPTION 3200-S

|DC POWER
(FULL BRIDGE) ■148, 180-188

OPTION CHANNELS 220-278
20 CHANNELS SLOT S CHANNELS 280-288

80 CHANNELS (FULL BRIDGE) OPTION CHANNELS 300-308, 320-328, 340-348, 380-388, 380-388, 400-408
CHANNELS 420-478

20 CHANNELS OPTION CHANNELS 480-488

(FULL BRIDGE) CHANNELS S00-502
20 CHANNELS OPTION

OPTION
OPTION
OPTION

SLOT 1 CHANNELS 320-322
80 CHANNELS CHANNELS 540-616
10 CHANNELS (FULL BRIDGE) CHANNELS 820-629 (620-623 FOR CBDT 124-628 FOR PRES.TRANS)20 CHANNELS SLOT 7 CHANNELS 840-841 (FOR FLOWMETERS)

CONDITIONIWC

CONDITIONING

CONDITIONING
321B-r

[SI
CAPACITEC
3218-A0

CONDITIONING

C3I
CAPACITEC
321B-A0

CONDITIONING

DRTR ACQUISITION
HP 3487A ♦!

UNIT

EXTENDER

Figure 4.31 Computer and Data Acquisition System



5.0 ACCELERATED AGING OF DOOR GASKET SEALS

The gaskets used in the airlock door seals were subjected to an accelerated 
aging process to simulate both in-service radiation and thermal aging over a 
40-year service life and a loss-of-coolant-accident (LOCA). Radiation aging 
was not practical due to the size of the door. Accelerated aging of both the 
inner and outer door gaskets was achieved by heating the gasket while in the 
door with the door closed and latched. Heating elements were installed under 
the doors between the main structural stiffeners. The bulkheads, doors, and 
cylinder walls were insulated to contain the heat around the gasket seal and 
force the heat distribution to be more uniform around the gasket. The gasket 
aging heating system is shown in Figure 5.1. Heating control was accomplished 
using the same heating control system as described in Section 3.0 of this 
report.

Thermocouples, made up at CBIRC from Type "K" thermocouple wire, were 
installed in eight locations on both the inner and outer doors as shown in 
Figure 5.2. Thermocouples were attached to the structure using spot welded 
metal straps, shown in Figure 5.3. The thermocouples were then covered with a 
layer of Kaowool insulation to protect the thermocouple from radiant heat 
exposure and to more realistically measure the structural steel surface 
temperatures.

The thermocouples were scanned and resultant temperatures recorded every 
fifteen minutes for the duration of the aging process with an HP71 computer 
and an HP3421A digital data acquisition system. Each door had a separate 
system to record temperatures and a hard copy of data was printed out and 
stored on floppy disk immediately after each scan.

The original goal of the accelerated aging process was to heat the gasket seal 
for 168 hours (7 days) at a temperature of 370°F (188°C). D. Clauss of SNL 
defined the temperature and time period over which the gasket should be 
exposed to achieve the desired aging. In his derivation, Clauss states:

"Based on data obtained from Presray,13 the compression set 
retention in EPDM E603 is affected more strongly by radiation 
aging than thermal aging. The compression set retention in E603 
o-ring gaskets after exposure to 200 Mrad is 95%; for 100 Mrad it 
reduced only slightly to 92.5%. It was assumed that compression 
set retention from radiation aging and from thermal aging could 
not be superposed. Thus, accelerated thermal aging corresponding 
to approximately 95% compression set retention was desired to 
simulate the effect of radiation and thermal aging for a 40 year 
service life and a LOCA. The time and temperature were related by 
using the Arrhenius model with the constants determined by 
extrapolating available data. The equation is:

t = Bee/kT 5-1

where t is time in hours, B is a constant 
compression set retention (1.56x10"^),
activation energy (1.01 eV), k is Boltzmann's constant (8.63x10

corresponding to 95% 
0 is the apparent

eV/°K) and T is the temperature in °K. In order to minimize the 
time required for aging, t was arbitrarily chosen to be 168 hours; 
then, equation 5.1 is satisfied with T equal to 370°F."
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Figure 5.1 Seal Aging Heater Hardware and Control Assembly
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8 i 12 14

DOOR_____
STIFFENER

DOOR

THERMOCOUPLE
(TYP)

SECTION B-B

Figure 5,2 Thermocouple Locations for Gasket Seal Aging
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A. Thermocouple Installation

B. Thermocouple Covered with Kaowool Insulation

Figure 5.3 Thermocouple Installation for Seal Aging
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Real time events required gradual heating of the surrounding bulkhead and door 
up to the target temperature and adjusting heating control and insulation to 
get the proper heating distribution. After the heaters were turned off, 
insulation was removed and the bulkheads were allowed to cool to ambient.

Aging is normally done under a fixed deformation condition. The dead weight 
of the door was on the gasket as well as the force imparted on the door by the 
latching mechanism, with no constraint on deformation. This is a more 
realistic boundary condition for the gasket seal as the doors in the airlock 
are normally latched closed.

The actual heating period, average temperature, maximum and minimum variations 
from average, and ramp time for temperature increase are listed in Table 5.1.

Table 5.1

Gasket Seal Aging Summary

Door Avg Temp. Temp. Variation (°F) Heating Duration (Hr)
Location (°F]Maximum Mi ni mum Ramp @ Temp.

Inner 369 +14 -21 12 172

Outer 365 +17 -32 16 172

Metric Equivalent: °C = S/9 *(dF - 32)

The temperature versus time relationship for the inner and outer door heating 
is shown in Figure 5.4. The duration of heating was 172 hours rather than 168 
hours. The average temperature was initially approximately 350°F (177°C) for 
almost 30 hours for each door. The additional 4 hours were included to offset 
the effect of the lower initial temperatures.

As a result of the accelerated aging process, the seals were deformed to the 
point that the interspace gap and the double dog ear cross-section were no 
longer recognizable. At several locations around the door perimeter the aged 
gasket flowed into the space between the door and the bulkhead. This material 
between the door and the bulkhead prevented full compression of the gasket and 
metal-to-metal contact between the door and bulkhead. Condition of the gasket 
before and after accelerated aging is shown in Figure 5.5.

There was concern about the sealing capability of the aged gaskets. CBIRC and 
SNL considered replacing the aged gasket seals with the spare set of new 
gaskets. However, it was agreed that damage to the gaskets as'a result of 
thermal aging should be expected, regardless of the circumstances. Therefore, 
two additional tests were added to the test plan, known as Tests 1AA and 
IBB. The objective of these tests was to observe the sealing capability of 
each of the aged gaskets at ambient temperatures. The gasket seals were 
installed in the door, and the appropriate chamber was pressurized to 69 psig 
(475 kPa). Leak rates for each door were measured. Since no leakage for 
either door was observed, the thermally aged gaskets were used for the 
remaining tests.
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INNER AIRLOCK DOOR SEAL AGING TEMPERATURES
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Figure 5.4 Average Temperature versus Time for Accelerated 
Aging of Gasket Seals
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Figure 5.5 Gasket Seal Before and After Accelerated Aging
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6.0 COMPRESSION SET RETENTION MEASUREMENTS

Compression set retention is the physical dimensional measurement of the 
permanent deflection retained by the flexible gasket seal as a result of long 
term sustained loads. In particular, the gasket seals were under sustained 
thermal and physical loadings during accelerated aging and during the high 
temperature and pressure test. Compression set retention measurements 
establish time dependent permanently retained deformations. The measurements 
that were made for compression set retention were loosely based on ASTM 
Designation: D395-78. Fixed deformations or constant loads were not applied, 
nor were the time limitations set in the procedure followed.

Prior to making compression set retention measurements, the doors were closed 
without the gaskets in place. With the doors in metal-to-metal contact with 
the bulkhead, the doors were shimmed for proper alignment. High spots in the 
machined surfaces were identified and ground down. The doors were then closed 
and the gaps between the metal-to-metal contact were measured using feeler 
gages. Results of these measurements are shown in Figures 6.1 and 6.2. The 
gaps at several locations between the door and bulkhead were greater than 
0.005 in (0.13 mm), which were greater than design allowables. CBI Services 
staff, with field experience in maintaining personnel airlocks, confirmed that 
this nonconformity was also observed in actual installations and that the 
nonconformance was often accepted since it did not preclude a good seal. 
However, Tests 1AA and IBB established that the gaskets formed an adequate 
seal.

Compression set retention measurements were taken for both the inner and outer 
doors at ambient temperatures. As a baseline measurement, the door was 
latched shut for a minimum of 12 hours. In the latched position, the gap 
between the machined surfaces of the door and bulkhead were measured using 
feeler gages, as shown in Figure 6.3.

Next, the door was unlatched and allowed to remain in the unlatched position 
for a minimum of 1 hour with the dead weight of the door on the seal. Gaps 
between the door and bulkhead were again measured for each door.

After accelerated aging of the gasket seals was completed and the temperatures 
had returned to ambient, the door was unlatched and allowed to remain in the 
closed position with the dead weight of the door on the gasket for a minimum 
of one hour. Gaps between the door and bulkhead were again measured for each 
door.

Following Test 3B and after approximately 8 months had elapsed (due to a 
contract delay following Test 3B), the final compression set retention 
measurements were taken. The door was unlatched and allowed to remain in the 
closed position with the dead weight of the door on the gasket for a minimum 
of 1 hour. Gaps between the door and bulkhead were again measured for each 
door.

Results of these measurements are shown in Tables 6.1 and 6.2. Those 
measurements missing for the inner door in Table 6.1 are a result of the seal 
extruding into the gap and not leaving any room to take the measurement. 
Additionally, the depth of gasket seal gland for both doors is also presented 
in Tables 6.1 and 6.2.
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Figure 6»1 Gap Between Inner Door and Bulkhead 
When in Metal-to-Metal Contact
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Figure 6.3 Gap Measurement Between Bulkhead and
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Table 6.1

Inner Door Compression Set Retention Measurements

Location Groove 
Depth 
(i n.)

Gap Measurement (in.)

Pri or to Aging After
Seal

Aging
Unlatched

hau

After
Test

3B
Uniatched 

hau

Door
Latched

hul

Door
Uniatched 

huu

27 (0°) 0.6900 0.115 0.160 0.067 —

23 0.6919 0.109 0.160 0.059 —

7 (90°) 0.6918 0.086 0.185 0.055 0.032

3 0.6931 0.123 0.213 0.076 0.042

1 (180°) 0.6928 0.133 0.218 0.084 0.044

5 0.6875 0.128 0.217 0.086 0.043

10 (270°) 0.6918 0.087 0.187 0.062 0.030

12 0.6941 0.086 0.182 0.061 —

14 0.6942 0.087 0.179 0.061 —

16 0.6938 0.089 0.174 0.062 —

18 0.6932 0.092 0.171 0.063 —

20 0.6921 0.095 0.168 0.064 0.010

22 0.6923 0.100 0.165 0.066 —

25 0.6915 0.106 0.162 0.067 —

31 0.6905 0.109 0.159 0.066 —

29 0.6900 0.113 0.160 0.066 —

Metric Equivalent: 1 in. = 25.4 mm

To convert to "compression set retention", 

use the equation below:

h - h r _ uu au
h.uu 'ul

x 100

270

MEASUREMENT LOCATIONS
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Table 6.2

Outer Door Compression Set Retention Measurements

Location Groove
Depth
(in.)

Gap Measurement (in.)

Prior to Aging After
Seal
Aging

Uniatched
hau

After
Test

3B
Unlatched

hau

Door
Latched

hul

Door
Unlatched

huu

53 (0°) 0.6873 0.130 0.174 0.074 0.045

49 0.6869 0.129 0.173 0.071 0.045

39 (90°) 0.6875 0.107 0.187 0.058 0.040

35 0.6870 0.134 0.206 0.074 0.050

33 (180°) 0.6874 0.135 0.198 0.070 0.041

37 0.6870 0.126 0.191 0.064 0.040

42 (270°) 0.6878 0.097 0.174 0.050 0.029

44 0.6888 0.096 0.177 0.056 0.032

46 0.6889 0.102 0.173 0.061 0.034

48 0.6890 0.104 0.172 0.063 0.039

51 0.6874 0.108 0.170 0.064 0.040

57 0.6885 0.115 0.169 0.070 0.038

55 0.6872 0.126 0.171 0.072 0.041

Metric Equivalent: 1 in. = 25.4 mm
0

To convert to "compression set retention", 

use the equation below:

h - h r _ uu au
h - h , uu ul

100

53! 55 57

.._.J__

48
4G

W I V
35 3?

MEASUREMENT LOCATIONS
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7.0 TEST PROCEDURES

During this test program there were three main test configurations. Tests 1A, 
1AA, 2A, and 3A were performed using one procedure. Tests IB, IBB, 2B, and 3B 
were performed using a procedure similar to Tests 1A, 1AA, 2A, and 3A. Test 
2C was performed using a separate test procedure. This section describes the 
three basic test procedures used for this test program. Table 7.1 lists each 
test performed in chronological order and gives a brief description of the 
test.

7.1 Tests 1A, 1AA, 2A, and 3A

Chamber V-l was pressurized to 40 psig (276 kPa) in 5 psi (34.5 kPa) 
increments. Chamber V-l was then pressurized in 10 psi (69.0 kPa) increments 
to 60 psig (414 kPa) and was then pressurized to approximately 69 psig (476 
kPa) on the final pressure increment. Data were recorded prior to beginning 
pressurization, and after each increment of pressure. After pressure had 
reached its maximum and data were recorded, pressure was decreased in several 
increments to atmospheric conditions. Strain gages, thermocouples, and 
displacement transducers were not installed for Tests 1A and 1AA.

7.2 Test IB, IBB, 2B, and 3B

Chamber V-l and the airlock were pressurized to 40 psig (276 kPa) in 5 psi 
(34.5 kPa) increments. Chamber V-l and the airlock were then pressurized in 
10 psi (69.0 kPa) increments to 60 psig (414 kPa) and was then pressurized to 
approximately 69 psig (476 kPa) on the final pressure increment. Data were 
recorded prior to beginning pressurization, and after each increment of 
pressure. After pressure had reached its maximum and data were recorded, 
pressure was decreased in several increments to atmospheric conditions. 
Strain gages, thermocouples, and displacement transducers were not installed 
for Tests IB and IBB.

7.3 Test 2C

The beyond design test was performed in accordance with the basic test outline 
described in Section 1.1, "Test Philosophy". This test was completed in three 
distinct load cycles that included target air temperature plateaus of 400°F 
(204°C) and 800°F (427°C), and pressures in Chamber V-l of up to 300 psig 
(2.07 MPa).

The first load cycle began by establishing a pressure in Chamber V-l of 10 
psig (69 kPa). Temperature controller setpoints were set at 400°F (204°C). 
The air temperature above the inner door in Chamber V-l was allowed to 
stabilize. By partially opening pressure control valve PCV-5B, heated air was 
blown on the inner door seal. After temperatures of air and steel had 
stabilized at the first temperature plateau, pressure in Chamber V-l was 
increased to 300 psig (2.07 MPa) in 10 psi (69 kPa) increments. Pressure was 
then reduced to 10 psig (69 kPa) in approximately 25 psi (172 kPa) 
increments. This load cycle established that the airlock could survive a 
pressure greater than any pressure an LWR containment is likely to survive. 
In addition, the integrity of the gasket seal was tested when exposed to a 
temperature that may have caused leakage due to degradation resulting from 
thermal aging.
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Table 7.1

Chronological Order and Description of Testing

Test Test
Designation Description

Leak rate test of airlock inner door without the gasket.
1A The inner door was subjected to a pressure of 69 psig 

(476 kPa) at ambient temperature.

1 B
Leak rate test of airlock outer door without the gasket.
The outer door was subjected to a pressure of 69 psig 
(476 kPa) at ambient temperature.

1AA
Leak rate test of airlock inner door with accelerated aged 
gasket in place. The inner door was subjected to a press­
ure of 69 psiq (476 kpa). Not originally planned.

1 BB
Leak rate test of airlock outer door with accelerated aged 
gasket in place. The outer door was subjected to a press­
ure of 69 psiq (476 kpa). Not originally planned.

2A
Leak rate test of airlock inner door with gasket in place 
and full instrumentation. The inner door was subjected 
to 69 psig (476 kPa) at ambient temperature.

2B
Leak rate test of airlock outer door with gasket in place 
and full instrumentation. The outer door was subjected 
to 69 psiq (476 kPa) at ambient temperature.

2C
Leak rate test of the entire airlock subjected to severe 
accident conditions. The airlock inner door was subjected 
to 300 psig (2.07 MPa) and 850°F (454°C).

3A
Leak rate test of the airlock inner door after Test 2C. The 
gasket was undisturbed and the inner door was subjected 
to a maximum pressure of approx. 16 psig (110 kPa). 
Could not reach 69 psiq (476 kPa) due to leaking seal.

3B
Leak rate test of the airlock outer door after Test 2C. The 
gasket was undisturbed and same pressure as Test 2B.
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The second load cycle began by changing the temperature controller setpoints 
to 800°F (427°C). Pressure in Chamber V-l was maintained at approximately 10 
psig (69 kPa). The air temperature above the inner door in Chamber V-l was 
allowed to stabilize. Pressure control valve PCV-5B was again partially 
opened. After temperatures of air and steel had stabilized at the second 
temperature plateau, pressure in Chamber V-l was increased to 300 psig (2.07 
MPa) in 10 psi (69 kPa) increments. Pressure was then reduced to 10 psig (69 
kPa) in 25 psi (172 kPa) increments.

While pressurizing Chamber V-l in the second load cycle, the temperatures in 
Chamber V-l dropped sharply. When the pressure was decreased to 10 psig (69 
kPa) the temperatures in Chamber V-l began to climb. Temperatures on the door 
dropped from 641°F (338°C) to 561°F (294°C) and air temperature above the 
bulkhead 18 in. (460 mm) from the cylinder wall dropped from 755°F (401°C) to 
613°F (323°C) when maximum pressure was achieved. Air temperatures increased 
during depressurization after the pressure in Chamber V-l was decreased to 288 
psig (1.98 MPa) and held at that pressure for approximately 96 minutes. 
Pressure control valve PCV-5A was closed and PCV-5B was used to vent Chamber 
V-l.

A third cycle was added to the test as a result of the decreasing temperatures 
during pressurization and since the gasket seal remained intact during full 
pressurization. However, during the heating period, the following was done to 
increase the relative temperature in Chamber V-l:

(1) Increased the temperature controller setpoints to 850°F (454°C).
(2) Pressure control valve PCV-5B was 100% closed.

Setting the controller setpoints to 850°F was approaching the heat output 
capacity of the air circulation heater and the oven heaters located in Chamber 
V-l. Closing pressure control valve PCV-5B prevented heat loss through vent 
piping. Air and steel temperatures were allowed to stabilize. To reduce heat 
loss during pressurization, pressure was increased in 25 psi (172 kPa) 
increments up to 300 psig (2.07 MPa). When the inner door gasket seal failed, 
the airlock chamber was pressurized through the leaking gasket by way of the 
inner door flow meter loop. When the airlock and Chamber V-l reached the same 
pressure, both chambers were simultaneously pressurized up to 300 psig (2.07 
MPa).

Data were recorded prior to the beginning of the test, at regular intervals 
during the heating phase, and after each increment of pressure. After the 
test was completed and the airlock had reached ambient temperature and zero 
pressure conditions, data were recorded to measure the final condition of the 
ai rlock.
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8.0 DISCUSSION OF TEST RESULTS

Results of this test program are divided into two main categories. The first 
category discusses tests performed at ambient temperature conditions, i.e., 
Tests 1A, 1AA, 2A, 3A, IB, IBB, 2B, and 3B. The second category discusses 
Test 2C which was performed at temperatures and pressures beyond the airlock 
design and simulated "generic" severe accident conditions.

The gasket seals used during this test program were subjected to an 
accelerated aging process that simulated in-service radiation and thermal 
aging over a 40-year service life and a LOCA. The following sections discuss 
results of testing performed on the airlock doors with and without the 
thermally aged gasket seals.

8.1 Pressure Tests at Ambient Temperatures

This section discusses the results of tests performed on the personnel airlock 
at ambient temperatures and pressures up to 15% beyond design. These tests 
were defined to:

(1) Establish the before and after effects of elevated pressures and 
temperatures on the airlock,

(2) Establish a baseline leak rate to evaluate the effectiveness of the 
gaskets, and

(3) Understand the effect, if any, of observed permanent deformations.

This section is divided into two parts. The first part is a presentation of 
basic results of tests performed at ambient temperature conditions. The 
second part is a discussion of comparisons of test results. Leak rates 
discussed in this section converted to percent volume per day are based on a 1 
million ft3 (28,300 nr) containment building.

8.1.1 Test Results for Ambient Temperature Pressure Tests

Results for each ambient temperature pressure test are presented herein. 
Results for Tests 1A, IB, 1AA, and IBB are presented in their entirety 
herein. Plots and tabulations for remaining tests are presented in Appendix B 
of this report.

8.1.1.1 Test 1A

Prior to testing, the gasket seal for the inner door was removed. In this 
test, pressure in Chamber V-l was increased from 0 to 69 psig (476 kPa) at 
ambient temperature conditions. Air leaking past the inner door was collected 
in the airlock, routed to the flow meter, and then vented to atmosphere. 
Transducers that were monitored for this test are as follows:

Temperature:
Pressure:
FI ow:

TE-24
PT-06, PT-08, PT-09, PT-10 
FT-16

Locations of these transducers are shown in the process and instrument diagram
of Figure 3.2. Results for Test 1A are shown in Figure 8.1 and are also
tabulated in Table 8.1. Maximum leak rate measured past the inner door was
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45.3 SCFM (1280 1/min), or 6.5% volume/day, at a pressure in Chamber V-l of
68.7 psig (474 kPa).

8.1.1.2 Test IB

Prior to testing, the gasket seal for the outer door was removed. In this 
t«st, the pressure in Chamber V-l and the airlock was increased from 0 to 69 
psig (474 kPa) at ambient temperature conditions. Air leaking past the outer 
door was collected in Chamber V-2, routed to the flow meter, and then vented 
to atmosphere. Transducers that were monitored are as follows:

Temperature: TE-25
Pressure: PT-06, PT-08, PT-23
Flow: FT-21

Locations of these transducers are shown in the process and instrument diagram 
of Figure 3.2. Results for Test IB are shown in Figure 8.2 and are tabulated 
in Table 8.2. Maximum leak rate measured past the outer door was 30.4 SCFM 
(861 1/min), or 4.4% volume/day, at a pressure in Chamber V-l and the airlock 
of 69.2 psig (477 kPa).

8.1.1.3 Test 1AA

Test 1AA was a repeat of Test 1A with the thermally aged gasket installed in 
the inner door. The same transducers as listed in Section 8.1.1.1 "Test 1A", 
were monitored. Maximum pressure achieved was 70.1 psig (483 kPa). There was 
no measurable leakage past the inner door during this test.

8.1.1.4 Test IBB

Test IBB was a repeat of Test IB with the thermally aged gasket installed in 
the outer door. The same transducers as listed in Section 8.1.1.2 "Test IB", 
were monitored. Maximum pressure achieved was 69.7 psig (481 kPa). There was 
no measurable leakage past the outer door.

8.1.1.5 Test 2A

Prior to testing, the gasket seal in the inner door was installed. In this
test, pressure in Chamber V-l was increased from 0 to 69 psig (0 to 476 kPa)
at ambient temperature conditions. Air leaking past the inner door was 
collected in a shroud, routed to the flow meter, and then vented to
atmosphere.

All transducers were installed and monitored with the exception of the 
cantilever beam displacement transducers described in Section 4.0, 
"Instrumentation and Data Acquisition". Tabulations and plots for each active 
transducer are presented in Appendix B, "Data Plots and Tabulations".

The maximum pressure applied was 68.8 psig (474 kPa). There was no measurable 
leakage past the inner door. Maximum compressive strain on the inner
door/bulkhead recorded at maximum pressure was -296 microstrain at strain gage 
location SGB1-17V. Maximum tensile strain on the inner door/bulkhead recorded 
was 281 microstrain at strain gage location SGB2-24V.
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Table 8.1

Test 1A: Leak Rate and Pressure

Pressure in 
Chamber V-l 

(psig)

Inner Door
Leak Rate 

(SCFM)

0 0

4.8 8.5

9.9 15.5

14.9 19.7
19.6 23.3

24.5 26.1

30.1 28.9

35.0 31.7
39.4 34.6

49.8 39.5

59.9 42.3

68.7 45.3

Metric Equivalent: 1 psig = 6.89 kPa
1 SCFM = 28.32 1/min
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Figure 8.2 Leak Rate versus Pressure for Test IB
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Table 8.2

Test IB: Leak Rate and Pressure

Pressure in
Airlock 
(psig)

Outer Door
Leak Rate 

(SCFM)

0 0

4.5 8.7
9.5 12.0

14.9 14.2
20.0 16.2

25.2 19.1
29.6 20.5

34.9 22.6
40.0 24.0

49.8 26.8

60.1 29.7

69.2 30.4

Metric Equivalents: 1 psig = 6.89 kPa
1 SCFM = 28.32 1/min
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Gap/rotation transducers indicate a small reduction in the gap between the 
door and bulkhead. Maximum displacements were -0.016 in. (-0.41 mm). Out-of- 
plane displacement transducers for the inner door and bulkhead show a maximum 
displacement of -0.036 in. (-0.91 mm). Slip transducers on the inner door, 
locations TSD1-060 and TSD1-061, indicated movement of the door in the 270° to 
90° direction. The maximum movement was recorded on the 90° side of the door 
with a change in location of the door of -0.012 in. (-0.30 mm).

8.1.1.6 Test 2B

Prior to testing, the gasket seal in the outer door was installed. In this 
test, pressure in Chamber V-l and the airlock was increased from 0 to 69 psig 
(0 to 476 kPa) at ambient temperature conditions. Air leaking past the outer 
door was collected in Chamber V-2, routed to the flow meter, and then vented 
to atmosphere.

All transducers were installed and monitored with the exception of the 
cantilever beam displacement transducers, described in Section 4.0, 
"Instrumentation and Data Acquisition". Tabulations and plots for each active 
transducer are presented in Appendix B, "Data Plots and Tabulations".

The maximum pressure applied in the airlock and Chamber V-l was 68.8 psig (474 
kPa). There was no measurable leak past the outer door. Maximum compressive 
strain on the outer door/bulkhead was -205 microstrain at strain gage location 
SGB2-37H. The maximum tensile strain on the outer door/bulkhead was 221 
microstrain at strain gage location SGB3-36V.

Gap/rotation transducers indicate relatively small reductions in the gap 
between the outer door and bulkhead, with the maximum gap change -0.030 in. 
(-0.8 mm). Out-of-plane transducers at the center of the outer door indicated 
a total deflection of -0.069 in. (-1.8 mm). Slip transducers indicated a 
relative motion of the outer door in the 270° to 90° direction.

8.1.1.7 Test 3A

This test was a repeat of Test 2A to compare the before and after behavior 
characteristics of the airlock after it had been exposed to pressures and 
temperatures beyond the design basis. Transducer locations are described in 
Section 4.0, "Instrumentation and Data Acquisition". Tabulations and plots 
for each active transducer are presented in Appendix B, "Data Plots and 
Tabulations".

The maximum pressure achieved in Chamber V-l was 16.4 psig (113 kPa). The 
inner door leak rate at this pressure was 326.6 SCFM (9248 1/min), or 47% 
volume/day. Leak rate as a function of pressure is shown in Figure 8.3. 
Strains were very small at this pressure. Deflections at active'transducers 
were near zero for gap and rotation transducers and for out-of-plane 
transducers across the inner door. Out-of-plane transducers measuring 
movement of the bulkhead indicated deflections no greater than -0.007 in. 
(-0.178 mm).
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8.1.1.8 Test 3B

This test was a repeat of Test 2B to compare the before and after behavior 
characteristics of the airlock after it had been exposed to pressures and 
temperatures beyond the design basis. Transducer locations are described in 
Section 4.0, "Instrumentation and Data Acquisition". Tabulations and plots 
for each active transducer are presented in Appendix B, "Data Plots and 
Tabulations.

The maximum pressure applied in the airlock and Chamber V-l was 70.8 psig (488 
kPa). There was no measureable leak past the outer door. Maximum compressive 
strain on the outer door/bulkhead was -210 microstrain at strain gage location 
SGB2-37H. The maximum tensile strain on the outer door/bulkhead was 226 
microstrain at strain gage location SGB3-36V.

Gap/rotation transducers indicated relatively small reduction in the gap 
between the door and bulkhead, with a maximum gap change of -0.021 in. (-0.53 
mm). Out-of-plane transducers at the door center showed a change in 
displacement of -0.070 in. (-1.78 mm).

8.1.2 Discussion of Pressure Tests at Ambient Temperature

The following is a brief discussion comparing leak rates, strains, and 
displacements that occurred during the design pressure tests at ambient 
temperature conditions.

8.1.2.1 Leak Rates

No measurable leakage was recorded past the inner door in Tests 1AA and 2A. 
The resulting leak rates recorded for Test 1A, where the door was in metal-to- 
metal contact with the bulkhead and the gasket absent from the inner door 
gland, and Test 3A, where the inner door gasket seal had failed previously in 
Test 2C, is shown in Figure 8.4.

The leak rates shown in Figure 8.4 do not reflect the relative size of the 
openings through which the pressurized air passed through the seal. After the 
inner door seal failed during Test 2C, the apparent flow area was 1.85 in, 
(1190 mnr). Based on the results of the gap measurements between the inner 
doors and bulkhead, the total open area for Test 1A before pressurization was 
approximately 1.18 in. ^ (760 mnr). Although the measured leak rates are not 
proportional to the estimated opening through which the pressurized air 
bypassed the inner door, it is possible the actual opening in Test 1A became 
considerably smaller during pressurization. It is also possible that the 
failed seal opening for Test 3A was larger than the area measured where the 
seal failed after all tests were completed. Although there was no visible 
evidence, other areas of the seal may have leaked, to a much lesser degree, 
during Test 3A. Leak rate for Test IB is also shown in Figure 8.4. The leak 
rates for Tests 1A and IB are similar in magnitude, however, there is no 
apparent correlation of leak rate and open flow area between the doors and 
bulkheads.
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Figure 8.4 Comparison of Leak Rates for Tests 1A, IB, and 3A
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8.1.2.3 Displacements

A number of capacitance type displacement transducers were used to measure the 
relative change in gap between the doors and bulkheads, movement of the doors 
in the plane of the bulkheads relative to the bulkheads, and the out-of-plane 
movement of the doors and bulkheads relative to a reference frame.

The profile of the inner door during Tests 2A and 3A is shown in Figures 8.5 
through 8.7. In general, the gap between the inner door and bulkhead closed 
during pressurization. Results are presented in each figure for Test 2A at 
maximum pressure in Chamber V-l. In addition, these changes in gap results 
are also presented for Test 2A at a pressure of 14.3 psig (98.6 kPa) for 
comparison of results for Test 3A. The maximum pressure reached during Test 
3A was 16.4 psig (113 kPa), however, results for Test 3A are shown for a 
pressure in Chamber V-l of 14.8 psig (102 kPa) for comparison purposes.

Results for Test 3A yield virtually no change in gap between the inner door 
and bulkhead. It is clear that the elevated temperatures and pressures during 
Test 2C did have an effect on the deflection characteristics of the inner door 
gasket seal.

Deflections of the inner door along the long and short centerline directions 
are shown in Figure 8.5.

Change in gap along the edge of the inner door is shown in Figures 8.6 and 
8.7. In general, in the long direction of the door, the corners of the door 
compressed more during pressurization than the center of the door along the 
edge. Along the short direction of the door on the edge, the gap became 
smaller in the center of the door than at the corners.

Change in gap for the outer door in Tests 2B and 3B are shown in Figures 8.8 
and 8.9. The change in gap did not show any pattern, although the gap between 
the outer door and bulkhead closed more during Test 2B than in Test 3B.

There are some relative differences in the change in gap (as measured from the 
zero reference) before and after Test 2C on the inner door. These differences 
could be due to one or a combination of any of the following:

(1) Before Test 2C, the inner door was simply supported on an elastic 
foundation (gasket) around the entire perimeter. After Test 2C, the 
inner door was simply supported on three sides (the gasket was 
completely eroded on the fourth side after Test 2C).

(2) Gasket material underwent a chemical change resulting from high 
temperature exposure causing a change in the elastic properties of 
the gasket (i.e., the gap between door and bulkhead was smaller 
therefore support conditions stiffen).

(3) When the seal failed, the amount of solid particulates in the 
airlock and shroud chamber increased. Since the displacement 
transducers used to measure change in gap operated on a capacitance 
principle using air as the dielectric, it is possible the transducer 
output was significantly altered after being coated with solid 
particulates from the gasket.
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8.1.2.2 Strains

During Tests 2A, 2B, 3A, and 3B, the strain gages indicated purely linear 
elastic behavior. Maximum strains were small for Test 3A as a result of the 
low maximum pressures. Strains were repeatable for Tests 2B and 3B, with 
small variations in magnitude of the resultant strains between tests. Strain 
gage readings at all locations did not indicate yielding during Tests 2A, 2B, 
3A, and 3B. Comparison of selected strain gages before and after Test 2C are 
shown in Figure 8.10. These strain gages are representative of the largest 
tensile and compressive strains recorded during Tests 2A, 2B, 3A, and 3B.

8.2 Elevated Pressure and Temperature Testing of Personnel Airlock

The personnel airlock tested was designed for a pressure of 60 psig (410 kPa) 
and a temperature of 340°F (171°C). During Test 2C the maximum pressure 
reached was 300 psig (2.07 MPa). The maximum surface temperature recorded on 
the door during heating of Chamber V-l was 784°F (418°F).

Test 2C consisted of three combined thermal and pressure cycles. The first 
cycle started by ramping the air temperature above the inner door to 400°F 
(204°C). Temperatures of the steel inner door and bulkhead were allowed to 
stabilize. Pressure inside Chamber V-l was increased to 300 psig (2.07 MPa) 
in 10 psi (69 kPa) increments. There was no measurable leakage of the inner 
door seal during pressurization. Pressure was decreased in 25 psi (170 kPa) 
increments, ending the first test cycle.

The second cycle started by ramping the air temperature above the inner door 
to 800°F (427°C). Temperatures of the steel inner door and bulkhead were 
allowed to stabilize. Pressure inside Chamber V-l was increased to 300 psig 
(2.07 MPa) in 10 psi (69 kPa) increments. There was no measurable leakage of 
the inner door seal during pressurization. During pressurization, the 
temperature of the air and, to a lesser degree, the steel door and bulkhead, 
decreased as pressure in Chamber V-l increased. Temperatures of the steel 
door around the gasket seal, where air was blown directly from the air inlet 
header, suggest that air colder than 800°F (427°C) was exiting the header. 
There was no indication of this from the thermocouple used to control the 
heated air leaving the air circulation heater as the thermocouple output 
displayed on the controller was nominally at 800°F (427°C). Pressure was 
decreased in 25 psi (170 kPa) increments, ending the second test cycle.

One of the objectives of this test program was to subject the airlock to 
beyond design basis loads. Another objective was to establish the point at 
which the gasket failed to seal the airlock chamber from the containment 
building. The third and final test cycle was added to the test program due to 
these results following the first and second cycles:

(1) The gasket seal remained intact and withstood 300 psig (2.07 MPa) in 
Chamber V-l.

(2) The air and steel surface temperatures dropped considerably while 
increasing pressure during the second load cycle.
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A drop in temperature during the second load cycle was not anticipated. This 
may have contributed to the gasket seal not reaching the threshold temperature 
at which the gasket material becomes unstable. The threshold temperature at 
which the EPDM E603 compound from which the gasket was manufactured was 
approximately 620°F (327°C). This threshold temperature was established in 
tests performed by SNL5.

Clearly, the airlock could easily survive pressures up to 300 psig (2.07 
MPa). The third load cycle, which was not part of the original test plan, was 
added to determine the seal system temperature limitations. The temperature 
controller setpoints were set at 850°F (454°C) for both the air circulation 
heater and the heater array in Chamber V-1. Vent valve PCV-5B was completely 
closed, so all of the heat input was from the heating elements in Chamber 
V-1. The time that elapsed between the end of the second load cycle and when 
pressurization began during the third load cycle was nearly 12 hours. This 
was at 52.70 hours after the test began.

After 53.27 hours from the start of the test, the limit pressure of 151 psig 
(1.04 MPa) was reached on the third pressure cycle. The seal failure occurred 
suddenly, however, there was evidence that the seal was beginning to leak at 
lower pressure. During the third pressurization cycle, at a pressure of 51 
psig (350 kPa), the pressure in the airlock began to increase. There was a 
small increase of flow rate measured past the inner door, but it was out of 
the range of the flow meter accuracy. Pressures in the airlock increased from 
2.34 to 6.48 psig (16.1 to 44.7 kPa) while pressure in Chamber V-1 increased 
from 51 to 149 psig (350 to 1.03 MPa). A portion of this pressure increase 
may be attributable to temperature increase in the airlock. While increasing 
pressure from 149 psig to 175 psig (1.03 to 1.21 MPa), the seal failed 
completely at a pressure of 151 psig (1.04 MPa). The seal eroded quickly, 
creating a leak path. When the seal failed, the maximum leak rate recorded 
was 706 SCFM (20,000 1/min), or 102% volume/day. However, continuous 
recording of the leak rate was not possible during pressurization and leak 
rates may have been greater. It is probable that leak rates exceeded 706 SCFM 
(20,000 1/min) after the inner door seal was effectively bypassed.

The following is a discussion of the temperature, deflection, and strain data 
recorded during Test 2C. Typical temperature and pressure curve versus time 
is shown in Figure 8.11. The temperature shown in Figure 8.11 was recorded 
from a thermocouple located in Chamber V-1 18 in. (460 mm) from the cylinder 
wall and 19.75 in. (500 mm) above the inner door bulkhead.

8.2.1 Effect of High Temperatures on the Gasket

The temperature profile along the length of the airlock and across the inner 
door and bulkhead for several different times in the test is shown in Figure 
8.12. The most significant effect that elevated temperatures hact was on the 
inner door gasket seal. Not only did the seal fail due to exposure to 
temperatures at which the gasket material becomes unstable, the gasket 
material exhibited expansion characteristics far in excess of any anticipated.

In tests performed by SNL on Presray's EPDM E603 seal material, it was 
determined that the temperature at which the material deteriorates is 
approximately 620°F (327°C) . As shown in Figure 8.13, the temperature 
profile measured on the door was fairly uniform except at 0 and 180° which had
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the lowest and highest temperatures, respectively. It is clear that, prior to 
pressurization of the third cycle, the temperatures on the door measured in 
Chamber V-1 were all near the temperature at which the seal material 
degrades. Pressure was increased from 4.6 psig (32 kPa) to 149 psig (1.03 
MPa) and the elapsed time was 34 minutes. The temperature increased at 180° 
orientation but decreased in every other location. The temperature increase 
discussed was not gradual but was represented by a spike in the temperature 
time relationship for the thermocouple element at the 180° orientation. The 
seal failed at 180° orientation and is indicated by the shaded area in Figure 
8.13.

The actual seal failure is shown in Figures 8.14 through 8.17. The entire 
area where the seal failed is shown in Figure 8.14. The machined surface was 
clean except for the powdery residue of what remained from the gasket. The 
gasket disintegrated from each of the corners and about 3 to 5 in. (75 to 
130 mm) beyond the capacitance transducer brackets. The remains of the gasket 
seal at the corner where the seal failed is shown in Figure 8.15. Remains 
from the gasket were charred in this area. The white residue and charred 
remains crumbled when touched. The remaining gasket, mainly intact, adhered 
to the inner door bulkhead and is shown in Figure 8.16. The gasket material 
was cracked and was brittle near the cracked areas. Between the cracks the 
consistency of the gasket was rather gummy, and did not rebound and return to 
its initial shape when deformed. The material appears to have lost all 
elasticity. Data describing a sudden, irregular increase in temperature at 
the failure location, the charred remains of the gasket, and the sooty 
byproduct from the gasket, is consistent with either smoldering or combustion 
of the gasket due to outgassing of combustible by-products during high 
temperature exposure.*

During Test 2C the gasket material extruded into the gap between the door and 
bulkhead to a greater extent than that observed after the accelerated aging of 
the gasket seal. Figure 8.17 shows the residue of the gasket material that 
extruded between the door and bulkhead and adhered to the inner door.

8.2.2 Deflections of Inner Door

Displacements of both the inner and outer door relative to the bulkhead 
stiffener were measured during the test. Figures 8.18 through 8.20 are 
isometric views of the door showing displacement of the inner door relative to 
the original zero position. As can be seen in these glimpses of the 
displacement geometry during the three test cycles, there are two major 
driving forces causing these displacements: elevated temperatures and high 
surface pressure on the inner door. The load cycle, time, pressure and 
average temperature around the door perimeter are documented. Displacements 
have been magnified by a factor of 100 for these figures.

As shown in Figure 8.19, during the second load cycle at 31.43 hours after the 
test began and prior to pressurization, the inner door had moved away from the 
bulkhead, opening the gap between the inner door and bulkhead. The center of 
the door moved 0.036 in. (0.91 mm) away from the bulkhead. Displacements that

Observation speculated by SNL.
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Figure 8.14 Inner Door Gasket Seal Failure Location
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Figure 8.15 Charred Remains of Gasket Seal After Seal Failure
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Figure 8.16 Gasket Seal Outside of Failure Area



Figure 8.17 Extruded Seal Remains Intact on Inner Door
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occurred at 0° and 180° were 0.129 in. (3.3 mm) and 0.080 in. (2,0 mm), 
respectively. At 90° the displacement was 0.056 in. (1.4 mm). The shape of 
the displacements indicates two-way plate bending, however, upon inspection of 
the 0° - 270° quadrant, displacements along the 0° - 180° centerline and along 
the door edge parallel to the centerline indicate a definite inflection 
point. This inflection point coincides with the door hinge pillow block 
attachment to the door. The downward force of the air pressure was overcome 
by an upward acting force. Temperatures through the thickness of the steel 
door were relatively uniform, with a temperature differential between the hot 
and cold sides of 26°F (14°C). It is clear that the latching mechanism was 
engaged and provided the restraint necessary to cause the door to take on the 
shape reported herein.

These glimpses of the inner door profile provide some insight into the 
structural interaction of the door, the latching mechanism, the effect of high 
surface pressures on the inner door, and the expanding gasket. To fully 
separate the effect of the driving forces of elevated temperatures and high 
surface pressures on the inner door, selected displacement transducers around 
the perimeter of the door were compared with the surface temperature of the 
door, which are shown in Figures 8.21 and 8.22. As can be seen in these 
figures, the most dramatic effect of increasing temperature on the gasket seal 
occurred during the second load cycle. As shown in Figure 8.21, the increase 
in gap between the door and bulkhead reached an upper limit of 0.130 in (3.3 
mm), and then suddenly dropped off in magnitude. Displacement transducers for 
Figure 8.22 show no sudden drop off during heating. It can be surmised that, 
with the apparent sudden loss of structural stability of the gasket and a 
closing of the gap, the gasket material had reached the point at which the 
material became unstable. Although the gasket material may have initiated a 
phase change, there was no measurable loss of the seal across the pressure 
boundary. Both transducers along the 180° edge show this phenomena. Based on 
earlier discussions, the gasket seal failed along the 180° edge of the door, 
which is consistent with the drop off in load carrying capability shown in 
Figure 8.21.

The increase in gap indicated for the first load cycle is continued in the 
second load cycle. The offset is due to compression caused by high pressures 
exerted on the door. The gap increase during the third load cycle was 
negligible in comparison. At this point, the entire gasket had been exposed 
to temperatures beyond the original design and sufficient volume of the gasket 
reached material instability.

Expansion of the seal within the gland could account for the upward movement 
observed. Temperature of the seal was most likely very close to the 
temperature of the inner door. Thermal expansion characteristics of the EPDM 
E603 material are reported for temperatures up to 375°F (191°C). The reported 
value of thermal coefficient of expansion for EPDM E603 i$ 8.9xlO"b/°F 
(16xlO"b/°C) In this test the seal was constrained to move in one 
direction: towards the bulkhead. It is true that as the gap between the door 
and bulkhead seal surface increases the potential for the gasket material to 
extrude into the gap increases, just as the gasket material extruded into the 
gap during thermal aging of the gasket. However, it was observed after 
testing that the gasket was firmly adhered to the seal surface, most likely as 
a result of the gasket being exposed to temperatures in excess of the material 
instability threshold temperature and high compressive forces on the gasket.
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If the EPDM E603 material is assumed to be incompressible, the net volume 
after expansion must remain constant. If a unit length of the seal, with a 
net cross-section equal to the seal gland, was allowed to expand freely in the 
direction of the bulkhead and constrained in the other two directions, the net 
total expansion would be 0.137 in. (3.5 mm) The maximum recorded displacement 
was 0.13 in. (3.3 mm), with the majority of the deflections around the door 
perimeter from 0.05 to 0.09 in. (1.3 to 2.3 mm). Although this data was not 
available, the coefficient of thermal expansion may be greater at temperatures 
above 375°F (191°C) which may have caused greater expansion, hence larger 
forces on the restrained door.

The effect of pressure on the gap between the door is shown in Figures 8.23, 
8.24, and 8.25. As can be seen in Figures 8.18, 8.19, and 8.20, profiles of 
the deformed inner door indicate classical plate bending due to high pressure 
exposures. Figure 8.25 shows the deflection of the center of the inner door 
at transducer location T0D2-069. The center of the door showed maximum 
deflection while exposed to the high pressures. From the beginning of the 
pressurization cycle until 300 psig (2.07 MPa) was reached during the second 
load cycle, the center of the inner door moved from 0.036 in (0.91 mm) to 
-0.149 in (3.8 mm), yielding a total movement of 0.185 in (4.7 mm). This 
deflection of the inner door was in part due to compression of the gasket 
seal, and part due to flexural deformations of the door.

At transducer locations TGD2-003 and TGD2-023, which are corner locations on 
the door, the overall deflection due to high pressures was less than the other 
locations. This may be a result of two-way plate bending where the corners of 
the plate curl up. The reinforcement configuration of the inner door does not 
appear to fully prevent the curling up of the corners.

8.2.3 Measured Strains During Test 2C

Measured strains had two components which contributed to the resultant 
recorded strains. The first component resulted from temperature differential 
in the airlock and resultant internal restraints. Two strain gages, SGB1-31V 
and SGB1-17V are plotted against their respective thermocouple temperature 
output used for temperature compensation, as shown in Figure 8.26. Each curve 
is representative of the time period in each load cycle prior to 
pressurization. Duration of heating period is shown in each figure. The 
magnitude of these strains due to differential temperatures was dependent on 
temperature and restraint conditions. If the airlock was allowed to achieve 
uniform temperatures throughout the airlock, the strains due to internal 
restraint would go to zero. Maximum offset due to thermally induced strains 
for strain gage SGB1-17V was -681 microstrain near the end of the third cycle. 
Maximum offset due to thermally induced strains for strain gage SGB1-31V was 
-375 microstrain at the end of the third cycle, as shown in Figure 8.26.

The second component that contributed to the resultant strain recorded strains 
was due to pressurization of Chamber V-1 and the airlock. The results of 
strain plotted against pressure is shown in Figure 8.27. Two items are 
immediately apparent:

(1) The curves appear to be very linear, and have nominally the same 
slope.
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(2) The strain gage output shows an offset, i.e,, they do not start at 
zero strain.

Although the slope is virtually the same, the curves do not fall right on top 
of each other for the same strain gage. The offset is a result of the 
thermally induced strains and internal restraint. Maximum compressive strain 
recorded was -1659 microstrain, which is very close to the yield point, and 
the maximum tensile strain recorded was 1242 microstrain.
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Note: The last three digits in legend refer to strain gage nurrtber.

Figure 8.27 Strain versus Pressure for Measured Strains 
on Inner Door Bulkhead During Test 2C
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9.0 SUMMARY AND COMMENTS

In previous studies, the gasket seal in a personnel airlock assembly was
identified as a potential weak link in overall containment integrity.3*4 As a 
result of testing performed on a full size airlock, the following summarize 
the test results:

(1) The airlock was designed for 60 psig (410 kPa) and 340°F (171°C).
Testing exposed the airlock to 300 psig (2.07 MPa) and an air
temperature above the inner door of 850°F (454°C). Although the 
gasket was degraded by an accelerated aging process, no leakage of 
the airlock door occurred for pressures from 0 to 300 psig (0 to 
2.07 MPa) while the gasket was subjected to temperatures less than 
its ignition temperature (approximately 620°F (327°C)).

(2) Degradation and subsequent failure of the gasket seal was related to
temperatures in excess of the temperatures at which EPDM E603
elastomer is stable. When the gasket failed it was quickly eroded 
by an onrush of hot air. The gasket was reduced to a powdery 
consistency in the area that the seal was breached.

(3) Test results indicate that the gasket expanded while increasing air 
temperature above the door from 400 to 800°F (204 to 427°C) causing 
significant upward deflection of the inner door and resulting in 
larger gaps between the inner door and bulkhead.

(4) The personnel airlock survived 300 psig (2.07 MPa) internal 
pressurization. All strain gages indicated elastic behavior 
throughout the airlock from stresses induced by the elevated 
pressures and temperatures.

(5) The condition of the gasket due to accelerated aging did not appear 
to affect sealing ability at high temperatures and pressures. 
However, extrusion of the gasket material between the inner door and 
bulkhead during accelerated aging and high temperature heating, as 
in Item (3) above, prevented metal-to-metal contact between the door 
and bulkhead.

(6) The outer door at 300 psig (2.07 MPa) did not leak. Temperatures
measured on the outer door were below 200°F (93°C). Heat transfer 
conditions have an important effect on the temperature 
distribution. The temperature of the inner door and bulkhead 
reached an average surface temperature of approximately 611°F 
(322°C) when the air temperature was 800°F (427°C), even under 
forced convection conditions. The outer door and bulkhead
temperatures were lower for this test than might be expected due to 
the effect of the airlock orientation.

9-1



10.0 REFERENCES

[1] Sebrell, W.A., "The Potential for Containment Leak Paths Through 
Electrical Penetration Assemblies Under Severe Accident Conditions," 
NURE6/CR-3234, SAND83-0538, Sandia National Laboratories, Albuquerque, 
m, July 1983.

[2] Clauss, D.B., Horschel, D.S., and Blejwas, T.E., "Insights into the 
Behavior of LWR Steel Containment Buildings During Severe Accidents," 
Nuclear Engineering and Design 100 (1987) p. 189.

[3] Shackelford, M.H., et al., "Characterization of Nuclear Reactor 
Containment Penetrations - Final Report," NUREG/CR-3855, SAND84-7180, 
Sandia National Laboratories, Albuquerque, W, January 1985.

[4] Barnes, B.L., et al., "Leak Area Estimates for Power Reactor 
Containments During Severe Accident Conditions," Idaho National 
Engineering Laboratory, EGG-EA-6753, 1984.

[5] Brinson, D.A., and Graves, G.A., "Evaluation of Seals for Mechanical 
Penetrations of Containment Buildings," NUREG/CR-5096, SAND88-7016, 
Sandia National Laboratories, Albuquerque, NM, 1988.

[6] Norris, O.E., Chicago Bridge & Iron Company, "RFQ 64-7523 Personnel Lock 
for NRC Containment Penetrating Leak Testing Program," April 30, 1985 
(Letter).

[7] ASME Boiler and Pressure Vessel Code, Section II, "Material
Specifications," American Society of Mechanical Engineers, 1974 (No
Addenda).

[8] ASME Boiler and Pressure Vessel Code, Section III, "Rules for 
Construction of Nuclear Power Plant Components," American Society of 
Mechanical Engineers, 1974 (No Addenda).

[9] ASME Boiler and Pressure Vessel Code, Section V, "Nondestructive 
Examination," American Society of Mechanical Engineers, 1974 (No 
Addenda).

[10] ASME Boiler and Pressure Vessel Code, Section IX, "Welding and Brazing
Qualifications," American Society of Mechanical Engineers, 1974 (No
Addenda).

[11] Peters, S.W., CBI Industries, Inc., "Thermal Analysis Results for 
Temperature Increase to 800°F," January 27, 1987 (Letter).

[12] ASME Committee on Flow Measurement, 
Applications," 6th Edition, 1971.

"Flowmeters, Thei r Theory and

[13] Orwick, P.E., "Aging Characteristics 
Material," Presray, March 1986.

of Presray Seal and Gasket

10-1



APPENDIX A

NOTES ON QUALITY ASSURANCE

"Statement of Work for Testing a Personnel Airlock", Document No. 56-6713, 
Attachment I dated July 18, 1986 requires that a quality assurance plan in 
accordance with the intent of EP 401414 be approved by SNL prior to any 
testing. CBIRC received approval for and implemented for this testing 
contract the quality control system as outlined in Issue 1 of the "Manual for 
Research and Development Quality Control System". This system provides 
activities which invoke a quality assurance program consistent with 10 CFR 50 
Appendix B as required by EP 401414.

CBIRC's execution of the personnel airlock test invoked all the activities in 
the quality control system from design control through the eighteen point 
criteria of 10 CFR 50 Appendix B up to, but not including, internal audits. 
Internal audits were excepted by Change No. 8 of Contract Amendment No. 01. 
Records are maintained by CBIRC which furnish evidence of the activities 
performed for this contract in accordance with the quality control system.
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B.O DATA PLOTS AND TABULATIONS

The results of each of Tests 2A, 2B, 2C, 3A, and 3B are presented herein. 
Results are presented in both tabular form and as plots. Results of Tests 1A, 
1AA, IB, and IBB are presented in their entirety in Section 8.0, "Discussion 
of Test Results". Reference locations of all transducers are discussed in 
Section 4.0, "Instrumentation and Data Acquisition".

For Tests 2A, 2B, 3A, and 3B, plots are made with reference to the controlling 
parameter pressure. Tabulated data is presented for each scan. Results for 
Test 2C are presented by plotting transducer results versus time and 
tabulating every fourth data point recorded during the test. Only those 
transducers which were active during the test will be plotted and tabulated. 
Active means that the transducer was attached to or targeted at a structure 
under pressure or combined pressure and thermal loading.

During testing, some transducers clearly failed before testing began. Those 
transducers that failed are not reported but are omitted in the plots and 
tabulation. Those transducers that were operational when the test began but 
failed prior to the end of the test will be plotted or tabulated until the 
point of failure. Active transducers and a list of those transducers that 
were not reported or had erratic behavior but were reported herein are 
tabulated in Tables B.l through B.5.

B.l Transducer Sign Conventions

The sign convention for thermocouples is self-explanatory, however, for 
clarification the numerical sign convention for transducers is defined below.

• Strain Gages: "+" - tensile strains - compressive strains

• Capacitive Displacement Transducers:

Gap/Rotation Transducers: Gap between door and bulkhead 
increasing

II II Gap between door and bulhead 
decreasing

Slip Transducers: II _^ll Gap between door edge and transducer 
increasing

II II Gap between door edge and transducer 
decreasing

Inner Door Frame Transducers: ll _j_ll Door frame growing

II II Door frame shrinking

Out-of-Plane Transducers: 11 _j_ll Gap between door/bulkhead/stiffener 
and reference frame increasing

ll ll Gap between door/bulkhead/stiffener 
and reference frame decreasing
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• Cantilever Type Displacement
Transducers: "+

II _i

• Pressure Transducers: "+

• Flow Meters: "+

increase in Chamber V-l diameter

decrease in Chamber V-l diameter

Positive internal pressure in 
Chamber V-l or airlock

Flow direction from Chamber V-l to 
airlock or airlock to Chamber V-l
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Table B.l

Test 2A Active Transducers

Active Transducers 

Pressure:
Leak Rate: 
Gap/Rotation: 
Door Slip: 

Door Frame: 
Out-of-Plane:

Strain Gages:

PT-06, PT-08, PT-09, PT-10 
FT-16

TGD2-001 through TRD2-032 
TSD1-059 through TSD1-062 

T0S2-067, T0S2-068
T0D2-069 through T0D2-076, T0S2-077 through T0S2-079, 

T0B2-080, and T0B2-081

SGB1-01 through SGB1-031, SGV1-040 through SGV4-045

Transducer Comments

TGD2-016
TRD2-017

TGD2-018

TGD2-025
TRD2-026
T0S2-067

Noise in transducer response
Not reported due to transducer malfunction

Not reported due to transducer malfunction

Noise in transducer response
Noise in transducer response
Not reported due to transducer malfunction
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Table B.2

Test 2B Active Transducers

Active Transducers 

Pressure:

Leak Rate: 
Gap/Rotation: 

Door Slip: 
Out-of-Plane: 

Strain Gages:

PT-06, PT-08, PT-09, PT-10, PT-23 

FT-21
TGD2-033 through TRD3-058 
TSD2-063 through TSD2-066 
T0D3-082, T0S3-083, T0B3-084 

SGB2-32 through SGV4-045

Transducer Comments

TRD3-041 Not reported due to transducer malfunction 

TGD3-042 Not reported due to transducer malfunction 
TRD3-056 Not reported due to transducer malfunction
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Taile B.3

Test 2C Active Transducers

Active Transducers

All pressure, leak rate, displacement, temperature, and strain gage 
transducers discussed in Section 4,0, "Instrumentation and Data Acquisition", 
were considered active.

Transducer Comments

TGD2-001
Capacitance Probes

Gap after seal failure unrealistic

TRD2-002 Gap after seal failure unrealistic
TGD2-016 Noise in transducer response
TRD2-017 Not reported due to transducer malfunction

TRD2-026 Noise in transducer response
TRD2-028 Three readings after test require smoothing
TRD2-030 Not reported due to transducer malfunction

TGU2-031 Not reported due to transducer malfunction

TGD3-033 Not reported due to transducer malfunction

TGD3-034 Not reported due to transducer malfunction
TGD3-035 Noise in transducer response
TRD3-036 Noise in transducer response

TGD3-037 Noise in transducer response

TRD3-038 Not reported due to transducer malfunction

TGD3-039 Noise in transducer response
TRD3-040 Not reported due to transducer malfunction

TRD3-041 Not reported due to transducer malfunction

TGD3-042 Noise in transducer response
TRD3-043 Noise in transducer response
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Table B.3 (continued)

Transducer Comments

TGD3-044 Not reported due to

TRD3-053 Not reported due to
TRD3-058 Not reported due to
TSD1-060 Transducer may have
TSD2-066 Not reported due to
T0S2-067 Not reported due to
T0D2-071 Transducer may have

pressures
T0D2-072 Not reported due to

transducer malfunction 

transducer malfunction 
transducer malfunction 
come in contact with door 

transducer malfunction 
transducer malfunction 
come in contact with door at

transducer malfunction

high

Thermocouples
TCD1-014 Not reported due to transducer malfunction

TCE4-056 Electrical noise during heating
TCE4-057 Electrical noi se duri ng heating
TCE4-058 Electrical noi se during heating

TCE4-064 Electrical noi se duri ng heating

TCE4-065 Electrical noise during heating

TCE4-066 Electrical noise duri ng heating
TCE4-070 Electrical noise during heating

TCE4-071 Electrical noise during heating

TCE4-072 Electrical noi se during heating

TCE4-076 Electrical noi se during heating
TCE4-077 Electrical noise during heating

TCE4-078 Electrical noise during heating

TCE4-082 Electrical noi se during heating
TCE4-083 Electrical noi se duri ng heating
TCE4-084 Electrical noise during heating
TCE4-093 Electrical noi se during heating
TCE4-094 Electrical noise during heating

TCE4-095 Electrical noise during heating
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Table B.3 (continued)

Transducer Comments

SGD1-07V*

SGD1-07D*
SGD1-07H*

SGD1-09V*
SGD1-09D*
SGD1-09H*

Strain Gages

Temperature compensation thermocouple failed
Temperature compensation thermocouple failed

Temperature compensation thermocouple failed
Temperature compensation thermocouple failed

Temperature compensation thermocouple failed
Temperature compensation thermocouple failed

* A thermocouple adjacent to the strain gage location was used in re­

calculating strains.
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Table B.4

Test 3A Active Transducers

Active Transducers 

Pressure:
Leak Rate: 
Gap/Rotation: 

Door Slip:
Door Frame: 
Out-of-Plane: 
Strain Gages: 
Cam'lever Beam 

Displacements:

PT-06, PT-08, PT-09, PT-10 
FT-16
TGD2-001 through TRD2-032 
TSD1-059 through TSD1-062 
T0S2-067, T0S2-068 
T0D2-069 through T0B2-O81
SGB1-01 through SGB1-031, SGV1-040 through SGV4-045 

LVV4-001 through LVV4-004

Transducer Comments

TRD2-016

TRD2-017

TGD2-018
TRD2-019

T0S2-067

Not reported due to transducer malfunction 
Not reported due to transducer malfunction 

Not reported due to transducer malfunction 
Not reported due to transducer malfunction 

Not reported due to transducer malfunction
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Table B.5

Test 3B Active Transducers

Active Transducers 

Pressure:
Leak Rate: 
Gap/Rotation: 

Door Slip: 

Out-of-Plane: 
Strain Gages: 
Cantilever Beam 

Displacements:

PT-06, PT-08, PT-09, PT-10, PT-23 
FT-21
TGD2-033 through TRD3-058 
TSD2-063 through TSD2-066 

T0D3-082, T0S3-083, T0B3-084 
SGB2-32 through SGV4-045

LVV4-001 through LVV4-004
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during 40 years of continuous service and a loss of coolant accident (LOCA). The data 
obtained from this test will be used by SNL as a benchmark for development of analytical 
methods. In addition to leak rate data, strain, temperature, displacement, and pressure 
data were measured and recorded from over 330 transducers.

A total of nine tests were performed on the airlock. In the most rigorous of these 
tests, the airlock inner door was subjected to pressures and temperatures of 300 psig (2.07 MPa) and 850°F (454°C).
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