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ABSTRACT be detected by a leak test at the fabrication and be repaired.
Components of a cask opened and closed during handling and

A sealing function is essential for transportation and/or fuel loading operation are subject to the pre-shipment leak test.
storage casks of radioactive materials under both normal and ne O-ring surface tends to be scratched during fuel loading
accidental operating conditions in order to prevent radioactive operation.
materials from being released into the environment. In the
safety analysis report, the release rate of radioactive materials Although the ANSI N14.5 assumes a leak path as a
into the environment is evaluated using the correlations circular tube and the equivalent diameter could be calculated
specified in the ANSI N14.5, 1987. The purposes of the work from a gas leakage test results, the shape of scratch on the
are to reveal the underlying problems on the correlations O-ring surface cannot always be considered as circular tubes.
specified in the ANSI N14.5 related to gas leakage rates from And there is no data which supports that the scratch can be
a scratch on O-ring surface and from multi-leak paths, to offer simulated to be a circular tube.
a data base to study the evaluation method of the leakage rate
and to propose the evaluation method. In this paper, the For a spent fuel shipping cask, elastomer O-rings are
following insights were obtained and clarified: usually used but a method has never been established to obtain

the characteristics of the leak path on the O-ring surface from
1. If a characteristic value of a leak path is defined as D/a gas leakage test results. Moreover, the leak path is not always

("D" is the diameter and "a" is the length.), a scratch on the single and it is difficult to estimate either the number of leak
O-ring surface can be evaluated as a circular tube. paths or characteristics of each path from gas leakage tests.

2. It is proper to use the width of O-ring groove on the flange No method has been established for evaluating such multi-leak
as the leak path length for elastomer O-rings. paths. Therefore, the purpose of this work is to establish the

3. Gas leakage rates from multi leak paths of the transportation evaluation method for the gas leakage rate and for
cask can be evaluated in the same manner as a single leak characteristics of the leak path which consists of a scratch on
path if an effective D/a is introduced. a flange surface and elastomer O-ring. Following items were

studied;
INTRODUCTION (1) to confirm that an approximate evaluation method for a

circular tube proposed in ANSI N14.5 is effective for
A sealing function is essential for transportation casks of scratches on the O-ring surface, and also to verify the

radioactive materials under both normal and accidental applicability of the simple evaluation method proposed in
conditions in transport in order to prevent radioactive materials our previous works,' to actual leak paths,
from being released into the environment. In the safety (2) to establish the method for estimating the leak path length
analysis report, the release rate of radioactive materials from the of scratches on the O-ring surface,
casks into the environment is evaluated based on the leak path (3) to establish an evaluation method for multi leak paths.
characteristics (hydraulic diameter and length) obtained by a gas
leakage test and using the evaluation method specified in ANSI EXPERIMENTAL APPARATUS
N14.5, 1977' and 1987 2. Furthermore, an evaluation method
on the release rate is being standardized by the International A schematic diagram of the experimental apparatus is
Organization for Standardization (ISO) based on ANSI N14.5. illustrated in Fig.l. It was composed of a test tank, a

pressure measurement system, a temperature control system, a
A scratch on the O-ring surface or valve seat is supposed vacuum pump and a gas feeder. The detailed information of

to be the cause of leakage from the casks during the transport, the test tank is shown in Fig.2. A disk with a leak path
because any defects induced on the other parts of the cask can which simulated scratches on the O-ring surface was set up on
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Table Experimental conditions within 50ppm as long as they were calibrated once a year With

an air piston gauge. The accuracy of this measurement method
Working fluid Air was confirmed for an accurate volume measurement system for
Pressure in the test tank 0.1 - LMPa plutonium nitrate solution'.
Back pressure Atmospheric pressure
Volume of the test tank 605.6cm' With this measurement system, a temperature change in
Leak path Artificial defects on the O-ring the tank would cause an error in the leakage rate reading.

surface Therefore, the test tank was installed in a isothermal bath fined
(one defect and two defects) with water and the whole experimental apparatus was set in a

O-ring Viton) 28mm .D., 3.5mm width room at a constant temperature. To prevent water in the bath
Groove 28mm ].D., 4.7mm. width from entering into test tank, a cover was installed over the

and 2.7mm depth flange of the test tank. An exhaust pipe of 14 inches in
Seal ring (copper) 28mm. ].D., 2nim width diameter was attached on the upper plate of the cover as shown

and 3.5mm thick in Fig.2. The temperature change in the test tank could be
Groove 28mm .D., 2mm width controlled within .1K. From such a counten-neasure, total

and 27 mm depth measurement eor of the leakage rate was within 2.

Average mass leakage rate during pressure change is
obtained by

the upper flange of the tank. A pressure measurement line,
test gas feeder and a vacuum line were attached on cylinder PIV PV P IV(' -P2/P)
wall of the test tank. G = = I (1)

at at

The disk with an artificial defect on the surface was made because the temperature in the test tank was kept constant,
of stainless steel of 42mm in diameter and 5mm in thickness.

Airing hole of 6mm. in diameter is installed in the center of the P/P = constant, (2)
disk. Mirror finished disk was set on a lathe and its surface
was scratched to uniform depth with a diamond needle in radial where G is the average mass leakage rate (g/s), V is volume of
direction. A sketch of a disk with an artificial defect is the test tank (cm), t is measuring period (s) and Pis density

shown in Fig.3. One or two defects were scratched on the of gas in the tank (g/CM3 ), and subscripts and 2 mean the
surface and the disk was installed on the flange of the test tank beginning and the end of pressure measurement. The average
and both surfaces were sealed by O-rings as shown in Fig.3. volumetric leakage rate evaluated at the upstream pressure (viz.,
A typical photograph of the disk with one scratch is illustrated inside the tank) is defined by
in Fig.4.

Three disks with single artificial defect of different depth PV(1-P,/P,)
and one disk with double artificial defects were prepared. L. (3)
O-rings made of viton and copper rings were used for sealing 6 t P 12

rings. where L, is volumetric leakage rate (cm/s) and

Both a bellows seal valve and a stop valve were installed P12 (PI+P2)/2 (4)
in each line connected with the tank to minimize the leakage
from the experimental apparatus. Consequently, the leakage The artificial defects and the seal rings used in this work
rate from the tbst tank without a leak path could be reduced to are tabulated in Table I together with experimental conditions.
less than 10-'cifiN for helium gas. The volume of the tank
including pressure measurement lines was 605.6cm' whose error RESULTS AND DISCUSSIONS
was within 0.5%.

Air was used as a working fluid. After pressurized gas Gas Leakage from O-ring Surface

was filled in the tank and its pressure was regulated at a A O-ring made of viton was used for an elastomer
desired value, a leakage fate from a leak path was obtained by O-ring. The leakage rates from three kinds of artificial defect
measuring decreasing rate of the pressure in the tank through whose depths were different from each other were measured.
a digital quartz pressure transducer with very high accuracy The results are shown in Figs.5, 6 and 7. The characteristic
(full range of 1AMPa and resolution of 1OPa) over the period value (equivalent diameter and length) of the artificial defect
until the pressure in the tank decreased to 5% of the initial was measured by an electron microscope but sufficient accuracy
pressure. was not obtained. Therefore, the equivalent diameter of the

defects are estimated in Section 32 using the methodology
The back pressure, which was atmospheric was measured specified in ANSI N14.51,2.

with another digital quartz pressure transducer (full range of
0.7MPa and resolution of I.Pa). These measurement error was For gas volumetric leakage rates less than O.lcm/s, it is
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Fig.5 Volurnetric leakage rate from a small artificial scratch Fig.6 Volurnetric leakage rate from a middle artificial scratch

on elastorner O-ring surface on lastomer O-ring surface

supposed from our previous works3,4 that hydrodynamics in the The averaged characteristic values (D4/a) were obtained from

leak path is governed only by the friction loss in laminar flow Eq.(6) as shown in Figs.5, 6 and 7 'Me solid lines in the

with gas expansion and the volumetric leakage rate based on figures were obtained by substituting the averaged value to

the upstream condition Lu can be evaluated by Eq.(5). It is clear from these results that the leak rate of an

artificially induced defect which is not a tube of circular cross
4

7r (P.' d')D section can be evaluated by Eq.(5) as long as the characteristic

(5) value of the leak path Ma is known or can be determined.

256fLa In other words, it is confirmed that the approximation method

specified in ANSI N14.5 is also valid for estimating the leak
where P. and P, are the upstream and downstream pressures rate from a scratch on the seal surface of an O-ring flange.

(Pa), 1) is a leak path diameter (cm), is viscosity (Pa-s) and

a is a leak path length (cm). Rewriting Eq.(5), From Figs.5 6 and 7 it can be seen that the easured

I)4 volumetric leak rate increases with differential pressure more
2561,� IL slowly than the W/a scaling would predict. This observation

(6) can be explained by the O-ring pressing deeper into the defect

(P.' d') as the differential pressure across the O-ring seal increases,
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Fig.7 Volurnetric leakage rate from a large artificial scratch Fig.8 Effect of tightening torque of bolts on the flange

on elastorner O-ring surface on volurnetric leakage rate for copper O-ring
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Fig.9 Relationship between tightening torque of bolts Fig.10 Evaluation of equivalent leak path diameter

on the flange and characteristic value

of leak path for copper O-ring

thereby reducing the cross sectional area of the leak path. The measured volumetric leakage rates from the leak path

of an artificial defect with copper ring are shown in Fig.8.

The data shown in Fig.5 were obtained for -a satch 'Me tghtening torques of bolts were uniform. 'Me torques

which was barely observable by visual inspection. The shown in the figure mean total values. The leakage rates

leakage rates are less than 10-3cm/s, which indicates that the decreased as the torques increased. The characteristic value of

gas leakage rate could be less than 10'cm/s when no defect the leak path D/a calculated from the test results in Fig.8 are

would be observed by visual inspection. Such gas leakage shown in Fig.9 where the abscissa is the total torque. The

rate is two order less than the criterion specified in the safety dashed line in the figure is D/a for an elastomer O-ring shown

analysis report (SAR) related to transportation casks of in Fig.6. For the torque more tan 27.4Nm, D/a decreases

radioactive materials. in proportion to sixth power of torque. However, below

27.4Nm, it slightly decreases with increase of the torque. This

Evaluating Leak Path on 0-ring Surface indicates that the copper was pressed into the artificial defect

No data is available to determine whether it is more when the torque increased to more than 27.414m.

appropriate to take the O-ring cross sectional diameter or the Assuming that the length of the leak path is the diameter

O-ring groove width as the length of leak path consisting of of a copper seal ring, an equivalent diameter of the leak path

the scratch and an elastomer O-ring. In addition to the was calculated. The results are shown in Fig.10. In the

elastomer O-ring, copper seal ring was used and volumetric figure, two kind of equivalent diameters for the elastomer

leakage rates were also measured for the artificial defect. The O-ring were also shown as dashed lines. One was calculated

leakage rates were two orders of magnitude less than that of using the elastomer O-ring diameter as the leak path length and

elastomer O-ring. It was found that the leakage rate varied the other was calculated using the groove width. As it could

with the total tightening torque of bolts on the flange. After be considered that no leakage occurred from O-ring surface

the test, a convex impression of the defect was observed on the except artificial defects and no convex mark was observed on

surface of the copper ring. This indicates that the copper seal the copper seal ring when the torque was 27.4 Nm, it could be

ring pressed into the artificially induced defect and decreased determined that the equivalent diameter of the artificial defect

the cross section of an artificially induced defect. 'Me width was 1S.7/im as shown in Fig.10. On the other hand, the

of the copper seal ring was measured after the test and it was diameter of the leak path for the elastomer O-ring was 16/tm

confirmed that the deformation was less than US= and based on the groove width as the length of the leak path,

negligibly small. In other words, the length of leak path with which coincided with the value for the copper seat ring within

copper seal ring could be determined as the width of copper the measurement error.

ring.

From these results, it is appropriate for elastomer O-ring

Using an O-ring surface with no defect and a copper seal to use the groove width as the length of leak path. Based on

ring, correlation between torques and leakage rates were this, the equivalent diameters for other three artificial defects

investigated. It was found tat the leakage rates decreased were calculated as 57 9 in, 16 g m and 20.3 A in, respectively.

rapidly when the torques were 15Nm or less, slightly decreased

when the torques were between 1SNm to 27ANni and did not Evaluation Method for Gas Leakage Rate from Multi-Leak

decrease when the torques were above 27.414m. Paths
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which is the same equation as Eq.(3) for single leak path.
Hence, substituting D/a estimated by Eq.(9) into Eq.(10), the

co
C;_�- gas leakage rate under the operating condition which is different
E 10-3 from a test one can be evaluated.

CONCLUSIONS

0 The following insights have been obtained from the
present work.

4 1. The leak path of a scratch on the 0-ring surface cannot be
D /a= 2.58xl 0-18(ml/m) regarded as a circular tube, but it can be evaluated by an

E
.2 approximate evaluation method by a circular tube proposed
0 in ANSI N14.5, provided that D/a is used for the

characteristics of the leak path.

10 105 1 6 2. Provided that no defect is detected on the 0-ring surface by
Differential pressure(Pa) visual inspection, the gas leakage rate from the 0-ring

(Pu-Pd) surface with an elastomer 0-ring is less than 10-4cm3/s
which is two orders less than the criteria specified in its

Fig.11 Volumetric leakage rate from multi leak paths safety analysis report.

3. When leak path diameter is evaluated, it is appropriate to
No evaluation method has been established for a gas use the width of 0-ring groove as the leak path length for

leakage from multi leak paths. Hence, flange surface with two elastomer 0-rings.
artificial defects was prepared and volumetric leakage rates from
the leak paths were also measured. The results were shown 4. The simplified evaluation method can be applied to multi
in Fig.11. The solid line is the calculation result by Eq.(5) leak paths s long as their characteristic value (Mat) defined
substituting the average (D4/a) obtained from the measurement as the summation of each leak path is applied. Moreover, the
leakage rates using Eq.(6). gas leakage rate from multi leak paths under the operating

condition which is different from testing ones can also be
Assuming that the leakage from each leak path can be evaluated.

evaluated by an equivalent diameter, the simple evaluation
method can be applied to calculate the volumetric leakage rates This work has been performed at the Tokyo Institute of
of 1 to 12 cm3/s as follows; Technology in oaboration with and the Hitachi Zosen

Corporation.
7r (pU2 - d')D�4
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