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INTRODUCTION

1.1 LMFBR operating experience in the UK indicates that bellows
correctly designed to meet the operating duty will function satis-
factorily over many years, probably longer than the economic life
of the reactor.

Generally the use of bellows in sodium cooled reactors is to perform
one of two basic functions, either to form a high integrity leak
tight seal between a static component and one whose function requires
a limited movement; or to reduce to an acceptable level the stress
due to differential thermal expansion between physically connected
components. When bellows units are applied to LMFBRs the design/
validation process is often complicated by the bellows being
located in high temperature regions (typically 500°C-550°C) where
in addition to the more usual duties they have to be capable of
withstanding thermal shock and thermal creep strain.

This paper considers two examples of the NPC approach to design/
validation of bellows applied to specific duties that fall within
the general categories referred to above.

SODIUM SEAL BELLOWS FOR REACTOR CONTROL ROD MECHANISM

2.1 The control rod mechanism intended for the Commercial Fast Reactor
(CFR) is designed so that the control rod is held by means of an
electromagnet. Interruption of the magnetic field allows the
control rod to fall freely into the reactor core. Without
protection, the void created by the falling control rod would be
filled with reactor gas carrying sodium particles, some of which
would be deposited on the faces of the electromagnet. In normal
operation, the control mechanism is later lowered and the control
rod is picked up by the electromagnet. However, this operation
would be prevented by the sodium deposited during one or more
releases of the control rod. In the Prototype Fast Reactor (PFR)
this problem was overcome by having an adequate supply of clean
purge gas which could fill the void, but with the bigger CFR the
provision of this purge gas became uneconomical.

It was therefore proposed that a bellows unit should be included
to move with the control rod and prevent the ingress of reactor
gas and sodium. Originally it was intended that the top of the
bellows would be connected to the control rod and.the bottom of
the bellows would be connected to the channel wall, so that the
bellows would be compressed by the falling control rod. It was
realised, however, that this arrangement would allow sodium to
build up on the section of the control rod within the bellows
and probably cause rubbing on the bellows convolutions. An
alternative was therefore proposed, in which the bellows enclosed
the control rod with the bottom of the bellows attached to the
control rod and the top attached to the channel wall.
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2.2 Design

The change in length of the bellows had to be 1040 mm which is
the full stroke drop of the control rod. Since the bellows should
have a minimal effect on the passage of the control rod, a long
weak bellows unit with a free length of 1983 mm (78.07 in) and an
axial stroke of +_ 570 mm (22.4 in) was designed by The Nuclear Power
Company (Risley) Limited (NPC) in co-operation with Avica Equipment
Limited who were to manufacture the bellows. A critical design
feature for this application is that the bellows should offer the
minimum resistance to the control rods when released for emergency
shutdown.

NPC's bellows supplier (AVICA) offered bellows for this duty in a
range of wall thicknesses (0.125 mm(.005")-0.25 mm (.010"), and
spring rates. With only small pressure differences to contend with
during operation there was no significant difference in stress
for the wall thickness range considered. However, the thinner
wall thickness (0.125 mm-0.2 mm) did present greater manufacturing
difficulties. Increasing the wall thickness from 0.2 mm to
0.25 mm almost doubled the spring rate ie from 387 N/m to 754 N/m.

The effect of these two spring rates on the velocity of the falling
rod was assessed and both were found to be small ie

Wall thickness (mm) Spring Rate (N/m) Final velocity (m/sec)

No bellows

0.2 387

2.5

2.56

0.25 754 2.61

It was therefore decided that the choice of bellows for this duty
could be as recommended by the manufacturer to meet the functional
specification.

The main parameters of the design accepted are scheduled in
Table land the bellows unit is shown in Figure 1.

X
>!
O

si
CO :
CO i



TABLE 1

Type

I/Dia

O/Dia

No. of plies

No. of convolutions

Material

Material thickness

Axial spring rate

Working pressure

Axial stroke

Axial

96 mm (3.78 in)

120 mm (4.725 in)

1

240

AISI type 316

0.165-0.19 mm (0.0065-0.0075 in)

0.23 N/mm (1.33 lb f/in)

21 KPa (0.21 Bar; 3.00 psig)

± 570 mm (22.44 in)

2.3 Development

In order to give greater confidence in the design, it was decided
that a bellows unit would be manufactured and subjected to an
endurance test of 1000 cycles at ambient temperature.

NPC invited International Research and Development Limited (IRD)
to construct a rig for testing the bellows by subjecting them to
1000 cycles of a full stroke control rod drop at a controlled
rate which extended the bellows, followed by a slow continuous
control rod lift causing compression of the bellows over a period
of not less than two minutes. The velocity after dropping 760 mm
(29.2 in) in air would be 3.8 m/s (12.47 ft/sec) but in this rig,
simulating reactor conditions, the velocity was required to
build to a peak value of about 2.5 m/s (8.2 ft/sec) after dropping
760 mm (29.9 in) and then be reduced to a landing speed of 0.4 m/s
(1.31 ft/sec) at the end of the stroke. Figure 2 shows IRD's
Test Fower Facilities, Figure 3 shows the rig for testing the
bellows and Figure 4 shows the method of mounting the bellows.

2.4 Test Results

i. The bellows, when initially fitted to the rig, had a
leak rate of 0.04 lusecs when extended and 0.06 lusecs
when compressed. The leak was identified at.a weld on
the collar joining two convuluted sections of bellows.

ii. There is no indication that this leak rate was affected
by the tests.

iii. The rig operated successfully for 1000 cycles.

iv. The velocity of the rod after a fall of 760 mm (29.9 in),
when the labyrinth entered the dashpot, was 2.3 m/s

(7.6 ft/sec) compared to the design value of 2.5 m/s
(8.2 ft/sec).

v. The velocity at the completion of the stroke was
0.16 m/s (0.52 ft/sec) compared to the tentative design
value of 0.4 m/s (1.31 ft/sec).

The rig could have been modified to produce the requested
landing speed but the value of 0.16 m/s (0.52 ft/sec) was

acceptable to NPC.

vi. The long stroke displacement and velocity transducers
operated successfully.

vii. The clearances between convolutions were adequate and
would allow for a small build up of sodium on the bellows.

2.5 Future work

Before these tests were carried out, it was suggested that any
damage occurring to the bellows within 1000 cycles could be
investigated further by additional drops. Since no apparent
damage occurred under the fall conditions of these tests, it is
suggested that, in future tests, the water level in the decelerator
should be lowered so that the rod would reach a velocity of (say)
3.5 m/s (11.5 ft/sec), after falling 760 mm (29.9 in) and that the
valve at the base of the decelerator should be adjusted to produce
a landing speed of (say) 0.5 m/s (1.6 ft/sec). This would produce
a severe overload condition which would give an indication of
the safety factor available in this bellows design. It is also
intended that at a later stage, when design and validation of the
control rods is complete, validation of the finalised bellows
design will include hot testing. The test rig used for the
ambient tests described above was designed so that tests at
elevated temperatures could be carried out by enclosing the
bellows section within a heated facility.

3. CDFR SECONDARY SODIUM CIRCUIT PIPEWORK BELLOWS

3.1 The high operating temperature (510 C) of the CDFR secondary
sodium pipework, results in allowable stress ranges being
restrictive for stainless steel type 316 pipework. Typically,
code case N-47 effectively limits total elastic stresses to
first yield 17,000 psi. These low allowable limits, together
with the high thermal transients and seismic consideration
effectively limits the stress due to pipework thermal expansion
to 10,000-15,000 psi. This limitation on stress levels necessi-
tates either the use of extensive pipework routes to build in
the required flexibility or the use of bellows. The former tends
to be costly, both from the pipework and building layout stand-
points. In order to minimise the constraint on the building
layout, reduce the pipework stresses and anchor loads,

56



and provide a system which can be incorporated into a
variety of building layouts, the use of bellows type expansion
joints has been-investigated. It was necessary to examine a
typical pipework configuration to progress the design of the
bellows unit. Figure 5 shows the layout chosen for study.

3.2 Types of Bellows Unit

There are basically three types of bellows unit (see Figure 6)
that may be incorporated into the pipework in order to accommodate
thermal expansion movements.

i. Axial Bellows - This type is the simplest available
and is capable of both axial and angular movement.
However, with a large diameter pressurised system
stresses within the convolutions are excessive. For
this reason, they have not been pursued for this
application.

ii. Articulated Bellows - This type of bellows consists of
a pair of axial units connected by a cylinder. The
pipes on either side of the unit are connected externally
to the bellows by tie rods. In this type of unit the
cylinder between the individual bellows is unsupported
(with respect to dead-weight and vibration). As this
cylinder is very long (> 7m) in the secondary circuit
application, the use of this type of bellows was rejected.

iii. Angular Bellows - In this type of arrangement a hinge
or gimbal system (see Figure 7 for diagrammatic represent-
ation) is placed across an axial bellows element,
connecting directly onto the pipework on either side of
the bellows element. In this type of unit, axial forces
are transmitted across the bellows by the hinge unit,
which also caters for the pressure loading. No axial
or lateral movement is possible with this type of unit,
pipework movement is catered for by angulation. A
combination of hinged and gimballed angular bellows was
chosen for more detailed investigation as a possible
solution for CFR secondary pipework.

3.3 Design

In order to ensure the maximum benefit of bellows design and
manufacturing experience NPC engaged the services of Messrs Munro
and Miller, a prominent UK fabricator of high quality bellows
units and pipe fittings, to undertake the design study in liaison
with NPC design engineers.

The following functional specification together with a typical
pipework configuration shown at Figure 5 was the basis of the
design study to be described.

FUNCTIONAL SPECIFICATION FOR CFR SECONDARY SODIUM PIPEWORK BELLOWS

a. The bellows must either be of a hinged or gimbal design.

b. The total primary plus secondary stress range must be limited
to 34000 psi for a temperature of 540°C.

c. The primary stress limits are to be within the range of
ASME III code case N-47.

d. The normal operating pressure is 80 psig. The design
pressure is to be 150 psig.

e. The normal operating temperature for the hot leg is 510 C,
and for the cold leg 340 C. For both legs the maximum
temperature is 540 C.

f. The pipe size is 28" 0D .375" wall thickness. Material 316 ss.

g. The bellows are to be manufactured from 316 ss.

h. The bellows must be fully drainable.

i. The fluid to be carried is sbdium at 19 ft/sec,

j. The corrosion allowance to be used is 0.010".

k. The bellows can be placed anywhere in the pipework system
between the secondary containment boundary and the steam
generator cells.

1. The pipework anchor loads are to be limited to a resultant
moment of 15,000 ft lb.

m. The bellows are to be .leak jacketed, trace heated, and
insulated.

n. Provision for monitoring integrity of sodium contact ply
and leakage to leak jacket interspace.

An elastic pipe stress code using elements of zero resistance to
represent the bellows, was used to establish the maximum free angul-
ation of 1.98° for the bellows units in their proposed position. It was
decided to place a limit of 2.25 degrees on the angular deflections in
order to limit the length of the units which are of the order of
80 inches long.
A worst case condition has been examined with:

(a) Maximum dimensional tolerance build up

(b) Maximum hinge pin friction loadings

(c) Hot pipe E value

(d) Maximum metal temperature

57



The friction couple M. = u WR was calculated to be 23,000 lbsf. in.

where W = total pressure thrust (based on the mean
effective area of the bellows)

JjL = sliding coefficient of friction between
hinge pin and bush (0.2 assumed)

R = Radius of hinge pin

based on an internal pressure of 80 psig.

The loads applied to the terminal points for various conditions
have been assessed and the resultant moments for the IHX and
SGU terminals are within the 15,000 lbs ft limit set at the
proposal stage.

Element

Having limited the compound angular deflection, and calculated
the maximum differential axial deflection of the pipework due to
transient thermal condition, it was possible to evaluate the
deformation on each corrugation. A number of element designs
have been considered, resulting in a nominal design with the
following dimensions:-

Element bore

No. of corrugations

No. of plies x thickness

Height of corrugation

Pitch of corrugation

31.8 ins.

10

3 x 0.078 ins.

3 inches

2.91 ins.

The effect of manufacturing tolerances on stress levels has been
evaluated. The main parameters concerned are:

Axial stiffness
Stress range
Corrugation height
Corrugation thickness
Corrugation pitch

The effect of variation in one parameter on another are indicated
on graphs shown in Figures 8-10.

The suggested range of main profile dimension is as follows:

Corrugation height

Corrugation thickness

Corrugation pitch

3.06 ins to 3.22 ins

0.0707 ins to 0.085 ins

2.83 ins to 2.98 ins

These dimensional tolerances are within the draft ASME code on
Expansion Joints.

The bellows elements have been designed in accordance with the
"Expansion Joint Manufacturers Association" (EJMA). A 3-D finite
element analysis on a quadrant of a single ply first corrugation
and part of the attachment region has been performed. The results
validate the use of the EJMA equations.

Gimbal Ring

The gimbal ring has been analysed using a 3-D finite element
programme, the object being to check the general load - deflection
characteristics and stress levels. The loading characteristic
is particularly important with respect to the hinge pin-bearing
loading. High friction at the hinge pin effectively reduces the
flexibility of the joint and increases the loads on the pipework/
terminal points. The problems associated with the hinge assembly
designs are mainly due to the high temperature environment.
Alternative arrangements involving insulating the hinge from the
high temperature or by providing cooling, have been considered.
It was judged that these alternatives created nore problems than
they solved, and therefore it was decided to design the hinge
running hot within the leak jacket in the high purity argon
blanket. The complete bellow/hinge unit would then operate with
relatively small steady state temperature gradients within the
insulated leak jacket boundary, and the problem of argon sealing
would be greatly reduced. In order to reduce the thrust in the
pipework it was decided to investigate hinge pin-bearing material
combinations which would limit the coefficient of friction to the
order of 0.2.

Gimbal Ring-Pipe Attachment

Three types of cone-pipe attachment have been considered as shown
in Figure 11. A summary of the advantages and disadvantages is
shown in Table 2 below.
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TABLE .2 Summary of cone-pipe attachments

(the effect of pitch variation is not significant).

Description

Component M/f

Complete unit
assembly

Sub-assembly

Axial loading

Tensional loading

Thermal Transient
Stresses

Integral

Good

Bad

Satisfactory

Good

Good

Bad

Bayonette

Bad

Good

Good

Satisfactory

Satisfactory

Satisfactory

Loose Ring

Good

Good

Good

Good

Satisfactory

Good



It was decided to pursue the loose ring concept and perform more
detailed analysis on it with respect to thermal transient stresses.
A 3-D finite element analysis of the restraint loading has been
performed. Figure 12(a) shows a longitudinal section through
the original cone. High longitudinal thermal bending stresses
were found in the transition region between the cone and the
flange at the left hand side of the section. Also high circum-
ferential bending stresses were found in the transition region
at the right hand side of the section at 90 from the application
of the hinge load. The modified section shown in Figure 12(b)
was evolved to smooth out the transition between the conical shell
and end forgings and therefore improve the temperature distributions.
The modified section also improves the mechanical load carrying
capacity of the design.

Figures 13 and 14 show the maximum stress levels obtained.

Seismic Response

The level of seismic response in the UK is specified at 0.25 g
SSE with the spectrum shape as defined in the US/NRC Regulatory
Guide 1.60. Currently there is no OBE-requirement specified in
the UK but for convenience preliminary seismic assessments on
CDFR components are designed to meet a 0.125 g DBE (equivalent to
0.125 OBE) because these assessments can usually be accomplished
by elastic analysis. It is assumed that if the 0.125 g DBE is
satisfied it will be possible to later satisfy the requirement
for 0.25 g SSE.

The preliminary seismic assessment of these gimballed and hinged
bellows units indicates only modest stresses, providing the pipe-
work is snubbed fairly close to both sides of the bellows units.

In-Service Monitoring for Sodium Leaks

Figure 15 shows the leak detection system proposed for continuous
monitoring the interspaces of the three-ply bellows element.
Failure of the ply in contact with sodium will cause sodium to
enter the leak detection pipe under line pressure. Failure of
both contact ply and middle ply would allow sodium to leak into
the restraint core where a second leak detector is positioned.

Bellows Replacement

Should a failure of the main elements occur it will be necessary
to drain sodium from the line, cut-out the complete bellows unit,
and replace the unit. If the failure is relatively minor and
only one ply then it should be feasible to continue operation and
replace the bellows unit during the following scheduled reactor
shut down.

Should failure of the leak jacket bellows occur, it would be
possible to replace it without affecting the main assembly of

the unit. This would be achieved by having the leak jacket bellows
somewhat larger than the leak jacket pipe. A spare bellows would
be pre-positioned around the pipework upstream of the unit. It
would be possible to replace the jacket bellows using the follow-
ing procedure:-

(i) Drain the circuit.

(ii) Strip off the insulation from around the unit,

(iii) Cut out the damaged bellows.

(iv) Position spare bellows, fit half ring make-up pieces,
and weld to existing unit.

(v) Replace insulation.

3.4 Component Testing

The first stage of component testing is to prove that the proposed
components and assembly design, as manufactured, satisfy the
requirements of the design specification. Tests to confirm the
vibrational characteristics of the bellows assembly are also
required.

Additional testing at elevated temperature to prove that under
the application of mechanical, pressure andthermal loading the
measured deflections and strains are within the specified allow-
able limits of an appropriate code, are proposed in the next
section.

3.5 Discussion

From the design study described, it is seen that a design by
analysis route has been chosen for bellows operating in 500/520°C
temperature range.

NPC are currently addressing the problems of bellows design and
validation, and consider a reasonable approach would be to
substantially validate by analysis with supporting high temper-
ature component testing to check the strain range predicted by
analysis and confirm that there is no excessive local strain
accumulation. For the bellows described this'would mean a design
check against the ASME Code for multiply bellows when it becomes
available, followed by a creep/fatigue inelastic assessment to
satisfy the requirements of ASME Code Case N-47. This would
consist of assessing the strain range/strain accumulation for
several cycles of the bellows. In order to reduce the complexity
and cost of this assessment, equivalent axi-symmetric cycling of
the bellows would be assumed.

The supporting high temperature test work proposed would consist
of fatigue testing three bellows units by rapid cycling (1 cycle/
second) at 510 C to failure in order to confirm fatigue life under
design temperature and loading. Followed by testing one bellows
unit at a temperature adjusted to give creep effects in the
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bellows tested, equivalent to being manufactured from material
with the lowest acceptable creep value. This bellows (suitably
strain gauged) .would be cycled by periodic removal of load and
reduction of temperature to 340°C over a period of 20,000 hours.
Strain measurements would be recorded for comparison with strain
range predicted by analysis and to check that there is no evidence
of excessive local strain accumulation.

4. CONCLUSION

As part of their CDFR design studies NPC are currently considering
the use of bellows in contact with sodium in several critical areas.
The design and development of bellows units for two proposed applic-
ations have been described.

In the first application the purpose of the bellows is shown to form a
high integrity seal in order to protect reactor control rod electro-
magnets from sodium aerosols/vapour present in the reactor cover gas.
This unit is subject to high operating temperature (510°C) but only
modest levels of stress and should the need arise the control rod unit
complete with bellows can be removed from the reactor and replaced
with a new unit.

The design assessment of multiply hinged/gimballed bellows for install-
ation in the secondary sodium pipework system where they would operate
at a temperature of 510 C has been described and a satisfactory design
appears to be feasible. The validation route proposed is essentially
validation by analysis. Ambient testing of the bellows unit is
required to demonstrate that the bellows assembly, as manufactured,
satisfies the requirements of the design specification. Tests to
confirm the vibrational characteristics of the bellows assembly are
also required. In addition it is proposed that supporting high
temperature testing of several bellows units will be necessary, during
which each of three units would be rapidly cycled to failure and one
unit soaked at 510 C with periodic removal of load and reduction of
temperature to 340 C over a total test period of 20,000 hours.
Recorded strain measurements would then be used to confirm the inelastic
analysis strain range predictions and that there is no excessive local
strain accumulation.
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COMMERCIAL IN CONFIDENCE
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Fig.O Variation in axial stiffness due to
change in corrugation height
(thickness constant)*

Fig. 2> Variation in total stress due to change
in corrugation thickness (height constant)
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• Tolerance range in stiffness
(49000 to 56OOO lb/in/corr.)
tor given tolerance range in
height (3.06 to 3.22 in).

Axial stiffness
(lb/in/corr.)

70,000

£0,000

50,000

Total stress
(psi)

35,500 '

35tOOO •

34,500 .

34,000 .

33,500

L

\

1 ̂

1

\ vV

.

-*
*

1

*

, S*.
2.90 3.10

Corrugation height (in)

3.30 0.070 0.080 0.090

Thickness (in) - starting valve

* suggested tol. range for corrugation
ply thickness O.O7O7in to O.085irw

* BS 1^49 tolerance range.



Total stress
(psi)
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suggested tolerance range for
corrugation height, 3.06in to 3.22in.

Fig. 10 Variation in total stress due to
change in corrugation height
(thickness constant).

Co-O" 65

(a) integral type
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(b) bayonette type

(c) loose ring type

fli I I Alternative restraint cone/pipe
attachments.



5.0in.
0.375 in.

Fig.I £.a; Original restraint cone
configuration (drg. no.8F3211 A/B
part nos. 9, 11, 12)

FigJ£ (b) Modified restraint cone configuration
(section through line of application
of hinge pin load)

• 5000

- 5000 —

/

^ - —

rane Stress.

, , n . .

* 5000 -

0
Cpsi)

- 5000 _

- 10000 «,

Section through cone
elements 93 to 13.

circumferential bending stress

longitudinal bending stress

Fig. 13 stresses in restraint cone <part no3. 9, 11, 12 of Drg. 8F3211/A)
10 min. after start of thermal transient (JGDS 005 case 2
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