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In the event that the TFTR vacuum vessel is
damaged or one of the toroidal field coils fails
after the system has become substantially acti-
vated, it is necessary to remotely remove and
replace the damaged section of the vessel using
remote handling procedures. This paper describes
a welding system developed through the final
design stage to perform the remote welding neces-
sary during the replacement operation. Infor-
mation is presented describing the vessel config-
uration, the replacement sequence, the welding
system requirements, welder configuration,
supporting systems, the weld development program
and future development requirements.

Introduction

The engineering design for the Tokamak Fusion
Test Reactor (TFTR) device and components, while
based primarily on physics requirements, has
emphasized operational and experimental flexi-
bility, providing for the possibility of future
improvements and upgrades to the current design.
The device, which will operate initially with a
hydrogen plasma, must be capable of withstanding
production of 14 MeV neutrons during the subse-
quent deuterium-tritium (D-T) operating phases
and the consequent hostile environment. Thus,
design emphasis has been placed on the ability to
maintain and repair the device remotely in order
that it be adaptable to the more ambitious oper-
ating objectives.

The TFTR consists of a toroidal vacuum
vessel constructed of AISI 304 Lfl stainless steel
having a major radius of 2.65 meters and a vessel
inner minor radius of 1.1 meters. The vessel is
surrounded by 20, vater cooled copper toroidal
Meld coils, which, in turn, are surrounded by
water cooled copper ohmic heating and equilibrium
field coils. The basic system is surrounded by a
Peripheral igloo type shield of borated concrete,
0.66 meters in thicknass.

Since the TFTR device, and particularly the
vacuum vessel, will become substantially acti-
vated durinc D-T operations, all maintenance or
repair operations adjacent to, or within, the

vessel will require remote techniques. One of
the most involved remote operations will result
if the vessel or the toroidal field magnets
becomes damaged such that they require replace-
ment. In this event the planned sequence will be
to insert and position a remotely operated
cutting system, and to cut the vessel wall in two
locations enabling the removal of a 36° sector of
the vessel. Cutting operations must be performed
from within the vessel since the magnet systems
are closely coupled to the outer surface of the
vessel; and space, particularly around the center
of the torus, is insufficient for such operations.

Special features which have been built into
the vessel wall to enable remote cutting and
re-welding are illustrated on Figure 1.

Figure 1

As shown in Figure 1, a rail has been
incorporated around the inner circumference of
the vessel wall in the toroidal plane. Immedi-
ately adjacent to the rail is a region of reduced
cross section which is concentric with the rail,
and is the location of the cut and separation.

Welder Description

In addition to the basic requirement to
produce the specific weld under remote con-
ditions, other requirements which dictated the
welder configuration and performance included:



• The welder must be deliverable through a
flanged opening in the vessel wall 43 cm by
89 cm.

• Standard industrial type components must be
used as much as possible,

• The welder must interface with, and be
driven off of, the rail provided.

• The welder must be suitable for the vessel
gap and misalignment conditions which result
during sector replacement.

• The baseline welding process will be auto-
matic orbital gas tungsten arc welding
(GTAW).

• The welder must be consistent with the test
cell manipulator configuration and capa-
bilities.

The design configuration is shown 1n Figures
2a and 2b and is described as follows:

The welder consists of a standard Olmetrics
automatic welder with in "E" type welding head
modified to provide additional motions and mounted
upon a specially designed carriage which adapts it
to the vessel rail. The basic frame member is an
aluminum plate 2.S cm thick and approximately one
meter in length. The welder 1s positioned essen-
tially in the center of the frame and 1s mounted on
a movable table which permits remote positioning of
the torch angle and added travel in the "across
welo" direction. The normal built-in welder
motions, across and in and out of the weld, are

retained; and the torch is mounted on an exten-
sion bar to achieve the proper position over the
weld. Two sychronous drive motors, one at each
end of the frame provide for the welder drive.
The motors ire coupled to the drive wheels
through a 5000 to 1 gear reduction to produce an
output torque of 62 N«m. The drive wheels are
15 cm in diameter and have urethane tires. The
use of a compliant tire rather than a solid
system was dictated due to the possibility of
chips or nicks on the surface of the rail which
could jam a solid system. The assembly is
clamped to the vessel rail by three industrial-
type pneumatic "throw over" clamps which
position shoes with cam rollers against the
vessel rail at appropriate locations. Clamps at
either end of the frame secure the assembly to
the rail, and the third clamp, at the center of
the frame, clamps against the rail to secure
against overturning. The clamps are equipped
with springs, or belleville washers, to provide
compliance and adjustment of clamping forces. In
addition, each clamp 1s equipped with a handle
which can be manipulator operated to release the
clamp in the event of failure of the air
pressure. All elements of the welder are
positioned on one side of the frame plate. This
1s necessary to allow the welder to pass by
clamping fixtures which are required to align
and clamp the replacement sector in place.
Equipment not shown on Figures 2a and 2b includes
the position detection system, weld viewing
equipment and the grapple to Interface with the
manipulator.

It is important to note that the design as
depicted here does not include fully remote
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capability. Additional follow-up work is planned
in the area of weld viewing and automatic weld
seam tracking.

Weld Joint Configuration

Studies

Figure 3 illustrates the original remote weld
joint configuration and the revised joint config-
uration which resulted from the welding develop-
ment program.

The original joint configuration was based
primarily on optimization from the standpoint of
the remote cutting operation. It was found to
have several drawbacks from the standpoint of the
remote welding requirements. First, any misalign-
ment between the fixed portion of the vessel and
the replacement sector would place the root areas
out of alignment, and would require bridging of
the weld. In addition, the original plan was to
emoloy a consumable insert at the weld root, and
this further compounded handling problems.
Furthermore, it was also felt that the protrusions
at zhe root of the weld would be fragile and
highly susceptible to damage during the remote
insertion of the replacement sector. The poten-
tial misalignment and/or gap between the vessel
and the replacement sector is a very serious prob-
lem, since there is no ready way to predict the
configuration of the vessel stnll after the curA-
tirtg operation. Springing "out of round" and out
of alignment is highly likely due to the complex-
ity of the vessel structure, i.e., many large
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penetrations and changes in cross section, with
the resultant built-in stresses.

On this basis, the decision was made to
adapt the configuration shown on Figure 3(b) as
the baseline. As shown, the cutter arrangement
would be altered such '.hat a flat surface would
be created on the right and left hand surfaces
of the fixed vessel. The replacement sector
would be machined to produce a left and right
hand "J" type weld configuration. As shown in
Figure 4, this configuration allows considerably
more tolerance for misalignment than did the
original configuration. The revised configur-
ation is also considered to be slightly better
from the standpoint of accommodating a gap
between the mating parts.



Figure 4

One significant assumption made with regard to the
revised configuration was that the replacement
sectors would be new and hence unirradiated,
therefore, "hands on" machining to fit could be
done. A second assumption was that gauging of
the vessel openings could be done in order to as-
certain dimensions for machining the replacement
sector.

Weld Development Program

The purpose of the weld development r;ogratn
was to develop an optimum weld configuration and
the assoc ated welding parameters from the stand-
point of the overall requirement for remote
welding. Specific considerations which guided
the development program included'

• The weld must be performed fully remote
which implies the use of welding para-
meters and a weld configuration which
requires a minimum amount of precise
control and visibility.

• The weld configuration and parameters
must be suitable for the specified gap
and misalignment conditions.

• The weld must be conducted with a
minimum number of passes and must be
suitable for all positions with mini-
mum adjustment to parameters.

• The combination of weld configuration
and welding parameters must result in a
weld of demonstrated high integrity since
weld inspection is not considered
feasible.

The weld development program was conducted
employing an industrial type Oimetrics gold Track
I system. All welding was done using the gas
tungsten arc (GTAW) process on flat plates.

Fixturing was provided to position the test plate
in all positions including vertical upward, over-
head and vertical downward. The gold track sys-
tem employs a mechanized head equipped with a
torch oscillator, automatic voltage control and
is powered by a 300 ampere power supply. The
equipment includes programmable quadrant controls
and the capability for welding in the continuous
or pulsed current modes. In addition, the pulsed
parameters can be synchronized with the wire feed
and the torch oscillation mode.

One serious problem in conducting welding
studies of this sort is the large number of
interacting factors. These include: weld groove
configuration, gap and misalignment, cover gas
composition, electrode geometry, arc voltage,
weld current, travel speed, wire feed rate,
current mode, and weld position. The range of
parameters considered during the program are
shown in Table 1, below.

The sequence which was followed in the weld
development program consisted of the following
phases.

Phase I. Studies of the original "V" type base-
line weld were conducted using a variety of
shield gas compositions and electrode configura-
tions, with and without consumable inserts; and
at all vald positions. The effect of travel
speed, arc voltage and current, anc wire feed
were examined and optimized against weld pene-
tration and integrity.

While the "V" type weld is a standard con-
figuration and has several advantages including
good access and control of penetration, it is
highly susceptible to problems due to misalign-
ment. On this basis, work on this configuration
was terminated, and emphasis was placed on the
"J" type weld since it is much more compliant
toward misalignment conditions.

Phase II. Welding was conducted for several
variations of the "J" configuration which
differed primarily in the root configuration
and groove angle. Based primarily on good root
penetration, the choice was narrowed to two
configurations differing basically in root
thickness. Additional studies were then con-
ducted to evaluate electrGde position and
further refine parameters.

Phase III. The final testing was done to
evaluate the two configurations with respect to
their weldability under gap conditions. Satis-
factory welds up to a gap of 0.11 cm were per-
formed, and it was concluded that this could be
extended further by adjustment of welding para-
meters. In addition, during this phase, experi-
mental evaluations of problems due to electrode
"sticking", weld wire freezing and overcorrection
of the automatic voltage control wire were con-
ducted.



Table I. Welding Parameters and Ranges Considered.

Parameter Range

'•.'eld Current, Amps, (constant and pulsed)

Voltage

Carriage Travel Speed (cm/min)

Wire Feed Rate (cm/urin) (0.1 cm dia)

Electrode Angular Orientation (0.24 cm dia,
22 thoriated tungsten)

Shield Gases

Weld Position

Base Material

70 to 170

8.0 to 10.0

2.5 to 10

0 to 75

15°, 30°, 45°, 60°

Argon, 5% Hydrogen - 952
Argon, 25S Helium - 755S
Argon

Al l

Stainless Steel ~ype
304 I.

Ancilliary Equipment Requirements

Early in the design program it became obvious
that the welder could not be designed without con-
sideration of requirements of the overall sector-
ing operation. Because of this, a system study
was conducted and all ancilliary or interfacing
equipment items were identified and conceptual
design studies completed.

The basic sector replacement procedure assumes
that the replacement sector is pre-machined to
precisely match the vessel openinc,3 within the pre-
established limits. This is necessary since re-
mote welding under excessive gap and/or misalign-
ment conditions is iot possible. If it is
possible to verify that the vessel openings will
retain their configuration and relationship to
each other after cutting, it will only be
necessary to pre-machine the replacement sector
to ti.e design, or as-built configuration. If
it is determined that the vessel will "spring"
out of its design configuration after cutting,
it will be necessary to provide a remote gauging
system to determine the dimensions of the openings
and their relationship to each other.

Figure 5. illustrates an equipment concept
to perform the required measurements. It consists
of a spider-type structure which is clamped within
the left-hand vessel opening. An arm extends
from the structure to the center of the other
opening. A rotating arm is attached at this
location and is driven around such that linear
position detectors gauge the fiange surface in
the radial and axial dimension. This establishes
the configuration of the right hand opening and

its relationship to the left hand opening. The
device is then transferred to the right hand
flange and the measurements repeated.
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Figure 6, illustrates a vessel alignment
and clamping fixture concept. As shown, the
fixture consists of a i>ar which extends across
the vessel diameter and is held in place by a
clamping arrangement which is actuated outward
in the radial direction against the wall of the
vessel adjacent to'the parting joint. Pneumatic
actuators at each end rotate and drive the main



alignment and clamping shoes outward to the wall.
As these contact the adjacent side of the parting
joint, they simultaneously bring the flanges into
concentricity and secure them in alignment.
During welding operations the main clamping shoe
is rotated up and away from the weld region to
allow the welder to pass the clamp. This oper-
ation is depicted in Figure 7.

Alignment and Clamping Futum Concept

Mwtjuc inn**

WtMar and AllgnnwnfClafflping
Fixnir* Operation* to proms*

Claaranc*

Figure 7

Other key ancilliary equipment not shown on
the Figure includes systems for welder cable
support and systems for non-standard or emergency
conditions, such as remote cutting of a "frozen"
weld wire or a "stuck" electrode.

Summary and Conclusions

Although the TFTR remote vessel welder has
not been constructed or demonstrated, design
studies have proceeded to the extent that the
concept appears feasible. The welding sequence
is complicated by the fact that a misalignment
and gap between the mating surfaces is antici-
pated which seriously compromises the weld, and
necessitates extensive anciliiary equipment.

Conclusions which have resulted from the
welder development program specific to TFTR, and
with regard to remote welding in general include:

• The performance of remote, multi-pass
structural welds employing filler wire is
extremely difficult and should be avoided
if possible. Single pass, fusion or seal
welding is much preferred for remote
applications.

• Design considerations for remote welding
should be incorporated early in the over-
all design sequence and should be given
adequate priority to assure that all
requirements such as access, guidance,
alignment, testing, etc. are addressed.

• Gap and misalignment problems on large
structures such as fusion machines are
serious problems from the standpoint of
remote structural welding. Consideration
should be given to employing special
clamps, alignment fixtures or trimming
devices to minimize the problem. In
addition, the use of the same basic
machine to cut and reweld will help
assure improved weld alignment.

• An extensive program is required to fully
develop remote structural welding, partic-
ularly in the areas of weld viewing, auto-
matic tracking, and optimization of
welding parameters and weld configu-
rations.

• A rerf-te welding machine cannot be
desi.. ed in isolation of the overall
remote maintenance of repair sequence
under consideration. It is interrelated
with such things as: handling equipment,
clamping and aligning devices, emergency
equipment, power sources, etc.; and as
such, must be designed as a system rather
than as an isolated component.
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