
MECHANISMS FOR AUTOMATED TOOLHEAD CHANGING 
IN NUCLEAR STEAM GENERATOR ROBOTICS 

by 

Glenn J. Melnyk 

Thesis submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

MASTER OF SCIENCE 

in 

Mechanical Engineering 

APPROVED: 

tek 
C. F. Reinholtz, Chairmhan) 

“eh. LA bbl 
N.S. Eiss A. L. Abbott 

  

July, 1993 
Blacksburg, VA



Li> 

3455 
VOeS¢ 
(AQaA 
MAA 
Cc.



ACKNOWLEDGEMENTS 

I wish to thank the chairman of my advisory commitee, Dr. Charles F. 

Reinholtz for his insight and guidance in producing this work. I thank Dr. A. L. 

Abbot and Dr. N. S. Eiss for their participation and input on the thesis. 

I wish to thank my parents, Frank and Shirley Melnyk, for providing 

support and encouraging creativity throughout my life. I appreciate the support 

of my in-laws, John and Susann Wallace during the last year. 

Most of all, I thank my wife Jane, for endless encouragement, confidence 

boosts, and much sacrifice in the course of achieveing my goals. 

ili



Contents 

Introduction 

1.1 General Discussion of Toolhead Changers ........... 1 

1.2. Discussion of the Existing BWNS System ............ 3 

13 Review of Literature ........ eee eee 14 

Discusion of Degrees of Freedom 

2.1 The Generic Problem ......... 0... cece cece eee ee 18 

2.2 DOF in the Existing BWNS System ................4-. 26 

Initial Conceptual Designs 

3.1 Problem Statement for COBRA ......... 0.0. 29 

3.2 Presentation of the Concepts for Toolhead Feeding ..... 30 

3.3. Discussion of the Concepts ........... 0.00. c ee eee. 44 

Specific Design Selection 

4.1 Refined Problem Statement .............. 0005s, 46 

4.2 Platform and COBRA DOF Analysis ................. 47 

4.3 Serial Platform Manipulator Concepts................ 49 

iv



Choice of a Final Design 

5.1 Discussion of Economic Factors ................008. 57 

5.2 Discussion of an Exterior Mounted COBRA ........... 58 

5.3. Descriptions of Exterior COBRA Concepts ............ 60 

5.4 Optimal Positioning of the Exterior COBRA ........... 66 

Design Details 

6.1 Common Feature Extraction for a Fixture to Grasp...... 69 

6.2 Gripper Toolhead Development .................4.. 69 

6.3 Placement of Cameras ...... 0... cece eee eee 70 

Conclusions 

7.1 Conclusions Regarding the Generic Problem .......... 71 

7.2 Conclusions for the Platform COBRA System ......... 72 

7.3 Suggestions for Plattorm COBRA Development ........ 73 

7A SUMMALY «1... ee eee eee eee 75



LIST OF FIGURES 

Figure 1.1 Steam Generator Geometry: Quarter Sphere with Manway.... 5 

Figure 1.2 Side View of the Bowl with Worker ..................4.. 6 

Figure 1.3 Geometry and Rotations of COBRA .................505. 7 

Figure 1.4 Toolhead: Plug Insertion ... 2... 0.0... ee ee eee 8 

Figure 1.5 Toolhead: Gripper ...... 0... ee 9 

Figure 1.6 Toolhead: Plug Rolling .......... 0... 0... eee ee eee 10 

Figure 1.7 Toolhead: Embrocher ...... 0... 0... eee eee eee 11 

Figure 2.1 Generic Problem: Planar ....... 0.0... 0 cece eee 19 

Figure 2.2 Generic Problem: Nonplanar ........... 0.0 cc ee enue eens 21 

Figure 2.3 Generic Problem: Nonplanar - with Restriction ............. 22 

Figure 2.4 Generic Problem: Nonplanar - General Case ............... 24 

Figure 2.5 Generic Problem: Nonplanar- General - with Restriction ..... 25 

Figure 2.6 COBRA’s DOF ........ 0.00 ee 27 

Figure 3.1 Span Enterance Configuration .......... 0.60 e eee eens 31 

Figure 3.2 Linear Tool Rack 2.0... 0... ce ete ee 33 

Figure 3.3 Semi-Circular Tool Rack .. 0... 0... ee ces 34 

Figure 3.4 Spoked Tool Rack .......0. 0. ee ees 36 

Figure 3.5 Revolute Jointed Manipulator .............-. 0. 0c eee eee 37 

Figure 3.6 COBRA - Tool Concept ...... 00... eee 39 

vi



Figure 3.7 Rotary Table Mechanism ......... 0... cee cece ee eee 

Figure 3.8 Four-Bar Linkage Mechanism ........... 0.0 ee eee e eens 

Figure 3.9 Prismatic-Revolute Mechanism ......... 0.000 c eee eee 

Figure 4.1 Platform - COBRA Analysis: Nonplanar .................. 

Figure 4.2 Platform - COBRA Analysis: Linear Path ................. 

Figure 4.3 Type-l Arm 1.0... ce eens 

Figure 4.4 Type-2 Arm 1... . ee ee ees 

Figure 4.5 Type-3 Arm 2.0... eee eee eee 

Figure 4.6 Type-3 Arm: Manway Obstruction ...........0.60. 000s 

Figure 5.1 Comparison of Type-1 and Type-3: Utilizing COBRA ........ 

Figure 5.2 Comparison of Type-1 at 45°, 0°, and -45°: Utilizinvg COBRA 

Figure 5.3 Exterior Joint Axis: -45° From the Vertical ................ 

Figure 5.4 Exterior Joint Axis: 45° Parallel to the Manway Centerline . 

Figure 5.5 Exterior Joint Axis: 0° Horizontal ................. eee 

Vil



Chapter 1 Introduction 

Many robotic systems employ interchangeable end effectors. Generally, 

industrial and field robots have access in the workspace to toolheads for 

exchange. In areas that lack adequate space to store toolheads within the 

workspace, they must be changed manually or by an automated mechanism. The 

need for automation is prevalent when the manipulator must operate in a limited 

access workspace, because of restrictive geometric constraints. This thesis will 

discuss the design considerations associated with automated toolhead exchange 

systems. 

The constraints associated with toolhead exchange will be defined and 

applied to an existing system for steam generator inspection and maintenance in 

a nuclear power steam generator. The objective of this application is to reduce 

personnel radiation exposure received during toolhead changes, and to improve 

the performance of general platform maintenance (toolhead tether handling and 

parts feeding) by replacing the present manual methods. 

1.1 General Discussion of Toolhead Changers 

The ability to change toolheads is common in computer numerically 

controlled (CNC) milling machines and robotic applications [Chubb (1993), 

McCormick (1986), Owen (1993), Pham (1986)]. In CNC applications, several 

tools mount on a rotating base that changes the toolhead according to the 
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operation on the work piece. Robotic applications often involve several separate 

tools that attach to the manipulator by use of a coupler. Couplers mechanically 

fasten the toolhead to the manipulator, and in many cases, also connect the power 

source to the tool. These couplers are a relatively mature technology, available 

commercially. 

For common robotic applications, the various toolheads are situated on a 

tool rack within the workspace of the robot. This allows automated exchange of 

the toolheads. For an industrial environment, where the workcell is designed 

around the robot, this provides an effective solution. In field robots, it is 

generally possible to mount the toolheads on the mobile platform. Therefore, 

they are always within reach of the manipulator for an exchange. In a limited 

access workspace there may not be space available for a rack of toolheads within 

the workspace of the robot. The result is the need for manual or automated 

toolhead exchange. Although presently the toolhead changes for the specific 

B&W Nuclear Service Company (BWNS, formerly part of Babcock and Wilcox) 

case are performed manually, automation would reduce human risk. 

A limited access workspace is a particular area of interest that is only 

accessible through a constricted entrance. Common examples of limited access 

workspaces, defined and discussed in Shooter (1990), are underground storage 

tanks, chemical storage vessels and similar spaces opening into a large work area 

from a smaller entrance. The BWNS manipulator, COBRA, (named for its shape



similar to a striking cobra) is this type. COBRA operates in a 59.8 inch (152cm) 

radius quarter sphere environment accessed through a 16 inch (40.6cm) diameter 

manway. It is unlikely the toolheads could be placed in the workspace for access 

by the robot, because of limited space. Manual toolhead changes in a general 

system are difficult if the entrance is small relative to the human operator. 

1.2. Discussion of the Existing BWNS System. 

A manipulator is being developed to feed toolheads to the BWNS steam 

generator manipulator, COBRA. The main purpose of this work is to reduce 

personnel radiation exposure. The task is defined in relation to constraints that 

exist in the working environment. 

The general problem is to develop a manipulator or other device to 

automatically feed toolheads through a portal to a robot. To accomplish this, the 

device must attach and remove toolheads from COBRA. During steam generator 

service, COBRA uses various toolheads including kinetic sleeving actuator, tube 

marking, roll-plug installation, drill, TIG welder and several others. 

Steam generators are shell-and-tube heat exchangers between the 

radioactive primary water, from the reactor, and the non-radioactive secondary 

water that is turned into steam to power the turbine. The generators have 

between 3,000 and 15,000 tubes through which the primary water flows. These 

tubes are inserted and welded into a 12 inch (30cm) thick tubesheet that is the



cover of the bowl. The bowl is the lower hemispherical pressure vessel end cap, 

which is divided into two quarter spheres. The primary water flows into half of 

the bowl through a large pipe, up through the tubes, which are "U" shaped, and 

down into the other side of the bowl and back to the reactor. The walls of the 

tubes of the steam generator are the only barrier between the radioactive and 

nonradioactive water loops. Therefore, it is important for the tubes to be 

inspected for leaks caused by corrosion, thermal stresses, and other factors. 

The tubes must be inspected by COBRA from the bowl of the steam 

generator. Each half of the bowl, is a 59.8 inch (152 cm) radius quarter sphere 

with a 16 inch (40.6 cm) diameter portal located 45° down from the top plane and 

22° out from the back plane shown in figure 1.1. COBRA and its support 

equipment are carried to the steam generator and installed manually. The 

mounting bracket and track extending into the bowl are bolted to the manway. 

COBRA travels on a motorized trolley, up the track, into position in the middle 

of the bowl. Figure 1.2 is a view of COBRA in the bowl showing its size relative 

to a person. The joint axes of this five degree of freedom robot are shown in 

figure 1.3. COBRA has the ability to tilt its mezzanine (COBRA’s support 

structure, see figure 1.2), and thus reach out through the manway. This position 

is used during toolhead changes, however, many of the toolheads do not fit 

through the manway when attached. The shapes and sizes of the toolheads vary, 

see figures 1.4 - 1.7 (for a size comparison, the coupling is 5 1/2 inches (14
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Figure 1.2 Side View of the Bowl with Worker 
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Figure 1.3 Geometry and Rotations of COBRA 
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Figure 1.4 Toolheads: Plug Insertion 
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Figure 1.5 Toolhead: Gripper 
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Figure 1.6 Toolhead: Plug Rolling 
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