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Abstract 
 
The Intern Program was introduced at the Canadian Nuclear Safety Commission, 
Canada’s Nuclear Regulator in response to the current competitive market for engineers 
and scientists and the CNSC’s aging workforce. It is an entry level staff development 
program designed to recruit and train new engineering and science graduates to 
eventually regulate Canada’s nuclear industry.  The program provides meaningful work 
experience and exposes the interns to the general work activities of the Commission. It 
also provides them with a broad awareness of the regulatory issues in which the CNSC is 
involved.  The intern program is a two-year program focusing on the operational areas 
and, more specifically, on the generalist functions of project officers. 

 
1.0 INTRODUCTION 

 
The Canadian Nuclear Safety Commission’s (CNSC) Intern Program was introduced in 
January 2001 to address the current competitive market for engineers and scientists and 
to fill some of the vacant positions as staff retired.  The CNSC recognized that it needed 
to rejuvenate the organization’s workforce in order to ensure its regulatory effectiveness 
for the future. The intent of the two-year program was to recruit engineering and science 
graduates from Canadian universities, but other than requiring an engineering or science 
degree, the CNSC placed no other restrictions on the candidates for the program. The 
program combines work assignments within operations, as well as training in nuclear and 
non-technical areas. At the end of the program, graduates will be placed within the 
various divisions of the CNSC. 
 
The purpose of this paper is to describe the: 
 
2.0 Planning of the Intern Program 
3.0 Implementation of the Program 
4.0 Progress of the Program to date 
5.0 Links to other training initiatives and 
6.0 Future of the Program 
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2.0 PLANNING THE INTERN PROGRAM 
 
In June 2001 eight graduates from six Canadian universities joined the CNSC to begin a 
very structured two year program. Of the eight, only one had previous (and limited) 
experience in the nuclear industry. She had completed co-op and summer assignments 
with Atomic Energy Canada Limited (AECL) and Ontario Power Generation (OPG) as a 
requirement for completion of a Masters Degree in Nuclear Engineering. The challenge 
for the CNSC was to try and prepare these individuals to become regulators of the future 
for Canada’s nuclear industry. 
 
The process started in early 2000 with a proposal submitted to the CNSC’s Executive 
Committee (EC) for approval for the Intern Program. It outlined why the CNSC’s EC 
should consider approving the program, and explained how the program would be 
developed and administered (see below). The EC approved the program in January 2001, 
with the first intake to begin in June. 
 

1. Program cost 
2. Recruiting strategy 
3. Roles and responsibilities   
4. Learning strategy 
5. Program evaluation, and 
6. Placement strategy 
 

2.1 Program Cost 
 
The cost of the program from June 2001 to June 2003 is estimated at $950,000. This cost 
includes: salaries of the eight interns, as well as their training, and travel expenses. 
 
2.2 Recruiting Strategy 
 
The CNSC Human Resources (HR) Directorate took the lead on recruiting. They formed 
two teams comprised of HR personnel and staff from the reactor business area including 
young project officers from reactor site field offices. The project officers were included 
on the teams to explain the technical aspects of the nuclear industry to the university 
students. Six Canadian universities were selected for the recruitment teams to visit. 
Interviews were conducted at each location according to set criteria. The teams looked for 
good communication and interpersonal skills; demonstrated potential through scholastic 
achievement; an interest in CNSC’s regulatory work; and a willingness to relocate to 
CNSC offices in Canada after the two year program was completed.  
 
2.3 Roles and Responsibilities 
 
The responsibility for the program was distributed to staff throughout the Commission.  
Detailed below are the responsibilities for each. 
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2.3.1 Project Authority 
 
The principle client of the Intern Program is the Director General of the Directorate of 
Power Reactor Regulation. As the Project Authority, he is responsible for: 

• overall management of the program; 
• committing most of the resources; and 
• resolution of conflicts between operational requirements and the needs of the 

Intern Program. 
 
2.3.2 Steering Committee 
 
The initial steering committee was comprised of the Director General of Reactor 
Regulations, two directors, the intern program officer, the Director of HR and the 
Manager of the Technical Training Group. The steering committee is now comprised of 
the five Director Generals from the Operations Branch, the intern program officer and the 
Manager of Policy, Planning and Learning. Their role is to: 
 

• monitor the progress of the program; 
• review the evaluations of each of the interns throughout the program; and 
• decide at the completion of the program where the interns should be placed within 

the organization. 
 
2.3.3 Manager of Policy, Planning and Learning 
 
The Manager Policy, Programs & Learning appointed a program officer to: 
 

• manage the day to day requirements of the program; 
• oversee the training and travel budget; 
• develop the training strategy and curriculum; 
• negotiate with divisions to determine specific learning objectives for the interns 

while on work assignments; 
• supervise the interns; and 
• prepare monthly and annual reports on the progress of the intern program. 
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2.4 Learning Strategy 
 
The intern program is a two-year structured program that is broken down into eight two-
month work assignments in various divisions and eight one-month terms of formal 
technical and non technical courses, assignments and projects. On the following page is 
an example of the interns’ rotation plan that shows how the interns would move through 
the program. 
 
CNSC used a variety of methods such as lecture; computer based training and practical 
applications to deliver the training. 
 
To identify what training was required, a standard training plan was developed from the 
Project Officers’ Competency Profile. All training followed the Systems Approach to 
Training.  
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Interns’ Rotation Plan 
 
  

Orientation 
June 4 – June 30 

001 2 

 
Interns started with TTG and attended an orientation session in Ottawa. Activities included: 

 tending to administrative matters 
 completing CNSC Orientation Program and attending CNSC Overview Course 
 receiving briefings on work assignments and training 
 touring a nuclear power plant 
 taking basic computer training if required 
 preparing for work assignment 

 
Work Assignment #1 
July – August 2001 
  
  

 
Interns were assigned to reactor business area divisions for work assignments. Only one 
intern is assigned to a division at one time. The Program Manager from the Technical 
Training Group negotiated the learning objectives for each work assignment with the 
receiving divisions. Interns were assigned to one of 25 divisions.  For example: Operations 
Inspection Division, Technical Services Division, Systems Engineering Division, Physics and 
Fuel, Research Facilities Division, Waste and Geosciences Division, Office of International 
Affairs, and the  Office of Regulatory Affairs 
Each work assignment focused on at least one of the following areas: safety case, safety 
report, audit preparation, conduct and follow-up, license program review, inspections, 
licensing process, event reviews, report writing, and licensee work practices. 

 
Common Training 
September 2001  

 
In group sessions, interns participated in formal training, self-directed training, group 
activities, training conferences, meetings with mentors, presentations on previous work 
assignments and preparing for their next work assignment. Interns also prepared and 
present seminars on various topics. Over the eight training periods, interns would attend 
courses on, for example: The Canadian Nuclear Control Act and Regulations; Nuclear 
Theory; Science and Reactor Fundamentals;  Introduction to CANDU, Radiation 
Protection; Radiation Instrumentation; Nuclear Safety & Philosophy; Audit & Evaluation; 
Time Management, Presentation Skills; Event Investigation; Project Management. (This is 
not a complete list of courses)  

 
 

Work Assignment  
October – November 
2001  

 
Interns are assigned to divisions. 

 
Common Training 

December 2001  

 
Formal training continues. 

 
6 6 month 

Evaluation 2001 

 
Steering Committee formally evaluated interns to determine if they would 
proceed in the program.  

 
Alternating work assignments 
and group sessions  
2002 

 
The work terms and formal training continues for 
the remainder of the program. 

 
24th Month Evaluation & Final 
Placement – June 2003 

 
Steering Committee formally evaluates interns 

 to determine their placement in the CNSC. 
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2.5 Program Evaluation 
 
To evaluate and assess the effectiveness and efficiency of the work terms and formal 
training, the following processes are used:  
 

• After each work term the supervisor of the receiving division and the intern are 
required to separately complete an evaluation form. Each of the evaluations 
addresses similar questions. The purpose is to find out if both the supervisor and 
the intern felt the same way about the work term. If there is a major difference of 
opinion, the Program Officer interviews both to determine why; 

• All formal training is evaluated;  and 
• Formal reports are provided twice a year to the EC. 

 
2.6 Placement Strategy 
 
Following the completion of the program, the interns will be placed in generalist 
positions throughout the CNSC. Before being placed, consideration will be given to the: 
 

• operational requirements of the organization; 
• management’s input; 
• interns’ assessment reports; and 
• interns’ aspirations. 

 
3.0 IMPLEMENTING THE INTERN PROGRAM 
 
Once approval had been received, the task of developing the program began. The 
Planning, Policy and Training Directorate were faced with some significant problems.  
These were: 
 

• there were no established standard training plans in place for the project officers; 
and 

• CNSC had very few courses developed for the staff of the CNSC because most of 
the current staff had been hired from the nuclear industry and had the required 
knowledge and skills to perform their jobs. 

 
It was decided that the intern training would be based on the Project Officers’ 
Competency Profile. Although a competency profile had been previously produced, a 
standard training plan that detailed the training requirements for junior, intermediate, and 
experience project officers had not been developed.   
 
Training for project officers up to that time was not systematic or structured.  The 
training for project officers was the responsibility of the CNSC supervisor at the nuclear 
facility and it was administered according to the specific needs for each facility.  
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To meet the deadline a structured training plan had to be developed quickly and be in 
place by June 4, 2001. This training plan not only had to meet the needs of the interns, 
but it was also going to be used for the training of the project officers at the reactor sites.  
  
To accomplish this, a task analysis was completed that identified what training was 
required for junior, intermediate and experienced project officer positions. Once the 
analysis was done, then the structured training plan was produced. 
 
The final step was to determine the most effective and efficient methods of acquiring the 
training. It was not practical or cost effective for the CNSC to develop all the training that 
was needed so the following approach was taken: 
 

• Request that some of the generic technical training be delivered by AECL and 
OPG;  

• Non-technical training would be out-sourced to commercial vendors;  
• CNSC would  develop and deliver all training that was regulatory in nature;  
• Some technical courses that would be repeated regularly, such as Science and 

Reactor Fundamentals, and Audit and Evaluation would be developed by 
contractors; and 

• Radiation Protection and Radiation Instrumentation would be developed 
internally with the help of CNSC subject matter experts. 

 
Following are examples of the Standard Training Plan and an Individual Training Plan 
that were developed. 
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Standard Training Plan 
 
Course Code Course Name Delivery Format 

Legal Basis & Regulatory Requirement 
H101 CNSC Orientation Self-Directed 
L101 Introduction to the Act Classroom 
L102 Introduction to CNSC Regulations Classroom 

Basic, Applied & Specialized Technology 
P 101 Basic Radiation Protection Classroom 
P102 Radiation Instrumentation Practical 
B101 Nuclear Theory Classroom 

Personal & Interpersonal Effectiveness 
H115 Project Management Classroom 
H116 Time Management Classroom 
H117 Presentation Skills Classroom 

On-job Training 
R301 Field Inspections Practical 
R306 Site Safety Assessments Practical 
R307 Working with Licensees Practical 
 

8 



Individual Training Plan 
 

Name -  
Employee Number -  
 
 

TTG 
Course 

# 

 
CNSC 
OPG 

AECL 
OTHER 

 
Course Name 

 
Date Completed 

 
Formal 
Evaluation 

 
 G101 

 
CNSC 

 
CNSC Infrastructure 

 
June 5,  01 

 
No 

 
 G102 

 
CNSC 

 
CNSC Safety Culture 

 
June 5,  01 

 
No 

 
 E101 

 
CNSC 

 
CNSC Licensing Philosophy & Practices 

 
June 5,  01 

 
No 

 
 L101 

 
CNSC 

 
Introduction to the NSC Act 

 
June 14, 01 

 
No 

 
 L102 

 
CNSC 

 
Introduction to the CNSC Regulations and 
Regulation Documents 

 
June 5,  01 

 
No  

 
 C101 

 
CNSC 

 
Overview of CNSC Compliance Project 

 
June 5,  01 

 
No 

 
N/A 

 
OTHER 

 
GroupWise (External Course) 

 
June 6, 01 

 
No 

 
 P101 

 
CNSC 

 
Introduction to Radiation Protection 

 
June 20, 01 

 
Yes- Pass 

 
 R101 

 
OPG 

 
Introduction to Reactors 

 
June 13, 01 

 
Yes - Pass 

 
L102 

 
CNSC 

 
Intro to CNSC Regulations 

 
June 21,  01 

 
No 

 
B105 

 
OPG 

 
Basic Thermodynamics 

 
Sep. 5, 01 

 
Yes-Pass 

 
B106 

 
OPG 

 
Intermediate Thermodynamics 

 
Sep. 5, 01 

 
Yes-Pass 

 
B107 

 
OPG 

 
Fluid Mechanics 

 
Sep. 6, 01 

 
Yes-Pass 

 
B108 

 
OPG 

 
Basic Mechanical Equipment 

 
Sep. 7, 01 

 
Yes-Pass 

 
N/A 

 
OPG 

 
Orange Badge 

 
Sep. 18, 01 

 
Yes-Pass 

 
B110 

 
OPG 

 
Principles of Nuclear Safety 

 
Sep. 26, 01 

 
Yes-Pass 

 
H119 

 
CNSC 

 
Presentation Skills 

 
Sep. 17, 01 

 
Yes-Pass 

 
H104 

 
AECL 

 
Effective Communication 

 
Dec. 03, 01 

 
No 

 
H105 

 
AECL 

 
Resolving Conflict 

 
Dec. 03, 01 

 
No 

 
H106 

 
AECL  

 
Managing for Results 

 
Dec. 04, 01 

 
No 

 
H107 

 
AECL 

 
Nuclear Theory 

 
Dec. 5 & 6, 01 

 
Yes-Pass 

 
H108 

 
AECL 

 
Teamwork 

 
Dec. 07, 01 

 
No 
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4.0 PROGRESS OF THE PROGRAM 
 
The program to date has been a success. The interns have been successful in all of their 
formal training and work assignments. The reports that have been produced such as the 
Laboratory Operations- A viability Study, Outreach Program, Benchmarking Program 
and Fuel Tube Machine Human Factors Engineering Program Plan have been very 
detailed and professional. All of them have participated in projects (Convention on 
Nuclear Safety and Sustainable Development) and these too had very positive results. 
Five have attended international conferences in the USA, Hungary, Korea and Vienna 
and two were members of Canada’s delegation to the Convention on Nuclear Safety, in 
Vienna last April. 
 
The divisions have been thorough when selecting the learning objectives for the interns 
for their work terms. From the beginning, the intern program officer insisted that all 
learning objectives had to be realistic, measurable and had to have positive results for 
both the intern and the division. As the intern gained more confidence and experience 
after each work term, the learning objectives became progressively more challenging.  
(Annex D has an example of work term learning objectives) 
 
The formal training was staged to confirm that all basic knowledge and skills were 
achieved before progressing to more advanced courses. By the time the interns finish the 
program they will have completed all the knowledge requirements for an intermediate 
project officer.   
 
At the start of the program, there were 11 divisions participating in the work terms. Now 
29 divisions are interested in taking an intern for a work term. When this program began, 
the CNSC EC was willing to consider it a success if five of the eight interns completed 
the two-year program. We are now confident that all eight will complete the program. 

 
5.0 LINKS TO OTHER CNSC INITIATIVES 
 
The Intern Program is having a significant and positive impact on many of the other 
training initiatives that the Policy, Programs and Learning Section is currently 
undertaking. The program has encouraged other divisions to consider filling vacancies 
through the intern program. To accomplish this, other requirements must be completed 
first. These include: staff competency profiles, standard training plans and a common 
training plan: 
 
5.1 Staff Competency Profiles 
 
The CNSC has plans to develop competency profiles for all positions within the 
operations branch. 
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5.2 Standard Training Plans 
 
All junior, intermediate, and experienced positions within each division require the 
development of a standard training plan. 

 
5.3 Common Training Program 
 
Beginning in April 2003, a training plan that identifies all common training requirements 
for CNSC’s operations branch technical staff will be in effect.   
 
6.0 THE FUTURE OF THE PROGRAM  

 
When the program was given initial approval, it was understood that it was a pilot project 
and there were no guarantees that it would continue. Over the past 18 months the 
program has met and, in many cases, exceeded all expectations. The EC has now directed 
that it will continue. 
 
The program will continue beyond 2003 with the following changes: 
 

• The program will be reduced from 24 to 18 months (without degrading the 
content). This reduction was considered feasible as a result of the continuous 
monitoring of the program. 

• Instead of having eight two-month work terms and eight one-month of formal 
training, the program will have six three-month work terms with the formal 
training included.   

• All junior engineers and scientists hired into the CNSC throughout the year will 
automatically be placed into the intern program. 

• All operation branch directorates will participate in the program. 
 
7.0 CONCLUSION 
 
In spite of some apprehension and concerns about hiring individuals with little or no 
experience and education in the nuclear industry, senior CNSC management decided to 
approve the intern program. They recognized that the traditional method of staffing the 
organization from within the nuclear industry was not going to be sufficient to meet its 
future requirements.  They were aware that Canada’s universities did not have bachelor 
degree programs in nuclear engineering and graduates from the Masters and PhD 
programs in nuclear engineering from Canadian universities were almost non-existent.  
 
The intern program was developed as a means to encourage graduates of engineering and 
science programs to consider a career with the nuclear regulator.  In return, the CNSC is 
providing them with the knowledge, skills and attitudes they will need to function 
successfully as future project officers and/or inspectors. 
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The program has been such a success that senior management has not only approved its 
continuation, but has directed that all inexperienced and junior staff in the Operations 
Branch will enter and complete the intern program prior to final placement.  
 
Included as annexes to this report are:  

• Annex A - Intern Evaluation Report  
• Annex B - Supervisor Evaluation Report  
• Annex C - Course Evaluation  
• Annex D - Example of Work Term Objectives  
• Annex E - A section of  the mechanical equipment course with overheads 
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Annex A 
 
CNSC Interns’ Evaluation  
 
Name ____________________________ 
 
Division __________________________ 
 
Please complete each section of this evaluation.  Your comments are very important so that we can 
determine how effective each work assignment was.  Your comments will be used to improve the work 
assignments. (If required)  
Section 1 is to be completed at the end of each work assignment objective. 
 
Section 1 - Learning Objectives 
 
Upon completion of each objective please put a (/) in the columns that best reflects your opinion based on 
the following criteria.   Under the comments section, please provide any suggestions or recommendations 
you may have for each objective. If you check 1 or 2 please explain why. 
 

Strongly agree      4  3  2  1     Strongly disagree  
 

 
Learning Objective #1 

 
 4 

 
 3 

 
 2 

 
 1 

 
 N/A 

 
The learning objective was clear and well organized. 

 
 

 
 

 
 

 
 

 
 

 
The material provided to meet the objective was helpful and appropriate. 

 
 

 
 

 
 

 
 

 
 

 
The activities were relevant to the learning objective. 

 
 

 
 

 
 

 
 

 
 

 
Positive 
 
 
 
Constructive 
 
 
 
Learning Objective #2 

 
 4 

 
 3 

 
 2 

 
 1 

 
 N/A 

 
The learning objective was clear and well organized. 

 
 

 
 

 
 

 
 

 
 

 
The material provided to meet the objective was helpful and appropriate. 

 
 

 
 

 
 

 
 

 
 

 
The activities were relevant to the learning objective. 

 
 

 
 

 
 

 
 

 
 

 
Positive 
 
 
 
Constructive 
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Section 2 – Interns’ Evaluation 

For each item listed below, put a (/) in the column that best reflects your opinion. If you select 1 or 2 please 
explain why. 
 
 
 Strongly agree       4      3      2      1        Strongly disagree 

 
4 

 
3 

 
2 

 
1 

 
1. I found this work assignment to be a positive experience. 

 
 

 
 

 
 

 
 

 
2. I received the assistance I needed during the work assignment.  

 
 

 
 

 
 

 
 

 
3. I was given constructive feedback during the work assignment.  

 
 

 
 

 
 

 
 

 
4. I felt I was an active contributor to the division. 

 
 

 
 

 
 

 
 

 
5. All reference materials relating to the learning objectives were available to me. 

 
 

 
 

 
 

 
 

 
6. The supervisor(s) demonstrated depth of understanding and professional credibility with 
regard to the learning objectives. 

 
 

 
 

 
 

 
 

 
7. The supervisor(s) took the time to clarify areas of uncertainty. 

 
 

 
 

 
 

 
 

 
8. The supervisor(s) stimulated my interest in the division’s tasks and responsibilities. 

 
 

 
 

 
 

 
 

 
9. The supervisor(s) took the time to clearly explain what was expected of me. 

 
 

 
 

 
 

 
 

 
10. The pace of learning was sufficient for my needs. 

 
 

 
 

 
 

 
 

 
11. The assigned workload was appropriate for my experience level. 

 
 

 
 

 
 

 
 

 
12. The work assignment provided me with new knowledge, skills and awareness. 

 
 

 
 

 
 

 
 

 
General Comments: 
 
Please provide general comments about the work assignment. 
 
1. Your general impressions of the work assignment (consider: work area, group 

dynamics, were your concerns addressed in a timely manner, etc.). 
 
2. Areas of the work assignment you would like to see expanded, reduced or eliminated. 

 
3. What did you like best about the work assignment? 
 
4.   What did you like least about the work assignment? 
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Annex B 
 
CNSC Interns’ Evaluation (Supervisor) 
 
Name of Intern ____________________________ 
 
Name of Evaluator _________________________ 
 
Division __________________________ 
 
The following evaluation is divided into two sections. Section 1 is to be completed at the end of each work 
assignment objective.  The input of the person supervising the intern is required in order to determine the 
effectiveness of each work assignment. Thank-you for your assistance. 
 
Section 1 – Learning Objectives 
Upon completion of each section, put a (/) in the column that best reflects your opinion based on the 
following criteria: If you select 1 or 2 please explain why. 
 
 Strongly agree    4  3  2  1   Strongly disagree  
 
Under the comments section, please provide any suggestions or recommendations you may have for this 
section. 
 

 
Learning Objective #1 

 
 4 

 
 3 

 
 2 

 
 1 

 
The learning objective was achieved by the intern. 

 
 

 
 

 
 

 
 

 
The material provided to meet the objective was helpful and appropriate. 

 
 

 
 

 
 

 
 

 
The activities were relevant to the learning objective. 

 
 

 
 

 
 

 
 

 
Comments: Positive  
 
 
Comments: Constructive 
 
 
Learning Objective #2 

 
 4 

 
 3 

 
 2 

 
 1 

 
The learning objective was achieved by the intern. 

 
 

 
 

 
 

 
 

 
The material provided to meet the objective was helpful and appropriate. 

 
 

 
 

 
 

 
 

 
The activities were relevant to the learning objective. 

 
 

 
 

 
 

 
 

 
Comments: Positive 
 
 
Comments: Constructive 
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Section 2 – Interns’ Evaluation (Supervisor) 
 
For each item listed below, put a (/) in the column that best reflects your opinion. If you 
select 1 or 2 please explain why. 
 
 
 Strongly agree       4      3      2      1        Strongly disagree 

 
4 

 
3 

 
2 

 
1 

 
1.  The work assignment was a positive experience for the intern. 

 
 

 
 

 
 

 
 

 
2.  The intern received the assistance needed during the work assignment.  

 
 

 
 

 
 

 
 

 
3.  The intern was given constructive feedback during the work assignment.  

 
 

 
 

 
 

 
 

 
4. The intern actively contributed to the division during the work assignment. 

 
 

 
 

 
 

 
 

 
5.  The intern had all required materials relating to the learning objectives made available    
to him/her. 

 
 

 
 

 
 

 
 

 
6. The intern demonstrated a basic depth of understanding and professional credibility with 
regard to the learning objectives. 

 
 

 
 

 
 

 
 

 
7. The intern asked questions if he/she was unclear of what was expected. 

 
 

 
 

 
 

 
 

 
8. The intern showed interest in the division=s tasks and responsibilities. 

 
 

 
 

 
 

 
 

 
9. The intern took the time to clearly listen to what was expected of him/her. 

 
 

 
 

 
 

 
 

 
10. The pace of learning was sufficient for the intern needs. 

 
 

 
 

 
 

 
 

 
11. The assigned workload was appropriate for the intern=s experience level. 

 
 

 
 

 
 

 
 

 
12. The work assignment provided the intern with new knowledge, skills and awareness. 

 
 

 
 

 
 

 
 

 
Overall Assessment of Intern 
Please put a check mark (/) in the column that best describes the intern=s work 
assignment in your division.  If Improvement needed or Unsatisfactory was selected, 
please comment. 
 
 
 

 
Outstanding: consistently exceeded performance expectations 

 
 

 
Very Good: met and sometimes exceeded performance expectations 

 
 

 
Good: adequately met performance expectations 

 
 

 
Improvement needed: sometimes failed to meet performance expectations 

 
 

 
Unsatisfactory: consistently failed to meet performance expectations 
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Annex C 
Course Evaluation 

 
Course Title _________________________________________ 
 
Name (optional) _______________________________________ 
 
Please put a (√) in the column that best reflects your opinion based on the following criteria: If you select 1 
or 2 please explain why 
 Strongly agree   4  3  2  1   Strongly disagree  
 
Under the comments section, please provide any suggestions or recommendations you may have. 
 

 
 

 
 4 

 
3 

 
 2 

 
 1 

 
The objectives for the course were clear and well defined 

 
 

 
 

 
 

 
 

 
The material provided to meet the objectives were helpful and 
appropriate. 

 
 

 
 

 
 

 
 

 
The course material was presented in an organized manner 

 
 

 
 

 
 

 
 

 
The course material was summarized in an effective manner 

 
 

 
 

 
 

 
 

 
The pace of training met my individual needs 

 
 

 
 

 
 

 
 

 
The instructor promoted participation from the learners? 

 
 

 
 

 
 

 
 

 
The instructor relate to the learners in a way that promoted mutual respect 
and rapport? 

 
 

 
 

 
 

 
 

 
The instructor respond positively to the questions from the class 

 
 

 
 

 
 

 
 

 
The instructor used clear examples/illustrations to clarify course material? 

 
 

 
 

 
 

 
 

 
The instructor’s teaching style encouraged learner’s interest 

 
 

 
 

 
 

 
 

 
The instructor was knowledgeable in course content 

 
 

 
 

 
 

 
 

 
The amount of time dedicated to this course was adequate 

 
 

 
 

 
 

 
 

 
I was challenged by the course material 

 
 

 
 

 
 

 
 

 
Your general impressions of this course 
 
What suggestions would you make to improve the effectiveness of the course? 
 
Did you find the course content (select one) 
 
Too advanced       Just right        Too basic 
 
What areas of the course promoted the most challenge to you? 
 
Any other comments about the course? 
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Annex D – Work Term Objectives 
 
Division – Engineering Assessment 
Division Contact – XXXX 
Contact phone number – XXXX 
Period of work assignment -  
 
# Learning Objective Associated Activities Assessment 

Method 
Division 
Contact 

1 Confirm work 
requirements for 
Pickering A, unit 4 have 
been met before restart 

Review licensing issues 
 
Verify the status of licensing 
issues by: 
• Confirming with OPG 

and CNSC subject matter 
experts 

• Attend service meetings 
• Complete field checks at 

unit 4 to confirm work 
requirements 

Presentation 
on the restart 
to explain 
how CNSC 
is verifying 
the work 
requirements 
 
Prepare a 
written 
report on 
any 
inspection 
activities 
that have 
been 
completed 

XXXX 

2 Assist in the 
development of work 
requirements list for 
Pickering A’s remaining 
units 

Review lists to: 
 
• Identify what work 

requirements need to be 
done once to satisfy the 
requirement for all the 
units 

• Identify what work 
requirements need to be 
completed for each unit 

Prepare a 
table that 
can be used 
for 
subsequent 
Pickering A 
units 

XXXX 
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1.0 OBJECTIVES 
This course covers the following areas pertaining to mechanical equipment: 

• Vibrations 
• Valves 
• Steam Traps 
• Flow sheets 

 
At the completion of training the participant will be able to: 

• explain terms as they relate to vibration; amplitude, natural 
frequency, forcing frequency, damping, resonance, critical speed 

• explain the major factors that affect the natural frequencies of an 
object; 

• identify how excessive vibration can lead to equipment damage; 
• explain why operation at or near critical speed should be avoided; 
• explain how mass unbalance and misalignment cause vibrations and 

why they can change during operation;  
• define the terms hog, sag and eccentricity as they apply to rotating 

shafts; 
• identify why the selection for a valve in a system is important;  
• state the effect of a loss of control signal or actuating fluid supply on 

a valve position 
• explain why impurities in hydraulic fluid and instrument air must be 

minimized 
• state two visual methods of determining a manual valve position; 
• identify two operational checks that can be done to check manual 

valve position; 
• explain the precautions taken while operating a manual valve; 
• explain how a solenoid valve can be used for On/Off control of a 

pneumatically operated valve; 
• explain the operation of a typical electric motor valve; 
• explain manual operation of a typical motorized valve and the 

associated precautions; 
• identify the purpose of a check valve; 
• describe the principle operation of a check valve; 
• state the purpose of a safety and relief valves; 
• explain the terms as they relate to safety and relief valves; lifting 

pressure, capacity, popping action, blow down, chatter, and 
simmering;  
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• identify when it is permissible to gag a safety valve; 
• explain the operation of a steam trap; 
• identify three functions of a steam trap; 
• state the three checks that confirm the correct operation of steam traps; 
• identify components on a flow sheet. 
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 VIBRATIONS 

2.0 INTRODUCTION 
Vibrations are found almost everywhere in power plants.  Rotating 
machinery vibrates due to unbalances, misalignments and imperfect 
bearings; piping and heat exchangers vibrate due to flow pulsations, 
structures vibrate because vibrations are transmitted onto them from various 
equipment that they house, and even power lines vibrate due to wind gusts.  
These are just some typical examples and not a complete list. 

Vibration, in general, reduces equipment life and, in extreme cases, can 
result in equipment damage or even catastrophic failures.  On the other 
hand, existence of vibration can also be used to diagnose equipment 
problems and provide early warning before any expensive damage occurs.  
Vibration control and monitoring are essential for safe and economic plant 
operation. 

There is a broad use of vibration monitoring in the operation and 
maintenance of nuclear power plants.  Some large and expensive pieces of 
equipment, such as turbine-generators, main heat transport pumps and boiler 
feed pumps, are monitored on a continuous basis.  Other equipment has 
vibration readings taken and assessed periodically to evaluate the condition 
of the equipment and prevent costly damage.  This forms a part of a 
predictive maintenance program. 

In this section the basic characteristics and causes of vibration, the 
consequences of excessive vibration, and the methods of its prevention will 
be covered. This knowledge will enable you to understand some preventive 
operating and maintenance practices. 

2.1 BASIC CONCEPTS 
Let’s start with an object supported rigidly at one end and moving in one 
plane as shown in Figure 1.  We could view it as, for example, an 
approximation of an I-beam embedded in a wall, a cantilevered centrifugal 
pump impeller, or a fuelling machine snout. 

 

0

Displacement

Time
Equilibrium

position

 

Maximum upper
 position

Period

Amplitude

Maximum lower
 position

Figure 1 
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Imagine that the object is deflected to one of the maximum positions and 
then let go.  

 The object will move through the equilibrium position to the opposite 
maximum position, back through the equilibrium position to the original 
maximum position1 and so on.  This repetitive motion about the equilibrium 
position is called vibration. 

It’s the part that occurs between two consecutive passes through the 
equilibrium position in the same direction is called one cycle.  Figure 1 shows 
how the displacement of a fixed point on the object changes during one cycle. 

Amplitude and Frequency 
Referring to Figure 1, we can define some basic characteristics of vibration. 

Amplitude 

Amplitude (A) is the maximum displacement from the equilibrium position, or 
the maximum velocity or acceleration, depending on the vibration transducer 
used.  For simplicity, we will focus on displacement, in which case the 
customary unit for vibration amplitude is a micron (1µm)2.  This is a small 
fraction of a meter: 1 µm = 10–6 m. 

Frequency 
Frequency (f) is the number of vibration cycles per unit of time.  The unit of 
frequency is a hertz (Hz), which is one cycle per second.  Since the rotational 
speed of rotating machinery is expressed in revolutions per minute (RPM), it is 
common to express the frequency of its vibration in cycles per minute (CPM).  
Because one minute has 60 seconds, the relationship between hertz and CPM 
is: 1 Hz = 60 CPM. 

Forced and Natural Frequencies 
Forced frequency of vibrations is the frequency that results from application of 
a pulsating force.  An object subjected to a repeated excitation force vibrates at 
the same frequency as the applied force.  This type of vibration is referred to as 
forced vibration. 

Natural frequency is a frequency at which the object would vibrate after the 
initiating force is removed and the object is left on its own.  This type of 
vibration is referred to as free or natural vibration.  In practice, due to friction 
and energy transmission to surrounding objects, the amplitude of free vibration 
decreases until the object comes to rest3. 

 
1 For simplicity, friction is ignored. 
2 µ is a Greek symbol pronounced mu. 
3 This effect is discussed in the section on vibration damping on page 7. 
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A classic example is a plucked guitar string, and an example from a plant 
would be a vibrating pipe after a water hammer blow. 

What causes natural vibration to continue after the initial disturbance has been 
removed? It is a combination of the object’s inertia and stiffness.  The latter 
produces a restoring force and/or torque when the object is not in its 
equilibrium position.  The term restoring reflects the fact that the force/torque 
is always directed towards the equilibrium position and attempts to restore the 
equilibrium state.   

In most cases, this force/torque is the result of stresses produced in the object 
when it is removed from the equilibrium position.  For example, a restoring 
torque is produced in a deflected pipe or a twisted shaft. 

To review what happens during one cycle, refer to Figure 2 in which the spring 
represents the object’s stiffness, while the suspended mass its inertia. 

 

Period

Maximum
upper position

Maximum
lower position

Peak acceleration

Peak velocity

Tim

Equilibrium
position

0

Displacement

 

e

Figure 2 

After the object is deflected and released, the restoring force will accelerate the 
object according to the Newton’s Law of Acceleration.  The restoring force 
will then diminish and become zero at the equilibrium position. 

However, due to its inertia, the object cannot stop infinitely quickly.  Instead, it 
will move to the opposite side of the equilibrium position where the opposite 
restoring force will decelerate the object.  At the maximum displacement, the 
object’s velocity is zero, but the restoring force is still there and will accelerate 
the object again toward the equilibrium position.  The object will continue to 
move from one side to the other.   

If the object were friction-free and perfectly isolated such that no energy could 
leave or enter, the object would vibrate forever with constant amplitude.  In 
reality, vibration will sooner or later cease because of friction and energy 
transmission to the surroundings. 

The natural frequency of a free vibration is the same every time this vibration 
occurs, regardless of amplitude (unless the object gets deformed plastically).  
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For example, when the initial amplitude is doubled, so is the restoring 
force/torque.  The object accelerates/ decelerates twice as fast, and therefore it 
needs exactly the same time to complete one cycle. 
It turns out that every real object has infinitely many frequencies, each 
corresponding to a different type and mode of vibration.  These are described 
below. 

2.2 TYPES OF VIBRATION 
There are three types of vibrations in terms of the direction of motion and 
deformations experienced by the vibrating object: 

• Lateral (Figures 1 and 2); 

• Axial, and 

• Torsional (Figure 3) 

 ������������������������������������
������������������������������������
������������������������������������
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���������������������������������������

Legend:

T = restoring torque;
θ = angular displacement from equlibrium position
k = torsional stiffness.

;

 

T = k θ

θ

Figure 3 

Lateral 
Lateral vibration is the most common.  It occurs when the object 
deflects/bends laterally to its longitudinal axis.  When the object is supported 
loosely, it can vibrate laterally without bending (Figure 4 and b).  Examples of 
equipment subjected to lateral vibration are rotating machinery shafts, pipes 
and heat exchanger tubes. 

Axial 
Axial vibration occurs when the object is subjected to pulsating axial forces.  
This can happen, for example, in rotating machinery shafts, pipes, and fuel 
bundle strings in the reactor fuel channels. 

Torsional 

Torsional vibration occurs when the object goes through a pulsating angular 
motion around an axis of reference—usually its own longitudinal axis.  
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Typical examples are rotating machinery shafts and turbine or compressor 
blades. 

Very seldom, if ever, does an object experience only one type of vibration.  
The reason is a vibrating object is typically subjected to many pulsating forces 
acting simultaneously. 

Some of them excite lateral vibrations, others axial or torsional. Furthermore, 
each of the vibrations can have different modes.  Figure 4 shows some of them 
for a constant diameter shaft vibrating laterally: Modes (a) and (b) show a rigid 
shaft in loose or soft bearings, while modes (c) and (d) concern a flexible shaft 
in tight and stiff bearings. 

 
a)

b)

c)

d)

2 nodes

3 nodes
 

Figure 4 
Mode (c) has only two nodes (points where displacement is zero) in the 
bearings, while mode (d) has three nodes: two in the bearings and one in the 
middle. 

Other modes with 4, 5, and more nodes also exist.  In fact, each object has 
infinitely many modes for each type of vibration.  Fortunately, the higher 
modes have their natural frequencies so high above the range of forced 
frequencies that they do not occur. 

The concept of natural frequencies is important for prevention of excessive 
vibration.  For the reason explained later, we should avoid situations where a 
forced frequency equals a natural frequency.  We must therefore know the 
factors affecting the values of natural frequencies.  This will help understand 
how some operating conditions can change these frequencies. 

2.3 FACTORS AFFECTING NATURAL FREQUENCIES 
The major factors affecting the natural frequencies of an object are the object’s 
inertia and rigidity.   

Inertia 
The larger the object’s inertia is, the smaller the acceleration that a given 
restoring forces or torque imparts.  Therefore, the object will vibrate slower.  
Since more time will be needed to complete one cycle, fewer cycles will occur 
in a unit of time, i.e., the object’s natural frequencies will be lower. 
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The inertia of a vibrating object depends on its mass and, in most cases, its 
distribution within the object.  The mass and its distribution are determined by 
the object’s size, shape and the density of its material(s).  

The distribution of mass does not count only in these modes of vibration in 
which all points of the object have the same acceleration (Figure 4a).  
Otherwise, the mass distribution matters.  For example, for the vibration mode 
shown in Figure 4 b), inertia would increase if more of the object’s mass were 
concentrated at its ends. 

Rigidity 
Rigidity affects natural frequencies as follows.  The stiffer the object, the 
larger the restoring force (torque); thus, for a given inertia, the restoring 
force/torque will produce larger accelerations.  The object will vibrate faster 
and natural frequencies will, therefore, increase. 

Like inertia, the rigidity of a vibrating object depends on its shape, size and 
material(s).  It also depends on the type and mode of vibration.  In most cases, 
the object exhibits a different stiffness when it is subjected to axial 
compression, lateral bending or twisting.  If you compare the vibration modes 
shown in Figures 4 c) and 4 d), you will notice that it is more difficult to bend 
the object in the manner shown in part d).  You can infer that stiffness 
increases with the number of nodes, and that is why the corresponding natural 
frequency is higher. 

In rare cases, the rigidity of an object is affected by its internal pressure 
(pressure hoses are a good example) or tension (as in a guitar string or a 
turbine blade subjected to a large centrifugal force). 

The natural frequencies of an object may4 also depend on one more factor: the 
rigidity of its support.  The softer the support is, the lower the natural 
frequencies are because soft supports reduce the restoring force (torque).  This 
happens because the vibrating object deforms less since its support deforms. 

For example, the natural frequencies of a shaft supported on two plain bearings 
mounted on a foundation are affected by the rigidity of the bearing structure 
(including the oil film in the bearing) and the rigidity of the foundation. 

 

 

 

 

 

 
4 The effect of support’s rigidity is negligible when the object is much softer.   
This rigidity would have to be reduced drastically before it could lower the object’s 
natural frequencies enough to be of concern. 
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Operating conditions and maintenance practices can affect the natural 
frequencies of equipment.  For instance: 

• A failed pipe hanger will lower natural frequencies of the pipe because 
it will reduce its stiffness; 

• Cracking or sagging of the concrete foundation supporting a bearing 
can change the natural frequencies of the shaft in this bearing; 

• Corrosion, or cavitations, can eat away significant amounts of metal; 

• Replaced parts may differ from the originals. 

2.4 DAMPING 
Vibration damping is dissipation of the mechanical energy of a vibrating 
object. 

In free vibrations, damping reduces the amplitude of vibration to zero.  This is 
usually a gradual process.  When damping is large enough, free vibration will 
cease even before the first cycle is completed.  In an extreme case, an object, 
after being displaced, will not even return to its original equilibrium position. 

In forced vibrations, damping removes mechanical energy from the vibrating 
object, while the exciting forces add it.  Amplitude stabilizes at a value at 
which the energy added equals the energy removed; therefore, the larger the 
damping, the smaller the amplitude. 

The main sources of damping are: 

• Internal friction in the material of the vibrating object; 

• Friction between sliding surfaces of the vibrating object and some other 
object; and 

• Friction between the object’s surface and the surrounding fluid (fluid 
damping). 

Although fluids, in general, provide some damping, sometimes they cause 
vibration.  This will be described in the next section. 

2.5 RESONANCE 
Resonance occurs when a forced frequency is equal to one of the natural 
frequencies.  Resonance is potentially dangerous because it can produce 
excessive vibration.  The reason why amplitude increases is explained below, 
starting with a simple example from our youth. 

When you tried to get a swing going, you had to push at the right time with the 
right frequency and, if you did, it was easy to get a good swing, i.e., good 
amplitude.  

If you did not use the right frequency, amplitude would decrease and it would 
appear that the swing was resisting the force much more.  
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 That right frequency was the frequency at which the swing was moving 
on its own when you were not pushing it.  Using the vibration terminology, we 
can say that it was easy to increase amplitude when the swing was in 
resonance. 

When an object is in resonance, the vibration amplitude increases because the 
resistance of the object to vibration is lowest.  At frequencies away from any 
natural frequency, the object resists vibration through its inertia, stiffness and 
damping.  

At natural frequencies, only damping resists vibration, whereas inertia and 
stiffness sustain vibration in the manner described in the section on forced and 
natural vibration.  In the vicinity of a natural frequency, the resistance of the 
object’s inertia and stiffness to vibration weakens, causing the amplitude to 
rise (Figure 5). 

 

Exciting
Frequenc

Amplitude

Natural
frequencies

Large
damping

 

Small
damping

Figure 5 

Since only damping resists vibration at a natural frequency, it follows that a 
resonance can raise vibration amplitude dramatically when damping is low. 

In plants, resonance sometimes occurs in equipment such as rotating 
machinery, piping or heat exchanger tubes. 

2.6 CRITICAL SPEED 
The concept of critical speed applies to rotating machinery only, and it focuses 
on the major part—the rotor.  Critical speed is the speed of a rotating machine 
at which one of the natural frequencies of the rotor-bearing-foundation system 
equals the forced frequency that corresponds to the rotational speed.   

The term rotor-bearing-foundation system reflects the fact that the rotor’s 
natural frequencies are affected by the stiffness of its support. 

The reason why rotational speed is stated in the definition above is that many 
problems in rotating machinery produce a forced vibration at the 1*RPM 
frequency.  
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For example, shaft unbalance generates a force rotating at the shaft speed.  
Thus, a resonance occurs when the rotational frequency is equal or close to one 
of the natural frequencies of the rotor-bearing-foundation system, i.e., when 
the machine is running at a critical speed.  The resonance will increase 
vibration, particularly if damping is small.  From Figure 5, you can see that 
vibration will increase not only at the single value of a critical speed but also at 
a speed range around it. 

A typical rotating machine (e.g., a pump-motor set) has two, and sometimes 
more, rotors coupled together, each of them supported in its own bearings.  
Each rotor has infinitely many natural frequencies, and thus, the corresponding 
critical speeds.  Fortunately, only the lowest one or two (rarely three) of them 
might be within the operating speed range of the machine; the others would be 
above.  In some cases, all critical speeds are above the normal operating speed. 

The manufacturer usually specifies the relevant critical speed ranges, although 
for small machines this information may not be available. 

However, some operating conditions can change the critical speeds.  This 
usually happens through a change in the rigidity of the rotor support.   

The support consists of the bearings and their housings, the foundation and 
last, but not least the oil film in the bearings if they are plain type.  The support 
rigidity can change for a number of reasons.  For example: 

• an oil temperature change would affect the oil film thickness, hence its 
stiffness5; 

• bolts holding the bearing could become loose; or 

• a crack could develop in the bearing housing or the foundation. 

An abnormally large change in the shaft support stiffness can, thus, shift a 
critical speed close to normal operating speed, causing vibration to increase. 

Operation at or near critical speed should be avoided because vibration will 
increase and may become unacceptable.  This condition means that normal 
operating speed must be sufficiently far6 from the nearest critical speeds.  

Unfortunately, in poorly designed or improperly installed machines, this 
margin is narrow, making them susceptible to small changes in their critical 
speeds.    

In some machines, like turbine generators and high-speed pumps and 
compressors, the normal operating speed is above the lowest critical speed(s).  
These machines pass through the critical speed(s) during run-up and rundown.  

 
5 Details are explained in Module 5. 
6 Minimum ± 20%. 
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This is perfectly safe as long as there are no excessive exciting forces 
(e.g., due to excessive shaft unbalance or bearing misalignment) and sufficient 
damping7 exists. 

Run-up and rundown of pumps, compressors and fans is usually so fast that 
passing through a critical speed range takes less than a second.  Therefore, 
operations staff has no influence on the process. 

At the other extreme are steam turbine generators whose run-up and rundown 
are much longer8.  This gives operations staff time to ensure that no excessive 
exciting forces are present and sufficient damping exists when the machine is 
about to enter a critical speed range.  The critical speed range is then passed as 
fast as other concerns (e.g., thermal stresses) allow, and speed is never held 
there.  When the machine must be tripped on very high vibration, the trip is 
followed by breaking of condenser vacuum.  Because the density of the 
condenser atmosphere rises many times, so does the retarding torque the 
atmosphere exerts on the rotor.  Thus, the time spent inside the critical speed 
ranges is greatly reduced. 

2.7 DAMAGE CAUSED BY EXCESSIVE VIBRATIONS 
Excessive vibration should be avoided and quickly eliminated when detected, 
because it accelerates equipment wear, causes damage and can lead to a 
failure, sometimes even a catastrophic accident. 

Vibration effects causing wear and damage are: 

• Fatigue; 

• Rubbing or fretting; 

• Impact; and 

• Loosening of parts. 

Fatigue 
Fatigue affects components such as bearings, couplings, blades and vanes in 
rotating machinery, tubes in heat exchangers, and piping and tubing.  
According to EPRI (Electric Power Research Institute), socket welds in small 
diameter (≤ 2”) tubing are the most common components suffering fatigue 
failure. 

 

 

 

 
7 In rotating machinery, damping is usually provided by the oil film in the bearings,  
  by the cast iron casing and by the concrete foundation. 
8 Run-up may take up to 1 hour, while rundown up to 2 hours. 
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Rubbing and Fretting 

Rubbing sometimes occurs in rotating machinery and affects components such 
as seals, plain bearings, pump wear rings, turbine and compressor blades, and 
pump and fan vanes.  Electrical insulation of cables and wires can also 
experience this type of damage, leading to ground and phase-to-phase faults. 

Fretting usually occurs in heat exchangers when vibrating tubes rub against 
support plates. 

Impact 
Impact can take place in rotating machinery or piping systems when the 
amplitude is high.  Components such as seals, pumps or fan vanes, and turbine 
or compressor blades, can impact on adjacent stationary parts and cause 
damage to both.  Vibrating piping can impact on adjacent equipment.  In heat 
exchangers, vibrating tubes can impact on one another mid-span between their 
support plates. 

Loosening of components 
Loosening of components such as bolts, nuts, or shims can result in subsequent 
damage to a loosened part.  An example would be a loose belt cover or a 
gauge.  Loose electrical contacts can cause a loss of power. 

Normally, the wear caused by vibrations develops slowly.  Operator field 
surveillance and preventive maintenance routines can identify the problem 
before a failure happens.  However, some extreme cases have occurred in 
power plants and resulted in almost instantaneous catastrophic damage. 

For instance, if a long blade in a low-pressure turbine broke off, vibrations 
would increase to such a high level that the bearings, seals and couplings 
would fail immediately, followed by severe rubbing inside the machine.  The 
generator hydrogen seals would also likely fail, resulting in an almost certain 
hydrogen and oil fire. 

All this potential for damage requires us to be vigilant and have high quality 
inspection and monitoring routines in place. 

2.8 MASS UNBALANCE AND COUPLING  MISALIGNMENT 

Most of the vibration problems in plants occur in rotating equipment.  To a 
lesser degree, we have to deal with piping vibration and vibration in heat 
exchangers.  These are usually flow-induced vibrations. 

In this section, we shall concentrate on two major mechanical causes of 
vibration in rotating machinery; mass unbalance and coupling (shaft) 
misalignment. 
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Mass Unbalance 

Mass unbalance is the most common cause of vibration problems.  It occurs 
when the rotor mass centerline does not line up with the axis of rotation.  The 
term mass centerline refers to the line that joints the centers of mass of 
imaginary thin slices into which the rotor may be divided.  Figure 6 illustrates 
a simplified case of a rotor with mass unbalance.  In reality, the mass 
centerline looks like a snake wrapped closely around the axis of rotation. 

Axis of rotation  

Unbalance

Shaft
centre of
gravity

Rotating
unbalanced

centrifugal force

Shaft mass center line

Figure 6 
The rotating unbalanced centrifugal force produced by a given mass unbalance 
increases rapidly with rotational speed9.  This makes high-speed machines, 
such as screw compressors, gas turbines or some pumps, extremely sensitive to 
even a small increase in mass unbalance. 

Mass unbalance of new or repaired rotors is caused by limited accuracy of 
machining and assembling their parts.  

The unbalance is minimized by balancing the rotor, which is achieved by 
placing some corrective weights on the light side of the rotor, or removing 
some material from the heavy side.  If balancing is done properly, the residual 
unbalance is so small that it causes no vibration problem. 

We will focus on those operating conditions that can increase rotor unbalance.  
Some of them change unbalance temporarily and others permanently (until 
maintenance is performed).  Examples of permanent changes are: 

• Loss of a rotor part—in the most extreme cases, the resultant unbalance 
can be catastrophic, but sometimes the lost part is so small that only a 
small increase in vibration results. 

• Corrosion deposits or wear, e.g., due to erosion, abrasion, scoring, etc. 
In most cases, changes in mass unbalance are small and they develop 
slowly. 

                                                 
9 The force is proportional to the square of speed. 
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The most typical cause of a temporary change in mass unbalance is 
transient thermal bowing of the rotor.  This happens when one side of the shaft 
is warmer than the opposite side.   

Examples of operating conditions that can cause it are:  

• Fast load changes—cooling or heating of the rotor can be so fast that 
slight differences in the deposits on the shaft surface can interfere with 
heat transfer and produce a slightly uneven temperature in the rotor.  
Slow cooling or heating does not cause this problem because there is 
enough time for heat conduction inside the rotor to equalize 
temperature. 

• Rubbing—the frictional heat produced at the site of rubbing makes one 
side of the shaft hotter. 

• Hogging—described on page 19. 

• Partial plugging of some cooling passages (e.g., by carbon dust) in 
electric motors and generators. 

• Asymmetrical currents in individual rotor windings in electric motors 
and generators—the windings carrying larger currents get hotter than 
their counterparts.  This situation can be caused by a number of 
problems such as a cracked rotor winding. 

Some of the above conditions are more likely to occur during rotating 
machinery startup or load changes.  This is one of the reasons why these are 
often accompanied by increased vibration. 

Periodic inspections and proper startup techniques can minimize these effects. 

Misalignment 
Another fairly common mechanical cause of vibration is coupling (shaft) 
misalignment.  Figure 7 shows the two basic types of coupling misalignment: 
parallel and angular.  Parts I and III show the initial positions of both shafts, 
while parts II and IV after half a turn, under a simplifying assumption that the 
left shaft and its bearings are infinitely stiff.   

In practice, both shafts and its bearings are somewhat flexible.  Hence, reaction 
forces exerted by the right shaft on the left shaft cause it to vibrate, too.  

To minimize these forces, and thus vibration, we quite often use flexible 
couplings.  This term is misleading because these couplings can absorb only a 
very small misalignment.  Any misalignment beyond the manufacturer’s 
specifications will likely cause excessive vibration. 
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I II

Parallel Misalignment

Angular Misalignment

III IV  
Figure 7 

 

Like mass unbalance, shaft misalignment can also change during operation.  
There are a number of operating conditions that may cause misalignment and 
vibration: 

• Machine casing with bearing pedestals can become deformed due to 
uneven thermal expansion or mechanical stresses caused, for example, 
by the piping connected to the casing; 

• Concrete machine foundation can thermally expand, or settle or crack 
due to aging; 

• A bearing can become loose in its housing, the housing can crack or its 
connection to the casing or foundation can become loose; 

• Bearings can suffer an excessive local wear called wiping. 

The first condition is the most frequent and it usually occurs during operational 
transients such as equipment startups and shutdowns, or load changes.   

Along with transient thermal bowing, it is a reason why these operational 
transients produce increased vibration. 
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2.9 HOG AND SAG 

Mass unbalance and coupling misalignment can be affected by shaft 
deformations referred to as hog and sag.  They are most pronounced in long 
shafts like in steam turbine generators. 

Hog is an upward bending of the rotor and happens when the top of the shaft is 
hotter then the bottom.  This temperature differential is produced by thermal 
stratification of the fluid around the rotor.  That is, the colder and therefore 
heavier fluid collects at the bottom, while the warmer and hence lighter fluid is 
pushed to the top.  This process takes place when the rotor is left stationary 
and the machine is cooling down or is being warmed up.  For example, rotor 
hogging will occur in a hot water pump after its trip or when sealing steam is 
applied to turbine glands if the rotor is left stationary. 

Hogging is a fast process.  It may take only several minutes to bow the shaft 
enough to close some radial clearances in the machine.  An attempt to turn the 
rotor in this condition could damage the machine’s internals (e.g., turbine 
blades) and bearings through rubbing. 

Incidentally, hogging also affects the machine’s casing.  The rotor is our 
primary concern, however.  Firstly, because it’s bowing introduces a mass 
unbalance, which does not affect the casing; and secondly, because rotor 
hogging is faster and larger than casing hogging.  The reason for this is that the 
rotor changes its temperature faster than the casing, which is heavier and 
therefore needs more heat transfer to change its temperature. 

Sag is a downward bending of the rotor under its own weight.  Some, very 
small, sag is present during normal operation because the rotor is not infinitely 
rigid.  But when the rotor is stationary, sag increases because the same part of 
the rotor is subjected to a constant stress for an extended period; the top half is 
in compression, while the bottom half is in tension.  A similar process, which 
we all have seen, affects a loaded bookcase shelf. 

Unlike hogging, sagging is a slow process and it takes days rather than minutes 
to develop to a troublesome level. 

Another term that is closely associated with hogging and sagging is shaft 
eccentricity. 

Eccentricity is a measure of the rotor deflection from the perfectly straight line.  
Figure 8 shows how rotor eccentricity is measured.  The measurement is 
unavailable when the rotor is stationary. 
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In plants, eccentricity is monitored only on high-pressure turbine rotors.  This 
allows us to avoid turbine run-up when the rotor is bowed. 

Eccentricity of these rotors can be caused by sagging or hogging.  However, 
rubbing or excessively fast heating or cooling of the rotor can also produce it. 

Regardless of its cause, shaft bowing has adverse consequences, and they 
depend on rotor speed.  At high speeds, shaft bowing will result in high 
vibration because the rotating unbalanced centrifugal force will be excessive.  
At low speeds, however, that force will be too small to produce high vibration 
even when shaft bowing is sufficient to cause mild rubbing.  If we monitored 
bearing vibrations only, we may be unaware of rotor bowing, but it could 
wear/damage seals.  Monitoring rotor eccentricity, however, would warn us 
about the danger. 

We have implemented certain operational procedures to prevent excessive 
rotor sag/hog.  For example: 

• The turbine-generator rotor is slowly rotated by the turning gear to roll 
out sag/hog before run-up, and to prevent excessive hogging after 
rundown. 

• Standby hot water pumps are not left stationary, but are slowly rotated 
by a small back flow from the discharge of a running pump.  
Otherwise, the rotor would bow and the pump may not be available for 
service when needed. 
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REVIEW QUESTIONS 

VIBRATION 
 
1. Define each of the following terms as it relates to mechanical vibration. 

a. Amplitude 
b. Natural Frequency 
c. Forcing Frequency 
d. Damping 
e. Resonance 
f. Critical speed 

2. Explain two (2) major factors that affect the natural frequencies of an 
object 

3. State and explain four mechanisms that can cause failure from excessive 
vibrations. 

4. Explain why operation of a rotating machine near a critical speed      
should be avoided. 

5. Explain how mass unbalance can cause vibration. 

6. Explain how misalignment can cause vibration. 

7. State and explain two (2) mechanisms that can cause permanent mass 
unbalance during operation of a rotating machine. 

8. State and explain five (5) mechanisms that can cause temporary mass 
unbalance during operation of a rotating machine. 

9. State and explain four (4) mechanisms that can cause misalignment during 
operation of a rotating machine. 

10. Define the following terms as they apply to rotating shafts? 
a. hog 
b. sag 
c. eccentricity  
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