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Part I 
INTRODUCTION TO ROOT 
CAUSE FAILURE ANALYSIS 





INTRODUCTION 

Reliability engineering and predictive maintenance have two major objectives: pre- 
venting catastrophic failures of critical plant production systems and avoiding devia- 
tions from acceptable performance levels that result in personal injury, environmental 
impact, capacity loss, or poor product quality. Unfortunately, these events will occur 
no matter how effective the reliability program. Therefore, a viable program also must 
include a process for fully understanding and correcting the root causes that lead to 
events having an impact on plant performance. 

This book provides a logical approach to problem resolution. The method can be used 
to accurately define deviations from acceptable performance levels, isolate the root 
causes of equipment failures, and develop cost-effective corrective actions that pre- 
vent recurrence. This three-part set is a practical, step-by-step guide for evaluating 
most recurring and serious incidents that may occur in a chemical plant. 

Part One, Introduction to Root Cause Failure Analysis, presents analysis techniques 
used to investigate and resolve reliability-related problems. It provides the basic 
methodology for conducting a root cause failure analysis (RCFA). The procedures 
defined in this section should be followed for all investigations. 

Part Two provides specific design, installation, and operating parameters for particu- 
lar types of plant equipment. This information is mandatory for all equipment-related 
problems, and it is extremely useful for other events as well. Since many of the 
chronic problems that occur in process plants are directly or indirectly influenced by 
the operating dynamics of machinery and systems, this part provides invaluable 
guidelines for each type of analysis. 

Part Three is a troubleshooting guide for most of the machine types found in a chemi- 
cal plant. This part includes quick-reference tables that define the common failure or 
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4 Root Cause Failure Analysis 

deviation modes. These tables list the common symptoms of machine and process- 
related problems and identify the probable cause(s). 

PURPOSE OF THE ANALYSIS 

The purpose of RCFA is to resolve problems that affect plant performance. It should 
not be an attempt to& blame for the incident. This must be clearly understood by the 
investigating team and those involved in the process. 

Understanding that the investigation is not an attempt to fix blame is important for 
two reasons. First, the investigating team must understand that the real benefit of this 
analytical methodology is plant improvement. Second, those involved in the incident 
generally will adopt a self-preservation attitude and assume that the investigation is 
intended to find and punish the person or persons responsible for the incident. There- 
fore, it is important for the investigators to allay this fear and replace it with the posi- 
tive team effort required to resolve the problem. 

EFFECTIVE USE OF THE ANALYSIS 

Effective use of RCFA requires discipline and consistency. Each investigation must be 
thorough and each of the steps defined in this manual must be followed. 

Perhaps the most difficult part of the analysis is separating fact from fiction. Human 
nature dictates that everyone involved in an event or incident that requires a RCFA is 
conditioned by his or her experience. The natural tendency of those involved is to fil- 
ter input data based on this conditioning. This includes the investigator. However, 
often such preconceived ideas and perceptions destroy the effectiveness of RCFA. 

It is important for the investigator or investigating team to put aside its perceptions, 
base the analysis on pure fact, and not assume anything. Any assumptions that enter 
the analysis process through interviews and other data-gathering processes should be 
clearly stated. Assumptions that cannot be confirmed or proven must be discarded. 

PERSONNEL REQUIREMENTS 

The personnel required to properly evaluate an event using RCFA can be quite sub- 
stantial. Therefore, this analysis should be limited to cases that truly justify the expen- 
diture. Many of the costs of performing an investigation and acting on its 
recommendations are hidden but nonetheless are real. Even a simple analysis requires 
an investigator assigned to the project until it is resolved. In addition, the analysis 
requires the involvement of all plant personnel directly or indirectly involved in the 
incident. The investigator generally must conduct numerous interviews. In addition, 
many documents must be gathered and reviewed to extract the relevant information. 
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In more complex investigations, a team of investigators is needed. As the scope and 
complexity increase, so do the costs. 

As a result of the extensive personnel requirements, general use of this technique 
should be avoided. Its use should be limited to those incidents or events that have a 
measurable negative impact on plant performance, personnel safety, or regulatory 
compliance. 

WHEN TO USE THE METHOD 

The use of RCFA should be carefully scrutinized before undertaking a full investiga- 
tion because of the high cost associated with performing such an in-depth analysis. 
The method involves performing an initial investigation to classify and define the 
problem. Once this is completed, a full analysis should be considered only if the event 
can be fully classified and defined, and it appears that a cost-effective solution can be 
found. 

Analysis generally is not performed on problems that are found to be random, nonre- 
curring events. Problems that often justify the use of the method include equipment, 
machinery, or systems failures; operating performance deviations; economic perfor- 
mance issues; safety; and regulatory compliance issues. 



GENERAL ANALYSIS TECHNIQUES 

A number of general techniques are useful for problem solving. While many com- 
mon, or overlapping, methodologies are associated with these techniques, there also 
are differences. This chapter provides a brief overview of the more common methods 
used to perform an RCFA. 

FAILURE MODE AND EFFECTS ANALYSIS 

A failure mode and effects analysis (FMEA) is a design-evaluation procedure used to 
identify potential failure modes and determine the effect of each on system perfor- 
mance. This procedure formally documents standard practice, generates a historical 
record, and serves as a basis for future improvements. The FMEA procedure is a 
sequence of logical steps, starting with the analysis of lower-level subsystems or com- 
ponents. Figure 2-1 illustrates a typical logic tree that results with a FMEA. 

The analysis assumes a failure point of view and identifies potential modes of fail- 
ure along with their failure mechanism. The effect of each failure mode then is 
traced up to the system level. Each failure mode and resulting effect is assigned a 
criticality rating, based on the probability of occurrence, its severity, and its delecta- 
bility. For failures scoring high on the criticality rating, design changes to reduce it 
are recommended. 

Following this procedure provides a more reliable design. Also such correct use of the 
M E A  process results in two major improvements: (1) improved reliability by antici- 
pating problems and instituting corrections prior to producing product and (2) 
improved validity of the analytical method, which results from strict documentation 
of the rationale for every step in the decision-making process. 

6 
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Figure 2-1 Failure mode and effects analysis (FMEA) flow diagram. 
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Two major limitations restrict the use of FMEA: (1) logic trees used for this type of 
analysis are based on probability of failure at the component level and (2) full applica- 
tion is very expensive. Basing logic trees on the probability of failure is a problem 
because available component probability data are specific to standard conditions and 
extrapolation techniques cannot be used to modify the data for particular applications. 

FAULT-TREE ANALYSIS 

Fault-tree analysis is a method of analyzing system reliability and safety. It provides 
an objective basis for analyzing system design, justifying system changes, performing 
trade-off studies, analyzing common failure modes, and demonstrating compliance 
with safety and environment requirements. It is different from a failure mode and 
effect analysis in that it is restricted to identifying system elements and events that 
lead to one particular undesired event. Figure 2-2 shows the steps involved in per- 
forming a fault-tree analysis. 

Many reliability techniques are inductive and concerned primarily with ensuring that 
hardware accomplishes its intended functions. Fault-tree analysis is a detailed deduc- 
rive analysis that usually requires considerable information about the system. It 
ensures that all critical aspects of a system are identified and controlled. This method 
represents graphically the Boolean logic associated with a particular system failure. 
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rn Define top event 

Establish boundaries 

m Understand system 7 Construct fault tree 
1 I - Analyze tree . Take corrective action 

Figure 2-2 ljpical fault-tree process. 

called the top event, and basic failures or causes, called primary events. Top events 
can be broad, all-encompassing system failures or specific component failures. 

Fault-tree analysis provides options for performing qualitative and quantitative reli- 
ability analysis. It helps the analyst understand system failures deductively and points 
out the aspects of a system that are important with respect to the failure of interest. 
The analysis provides insight into system behavior. 

A fault-tree model graphically and logically presents the various combinations of pos- 
sible events occurring in a system that lead to the top event. The term event denotes a 
dynamic change of state that occurs in a system element, which includes hardware, 
software, human, and environmental factors. A fault event is an abnormal system 
state. A n o m 1  event is expected to occur. 

The structure of a fault tree is shown in Figure 2-3. The undesired event appears as 
the top event and is linked to more basic fault events by event statements and logic 
gates. 
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Figure 2-3 Example of a fault-tree logic tree. 

CAUSE-AND-EFFECT ANALYSIS 

Cause-and-effect analysis is a graphical approach to failure analysis. This also is 
referred to as jshbone analysis, a name derived from the fish-shaped pattern used to 
plot the relationship between various factors that contribute to a specific event. Typi- 
cally, fishbone analysis plots four major classifications of potential causes (i.e.. 
human, machine, material, and method) but can include any combination of catego- 
ries. Figure 2 4  illustrates a simple analysis. 

Like most of the failure analysis methods, this approach relies on a logical evaluation 
of actions or changes that lead to a specific event, such as machine failure. The only 
difference between this approach and other methods is the use of the fish-shaped 
graph to plot the cause-effect relationship between specific actions, or changes, and 
the end result or event. 

This approach has one serious limitation. The jshbone graph provides no clear 
sequence of events that leads to failure. Instead, it displays all the possible causes that 
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Figure 2-4 ljpicalfishbone diagram plots four categories of causes. 

may have contributed to the event. While this is useful, it does not isolate the specific 
factors that caused the event. Other approaches provide the means to isolate specific 
changes, omissions, or actions that caused the failure, release, accident, or other event 
being investigated. 

SEQUENCE-OF-EVENTS ANALYSIS 

A number of software programs (e.g., Microsoft’s Visio) can be used to generate a 
sequence-ofevents diagram. As part of the RCFA program, select appropriate soft- 
ware to use, develop a standard format (see Figure 2-5), and be sure to include each 
event that is investigated in the diagram. 

Using such a diagram from the start of an investigation helps the investigator organize 
the information collected, identify missing or conflicting information, improve his or 
her understanding by showing the relationship between events and the incident, and 
highlight potential causes of the incident. 

The sequence-of-events diagram should be a dynamic document generated soon after 
a problem is reported and continually modified until the event is fully resolved. 
Figure 2-6 is an example of such a diagram. 

Proper use of this graphical tool greatly improves the effectiveness of the problem- 
solving team and the accuracy of the evaluation. To achieve maximum benefit from 
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Figure 2-5 Symbols used in sequence-of-events diagram. 
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this technique, be consistent and thorough when developing the diagram. The follow- 
ing guidelines should be considered when generating a sequence-of-events diagram: 
Use a logical order, describe events in active rather than passive terms, be precise, and 
define or qualify each event or forcing function. 
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OM13197 

Figure 2-6 Typical sequence-of-events diagram. 

In the example illustrated in Figure 2-6, repeated trips of the fluidizer used to transfer 
flake from the Cellulose Acetate (CA) Department to the preparation area triggered an 
investigation. The diagram shows each event that led to the initial and second fluidizer 
trip. The final event, the silo inspection, indicated that the root cause of the problem 
was failure of the level-monitoring system. Because of this failure, Operator A over- 
filled the silo. When this happened, the flake compacted in the silo and backed up in 
the pneumatic-conveyor system. This backup plugged an entire section of the pneu- 
matic-conveyor piping, which resulted in an extended production outage while the 
plug was removed. 

Logical Order 

Show events in a logical order from the beginning to the end of the sequence. Initially, 
the sequence-of-events diagram should include all pertinent events, including those 
that cannot be confirmed. As the investigation progresses, it should be refined to show 
only those events that are confirmed to be relevant to the incident. 
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Active Descriptions 

Event boxes in a sequence-of-events diagram should contain action steps rather than 
passive descriptions of the problem. For example, the event should read: “Operator A 
pushes pump start button” not “The wrong pump was started.” As a general rule, only 
one subject and one verb should be used in each event box. Rather than “Operator A 
pushed the pump stop button and verified the valve line-up,’’ two event boxes should 
be used. The first box should say “Operator A pushed the pump stop button” and the 
second should say “Operator A verified valve line-up.” 

Do not use people’s names on the diagram. Instead use job functions or assign a code 
designator for each penon involved in the event or incident. For example, three oper- 
ators should be designated Operator A, Operator B, and Operator C. 

Be Precise 

Precisely and concisely describe each event, forcing function, and qualifier. If a con- 
cise description is not possible and assumptions must be provided for clarity, include 
them as annotations. This is described in Figure 2-5 and illustrated in Figure 2-6. As 
the investigation progresses, each assumption and unconfirmed contributor to the 
event must be either confirmed or discounted. As a result, each event, function, or 
qualifier generally will be reduced to a more concise description. 

Define Events and Forcing Functions 

QualiJiers that provide all confirmed background or support data needed to accurately 
define the event or forcing function should be included in a sequence-of-events dia- 
gram. For example, each event should include date and time qualifiers that fix the time 
frame of the event. 

When confirmed qualifiers are unavailable, assumptions may be used to define uncon- 
firmed or perceived factors that may have contributed to the event or function. How- 
ever, every effort should be made during the investigation to eliminate the 
assumptions associated with the sequence-of-events diagram and replace them with 
known facts. 



3 
ROOT CAUSE FAILURE 
ANALYSIS METHODOLOGY 

RCFA is a logical sequence of steps that leads the investigator through the process of 
isolating the facts surrounding an event or failure. Once the problem has been fully 
defined, the analysis systematically determines the best course of action that will resolve 
the event and assure that it is not repeated. Because of the cost associated with perform- 
ing such an analysis, care should be exercised before an investigation is undertaken. 

The first step in this process is obtaining a clear definition of the potential problem or 
event. The logic tree illustrated in Figure 3-1 should be followed for the initial phase 
of the evaluation. 

REPORTING AN INCIDENT OR PROBLEM 

The investigator seldom is present when an incident or problem occurs. Therefore, the 
first step is the initial notification that an incident or problem has taken place. Typi- 
cally, this report will be verbal, a brief written note, or a notation in the production log 
book. In most cases, the communication will not contain a complete description of the 
problem. Rather, it will be a very brief description of the perceived symptoms 
observed by the person reporting the problem. 

Symptoms and Boundaries 

The most effective means of problem or event definition is to determine its real symp- 
toms and establish limits that bound the event. At this stage of the investigation, the task 
can be accomplished by an interview with the person who first observed the problem. 

Perceived Causes of Problem 

At this point, each person interviewed will have a definite opinion about the incident, and 
will have his or her description of the event and an absolute reason for the occurrence. In 
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Figure 3-I Initial mot cause failure analysis logic tree. 

many cases. these perceptions are totally wrong, but they cannot be discounted. Even 
though many of the opinions expressed by the people involved with or reporting an 
event may be invalid. do not discount them without investigation. Each opinion 
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should be recorded and used as part of the investigation. In many cases, one or more 
of the opinions will hold the key to resolution of the event. The following are some 
examples where the initial perception was incorrect. 

One example of this phenomenon is a reported dust collector baghouse problem. The 
initial report stated that dust-laden air was being vented from the baghouses on a ran- 
dom, yet recurring, basis. The person reporting the problem was convinced that 
chronic failure of the solenoid-actuated pilot valves controlling the blow-down of the 
baghouse, without a doubt, was the cause. However, a quick design review found that 
the solenoid-controlled valves nomZZy are closed. This type of solenoid valve can- 
notfail in the open position and, therefore, could not be the source of the reported 
events. 

A conversation with a process engineer identified the diaphragms used to seal the 
blow-down tubes as a potential problem source. This observation, coupled with inad- 
equate plant air, turned out to be the root cause of the reported problem. 

Another example illustrating preconceived opinions is the catastrophic failure of a 
Hefler chain conveyor. In this example, all the bars on the left side of the chain were 
severely bent before the system could be shut down. Even though no foreign object 
such as a bolt was found, this was assumed to be the cause for failure. From the evi- 
dence, it was clear that some obstruction had caused the conveyor damage, but the 
more important question was, Why did it happen? 

Hefler conveyors are designed with an intentional failure point that should have pre- 
vented the extensive damage caused by this event. The main drive-sprocket design 
includes a shearpin that generally prevents this type of catastrophic damage. Why did 
the conveyor fail? Because the shear pins had been removed and replaced with Grade- 
5 bolts. 

Event-Reporting Format 

One factor that severely limits the effectiveness of RCFA is the absence of a formal 
event-reporting format. The use of a format that completely bounds the potential 
problem or event greatly reduces the level of effort required to complete an analysis. 
A form similar to the one shown in Figure 3-2 provides the minimum level of data 
needed to determine the effort required for problem resolution. 

INCIDENT CLASSIFICATION 

Once the incident has been reported, the next step is to identify and classify the type 
of problem. Common problem classifications are equipment damage or failure, oper- 
ating performance, economic performance, safety, and regulatory compliance. 
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INCIDENT REPORTING FORM 

Date: - 
ReportedBy: - 
Description of Incident: 

Specific Location and Equipment/System Effected: 

I 
When Did Incident Occur: 

Who Was Involved: 

What Is Probable Cause: 

What Corrective Actions Taken: 

Was Personal Injury Involved: 0 Yes 0 No 

Was Reportable Release Involved: 0 Yes 17 No 

Incident Classification: 0 Equipment Failure 0 Regulatory Compliance 
Accidenthjury 0 Performance Deviation - 

Signature 

Figure 3-2 Typical incident-reporting form. 
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Classifying the event as a particular problem type allows the analyst to determine the 
best method to resolve the problem. Each major classification requires a slightly dif- 
ferent RCFA approach, as shown in Figure 3-3. 

Note, however, that initial classification of the event or problem typically is the most 
difficult part of a RCFA. Too many plants lack a formal tracking and reporting system 
that accurately detects and defines deviations from optimum operation condition. 

Equipment Damage or Failure 

A major classification of problems that often warrants RCFA are those events associ- 
ated with the failure of critical production equipment, machinery, or systems. Ifrpi- 
cally, any incident that results in partial or complete failure of a machine or process 
system warrants a RCFA. This type of incident can have a severe, negative impact on 
plant performance. Therefore, it often justifies the effort required to fully evaluate the 
event and to determine its root cause. 

Events that result in physical damage to plant equipment or systems are the easiest to 
classify. Visual inspection of the failed machine or system component usually pro- 
vides clear evidence of its failure mode. While this inspection usually will not resolve 
the reason for failure, the visible symptoms or results will be evident. The events that 
also meet other criteria (e.g., safety, regulatory, or financial impact) should be investi- 
gated automatically to determine the actual or potential impact on plant performance. 
including equipment reliability. 

V U  
I 

Yb. 

I 
Y;. 
I 

Y& 
I 
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In most cases, the failed machine must be replaced immediately to minimize its 
impact on production. If this is the case, evaluating the system surrounding the inci- 
dent may be beneficial. 

Operating Performance 

Deviations in operating performance may occur without the physical failure of critical 
production equipment or systems. Chronic deviations may justify the use of RCFA as 
a means of resolving the recurring problem. 

Generally, chronic product quality and capacity problems require a full RCFA. How- 
ever, care must be exercised to ensure that these problems are recumng and have a 
significant impact on plant performance before using this problem-solving technique. 

Product Quality 

Deviations in first-time-through product quality are prime candidates for RCFA, 
which can be used to resolve most quality-related problems. However, the analysis 
should not be used for all quality problems. Nonrecumng deviations or those that 
have no significant impact on capacity or costs are not cost-effective applications. 

Capacity Restrictions 

Many of the problems or events that occur affect a plant’s ability to consistently meet 
expected production or capacity rates. These problems may be suitable for RCFA, but 
further evaluation is recommended before beginning an analysis. After the initial 
investigation, if the event can be fully qualified and a cost-effective solution not 
found, then a full analysis should be considered. Note that an analysis normally is not 
performed on random, nonrecumng events or equipment failures. 

Economic Performance 

Deviations in economic performance, such as high production or maintenance costs, 
often warrant the use of RCFA. The decision tree and specific steps required to 
resolve these problems vary depending on the type of problem and its forcing func- 
tions or causes. 

Safety 

Any event that has a potential for causing personal injury should be investigated 
immediately. While events in this classification may not warrant a full RCFA, they 
must be resolved as quickly as possible. 

Isolating the root cause of injury-causing accidents or events generally is more diffi- 
cult than for equipment failures and requires a different problem-solving approach. 
The primary reason for this increased difficulty is that the cause often is subjective. 
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Regulatory Compliance 

Any regulatory compliance event can have a potential impact on the safety of work- 
ers, the environment, as well as the continued operation of the plant. Therefore, any 
event that results in a violation of environmental permits or other regulatory-compli- 
ance guidelines ( e g ,  Occupational Safety and Health Administration, Environmental 
Protection Agency, and state regulations) should be investigated and resolved as 
quickly as possible. Since all releases and violations must be reported-and they have 
a potential for curtailed production or fines or both-this type of problem must 
receive a high priority. 

DATA GATHERING 

The data-gathering step should clarify the reported event or problem. This phase of 
the evaluation includes interviews with appropriate personnel, collecting physical evi- 
dence, and conducting other research, such as performing a sequence-of-events analy- 
sis, which is needed to provide a clear understanding of the problem. Note that this 
section focuses primarily on equipment damage or failure incidents. 

Interviews 

The interview process is the primary method used to establish actual boundary condi- 
tions of an incident and is a key part of any investigation. It is crucial for the investiga- 
tor to be a good listener with good diplomatic and interviewing skills. 

For significant incidents, all key personnel must be interviewed to get a complete pic- 
ture of the event. In addition to those directly involved in the event or incident, indi- 
viduals having direct or indirect knowledge that could help clarify the event should be 
interviewed. The following is a partial list of interviewees: 

All personnel directly involved with the incident (be sure to review any 

Supervisors and managers of those involved in the incident (including con- 

Personnel not directly involved in the incident but who have similar back- 

Applicable technical experts, training personnel, and equipment vendors, 

written witness statements). 

tractor management). 

ground and experience. 

suppliers, or manufacturers. 

Note that it is extremely important for the investigator to convey the message that the 
purpose of an interview is fact finding not fault finding. The investigator’s job is sim- 
ply to find out what actually happened and why it happened. It is important for the 
interviewer to clearly dejne the reason for the evaluation to the interviewee at the 
beginning of the interview process. Plant personnel must understand and believe that 
the reason for the evaluation is to find the problem, If they believe that the process is 
intended to fix blame, little benefit can be derived. 
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- -  

. . . 

It also is necessary to verify the information derived from the interview process. One 
tneans of verification is visual observation of the actual practices used by the produc- 
tion and maintenance teams assigned to the area being investigated. 

Clarify event 

Mathappened? I ‘  

M e n  did it happen? 
‘ 

Questions to Ask 

To listen more effectively the interviewer must be prepared for the interview, and prepa- 
ration helps avoid wasting time. Prepared questions or a list of topics to discuss helps 
keep the interview on track and prevents the interviewer from forgetting to ask questions 
on key topics. Figure 3 4  is a flow sheet summarizing the interview process. Each inter- 
view should be conducted to obtain clear answers to the following questions: 

. . 

What happened? 
Where did it happen? 

M e n  did it happen? 
’ 

Interview all personnel 
directly and invrutly 
involved In the event . . 

Gather physical evidenoe that 
will confirm failure mode. I . . 

.- 

Presarva dl Physical 

the =ne of the event . . 
Picturw, drawings and . 
vldeo are useful tools. J 

the emlmnment befm. 
ducing. and afterthe event. 

Data should Include all . 
and environmental 

Matchanged7 -‘ 

Figure 3-4 The interview process. 
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When did it happen? 
What changed? 
Who was involved? 
Why did it happen? 
What is the impact? 
Will it happen again? 
How can recurrence be prevented? 

What Happened? Clarifying what actually happened is an essential requirement of 
RCFA. As discussed earlier, the natural tendency is to give perceptions rather than to 
carefully define the actual event. It is important to include as much detail as the facts 
and available data permit. 

Where Did It Happen? A clear description of the exact location of the event helps 
isolate and resolve the problem. In addition to the location, determine if the event also 
occurred in similar locations or systems. If similar machines or applications are elim- 
inated, the event sometimes can be isolated to one, or a series of, forcing function(s) 
totally unique to the location. 

For example, if Pump A failed and Pumps B, C, and D in the same system did not, this 
indicates that the reason for failure is probably unique to Pump A. If Pumps B, C, and 
D exhibit similar symptoms, however, it is highly probable that the cause is systemic 
and common to all the pumps. 

When Did It Happen? Isolating the specific time that an event occurred greatly 
improves the investigator’s ability to determine its source. When the actual time frame 
of an event is known, it is much easier to quantify the process, operations, and other 
variables that may have contributed to the event. 

However, in some cases (e.g., product-quality deviations), it is difficult to accurately 
fix the beginning and duration of the event. Most plant-monitoring and tracking 
records do not provide the level of detail required to properly fix the time of this type 
of incident. In these cases, the investigator should evaluate the operating history of the 
affected process area to determine if a pattern can be found that properly fixes the 
event’s time frame. This type of investigation, in most cases, will isolate the timing to 
events such as the following: 

Production of a specific product. 
Work schedule of a specific operating team. 
Changes in ambient environment. 

What Changed? Equipment failures and major deviations from acceptable perfor- 
mance levels do not just happen. In every case, specific variables, singly or in combi- 
nation, caused the event to occur. Therefore, it is essential that any changes that 
occurred in conjunction with the event be defined. 
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No matter what the event is (i.e., equipment failure, environmental release, accident, 
etc.), the evaluation must quantify all the variables associated with the event. These 
data should include the operating setup; product variables, such as viscosity, density, 
flow rates, and so forth; and the ambient environment. If available, the data also 
should include any predictive-maintenance data associated with the event. 

Who Was Involved? The investigation should identify all personnel involved, 
directly or indirectly, in the event. Failures and events often result from human error 
or inadequate skills. However, remember that the purpose of the investigation is to 
resolve the problem, not to place blame. 

All comments or statements derived during this part of the investigation should be 
impersonal and totally objective. All references to personnel directly involved in the 
incident should be assigned a code number or other identi$er, such as Operator A or 
Maintenance Craftsman B. This approach helps reduce fear of punishment for those 
directly involved in the incident. In addition, it reduces prejudice or preconceived 
opinions about individuals within the organization. 

Why Did It Happen? If the preceding questions are fully answered, it may be pos- 
sible to resolve the incident with no further investigation. However, exercise caution 
to ensure that the real problem has been identified. It is too easy to address the symp- 
toms or perceptions without a full analysis. 

At this point, generate a list of what may have contributed to the reported problem. 
The list should include all factors, both real and assumed. This step is critical to the 
process. In many cases, a number of factors, many of them trivial, combine to cause a 
serious problem. 

All assumptions included in this list of possible causes should be clearly noted, as 
should the causes that are proven. A sequence-of-events analysis provides a means for 
separating fact from fiction during the analysis process. 

What Is the Impact? The evaluation should quantify the impact of the event before 
embarking on a full RCFA. Again, not all events, even some that are repetitive, war- 
rant a full analysis. This part of the. investigation process should be as factual as possi- 
ble. Even though all the details are unavailable at this point, attempt to assess the real 
or potential impact of the event. 

Will It Happen Again? If the preliminary interview determines that the event is 
nonrecurring, the process may be discontinued at this point. However, a thorough 
review of the historical records associated with the machine or system involved in the 
incident should be conducted before making this decision. Make sure that it truly is a 
nonrecurring event before discontinuing the evaluation. 

All reported events should be recorded and the files maintained for future reference. 
For incidents found to be nonrecumng, a file should be established that retains all the 
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data and information developed in the preceding steps. Should the event or a similar 
one occur again, these records are an invaluable investigative tool. 

A full investigation should be conducted on any event that has a history of periodic 
recurrence, or a high probability of recurrence, and a significant impact in terms of 
injury, reliability, or economics. In particular, all incidents that have the potential for 
personal injury or regulatory violation should be investigated. 

How Can Recurrence Be Prevented? Although this is the next logical question to 
ask, it generally cannot be answered until the entire RCFA is completed. Note, how- 
ever, that if this analysis determines it is not economically feasible to correct the prob- 
lem, plant personnel may simply have to learn to minimize the impact. 

Types of Interviews 

One of the questions to answer in preparing for an interview is “What type of inter- 
view is needed for this investigation?’ Interviews can be grouped into three basic 
types: one-on-one, two-on-one, and group meetings. 

One-on-One The simplest interview to conduct is that where the investigator inter- 
views each person necessary to clarify the event. This type of interview should be 
held in a private location with no distractions. In instances where a field walk-down is 
required, the interview may be held in the employee’s work space. 

Two-on-One When controversial or complex incidents are being investigated, it 
may be advisable to have two interviewers present when meeting with an individual. 
With two investigators, one can ask questions while the other records information. 
The interviewers should coordinate their questioning and avoid overwhelming or 
intimidating the interviewee. 

At the end of the interview, the interviewers should compare their impressions of the 
interview and reach a consensus on their views. The advantage of the two-on-one 
interview is that it should eliminate any personal perceptions of a single interviewer 
from the investigation process. 

Group Meeting A group interview is advantageous in some instances. This type of 
meeting, or group problem-solving exercise, is useful for obtaining an interchange of 
ideas from several disciplines @e., maintenance, production, engineering, etc.). Such 
an interchange may help resolve an event or problem. 

This approach also can be used when the investigator has completed his or her evalu- 
ation and wants to review the findings with those involved in the incident. The investi- 
gator might consider interviews with key witnesses before the group meeting to verify 
the sequence of events and the conclusions before presenting them to the larger group. 
The investigator must act as facilitator in this problem-solving process and use a 
sequence-of-events diagram as the working tool for the meeting. 
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Group interviews cannot be used in a hostile environment. If the problem or event is 
controversial or political, this type of interview process is not beneficial. The personal 
agendas of the participants generally preclude positive results. 

Collecting Physical Evidence 

The first priority when investigating an event involving equipment damage or failure 
is to preserve physical evidence. Figure 3-5 is a flow diagram illustrating the steps 
involved in an equipment-failure investigation. This effort should include all tasks and 
activities required to fully evaluate the failure mode and determine the specific bound- 
ary conditions present when the failure occurred. 

If possible, the failed machine and its installed system should be isolated from service 
until a full investigation can be conducted. On removal from service, the failed 
machine and all its components should be stored in a secure area until they can be 
fully inspected and appropriate tests conducted. 

If this approach is not practical, the scene of the failure should be fully documented 
before the machine is removed from its installation. Photographs, sketches, and the 
instrumentation and control settings should be fully documented to ensure that all 
data are preserved for the investigating team. All automatic reports, such as those gen- 
erated by the Level I computer-monitoring system, should be obtained and preserved. 

The legwork required to collect information and physical evidence for the investiga- 
tion can be quite extensive. The following is a partial list of the information that 
should be gathered: 

Currently approved standard operating (SOP) and maintenance (SMP) pro- 

Company policies that govern activities performed during the event. 
Operating and process data (e.g., strip charts, computer output. and data- 
recorder information). 
Appropriate maintenance records for the machinery or area involved in the 
event. 
Copies of log books, work packages, work orders, work permits, and main- 
tenance records; equipment-test results, quality-control reports; oil and 
lubrication analysis results; vibration signatures; and other records. 
Diagrams, schematics, drawings, vendor manuals, and technical specitica- 
tions, including pertinent design data for the system or area involved in the 
incident. 
Training records, copies of training courses, and other information that 
shows skill levels of personnel involved in the event. 
Photographs, videotape, or diagrams of the incident scene. 
Broken hardware (e.g., ruptured gaskets, burned leads. blown fuses, failed 

cedures for the machine or area where the event occurred. 

bearings). 
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Environmental conditions when the event occurred. These data should be as 

Copies of incident reports for similar prior events and history or trend infor- 
complete and accurate as possible. 

mation for the area involved in the current incident. 
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Figure 3-5 Flow diagram for equipment failure investigation. 
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Analyze Sequence of Events 

Performing a sequence-of-events analysis and graphically plotting the actions leading 
up to and following an event, accident, or failure helps visualize what happened. It is 
important to use such a diagram from the start of an investigation. This not only helps 
with organizing the information but also in identifying missing or conflicting data, 
showing the relationship between events and the incident, and highlighting potential 
causes of the incident. 

DESIGN REVIEW 

I t  is essential to clearly understand the design parameters and specifications of the 
systems associated with an event or equipment failure. Unless the investigator under- 
stands precisely what the machine or production system was designed to do and its 
inherent limitations, it is impossible to isolate the root cause of a problem or event. 
The data obtained from a design review provide a baseline or reference. which is 
needed to fully investigate and resolve plant problems. 

The objective of the design review is to establish the specific operating characteristics 
of the machine or production system involved in the incident. The evaluation should 
clearly define the specific function or functions that each machine and system was 
designed to perform. In addition, the review should establish the acceptable operating 
envelope, or range, that the machine or system can tolerate without a measurable 
deviation from design performance. 

The logic used for a comprehensive review is similar to that of a failure modes and 
effects analysis and a fault-tree analysis in that it is intended to identify the contribut- 
ing variables. Unlike these other techniques, which use complex probability tables 
and break down each machine to the component level, RCFA takes a more practical 
approach. The technique is based on readily available, application-specific data to 
determine the variables that may cause or contribute to an incident. 

While the level of detail required for a design review varies depending on the type of 
event, this step cannot be omitted from any investigation. In some instances, the pro- 
cess may be limited to a cursory review of the vendor’s operating and maintenance 
(O&M) manual and performance specifications. In others, a full evaluation that 
includes all procurement, design, and operations data may be required. 

Minimum Design Data 

In many cases, the information required can be obtained from four sources: equip- 
ment nameplates, procurement specifications, vendor specifications. and the O&M 
manuals provided by the vendors. 

If the investigator has a reasonable understanding of machine dynamics, a thorough 
design review for relatively simple production systems (e.g., pump transfer system) 
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can be accomplished with just the data provided in these four documents. If the inves- 
tigator lacks a basic knowledge of machine dynamics, review Part Two of this book, 
Equipment Design Evaluation Guides. 

Special attention should be given to the vendor’s troubleshooting guidelines. These 
suggestions will provide insight into the more common causes for abnormal behavior 
and failure modes. 

Equipment Nameplate Data 

Most of the machinery, equipment, and systems used in process plants have a perma- 
nently affixed nameplate that defines their operating envelope. For example, a centrif- 
ugal pump’s nameplate typically includes its flow rate, total discharge pressure, 
specific gravity, impeller diameter, and other data that define its design operating 
characteristics. These data can be used to determine if the equipment is suitable for 
the application and if it is operating within its design envelope. 

Procurement Specijications 

Procurement specifications normally are prepared for all capital equipment as part of 
the purchasing process. These documents define the specific characteristics and oper- 
ating envelope requested by the plant engineering group. The specifications provide 
information useful for evaluating the equipment or system during an investigation. 

When procurement specifications are unavailable, purchasing records should describe 
the equipment and provide the system envelope. Although such data may be limited to 
a specific type or model of machine, it generally is useful information. 

Vendor Specijications 

For most equipment procured as a part of capital projects, a detailed set of vendor spec- 
ifications should be available. Generally, these specifications were included in the ven- 
dor’s proposal and c o n k e d  as part of the deliverables for the project. Normally, these 
records are on file in two different departments: purchasing and plant engineering. 

As part of the design review, the vendor and procurement specifications should be 
carefully compared. Many of the chronic problems that plague plants are a direct 
result of vendor deviations from procurement specijications. Carefully comparing 
these two documents may uncover the root cause of chronic problems. 

Operating and Maintenance Manuals 

O&M manuals are one of the best sources of information. In most cases, these docu- 
ments provide specific recommendations for proper operation and maintenance of the 
machine, equipment, or system. In addition, most of these manuals provide specific 
troubleshooting guides that point out many of the common problems that may occur. 
A thorough review of these documents is essential before beginning the RCFA. The 
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information provided in these manuals is essential to effective resolution of plant 
problems. 

Objectives of the Review 

The objective of the design review is to determine the design limitations, acceptable 
operating envelope, probable failure modes, and specific indices that quantify the 
actual operating condition of the machine, equipment, or process system being inves- 
tigated. At a minimum, the evaluation should determine the design function and spe- 
cifically what the machine or system was designed to do. The review should clearly 
define the specific functions of the system and its components. 

To fully define machinery, equipment, or system functions. a description should 
include incoming and output product specifications, work to be performed, and 
acceptable operating envelopes. For example, a centrifugal pump may be designed to 
deliver 1,OOO gallons per minute of water having a temperature of 100°F and a dis- 
charge pressure of 100 pounds per square inch. 

Incoming- Product Specijications 

Machine and system functions depend on the incoming product to be handled. 
Therefore, the design review must establish the incoming product boundary condi- 
tions used in the design process. In most cases, these boundaries include temperature 
range, density or specific gravity, volume, pressure, and other measurable parame- 
ters. These boundaries determine the amount of work the machine or system must 
provide. 

In some cases, the boundary conditions are absolute. In others, there is an acceptable 
range for each of the variables. The review should clearly define the allowable bound- 
aries used for the system's design. 

Output- Product Specijications 

Assuming the incoming product boundary conditions are met, the investigation 
should determine what output the system was designed to deliver. As with the incom- 
ing product, the output from the machine or system can be bound by specific, measur- 
able parameters. Flow, pressure, density, and temperature are the common measures 
of output product. However, depending on the process, there may be others. 

Work to Be Per$omed 

This part of the design review should determine the measurable work to be performed 
by the machine or system. Efficiency, power usage, product loss, and similar parame- 
ters are used to define this part of the review. The actual parameters will vary depend- 
ing on the machine or system. In most cases, the original design specifications will 
provide the proper parameters for the system under investigation. 



30 Root Cause Failure Analysis 

Acceptable Operating Envelope 

The final part of the design review is to define the acceptable operating envelope of 
the machine or system. Each machine or system is designed to operate within a spe- 
cific range, or operating envelope. This envelope includes the maximum variation in 
incoming product, startup ramp rates and shut-down speeds, ambient environment, 
and a variety of other parameters. 

APPLICATION/MAINTENANCE REVIEW 

The next step in the RCFA is to review the application to ensure that the machine or 
system is being used in the proper application. The data gathered during the design 
review should be used to verify the application. The maintenance record also should 
be reviewed. 

In plants where multiple products are produced by the machine or process system 
being investigated, it is essential that the full application range be evaluated. The eval- 
uation must include all variations in the operating envelope over the full range of 
products being produced. The reason this is so important is that many of the problems 
that will be investigated are directly related to one or more process setups that may be 
unique to that product. Unless the full range of operation is evaluated, there is a 
potential that the root cause of the problem will be missed. 

Factors to evaluate in an applicatiodmaintenance review include installation, operat- 
ing envelope, operating procedures and practices (i.e., standard procedures versus 
actual practices), maintenance history, and maintenance procedures and practices. 

Installation 

Each machine and system has specific installation criteria that must be met before 
acceptable levels of reliability can be achieved and sustained. These criteria vary with 
the type of machine or system and should be verified as part of the RCFA. 

Using the information developed as part of the design review, the investigator or other 
qualified individuals should evaluate the actual installation of the machine or system 
being investigated. At a minimum, a thorough visual inspection of the machine and its 
related system should be conducted to determine if improper installation is contribut- 
ing to the problem. The installation requirements will vary depending on the type of 
machine or system. 

Photographs, sketches, or drawings of the actual installation should be prepared as 
part of the evaluation. They should point out any deviations from acceptable or rec- 
ommended installation practices as defined in the reference documents and good 
engineering practices. This data can be used later in the RCFA when potential correc- 
tive actions are considered. 
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Operating Envelope 

Evaluating the actual operating envelope of the production system associated with the 
investigated event is more difficult. The best approach is to determine all variables 
and limits used in normal production. For example, define the full range of operating 
speeds, flow rates, incoming product variations, and the like normally associated with 
the system. In variable-speed applications, determine the minimum and maximum 
ramp rates used by the operators. 

Operating Procedures and Practices 

This part of the applicatiodmaintenance review consists of evaluating the standard 
operating procedures as well as the actual operating practices. Most production areas 
maintain some historical data that track its performance and practices. These records 
may consist of log books, reports, or computer data. These data should be reviewed to 
determine the actual production practices that are used to operate the machine or sys- 
tem being investigated. 

Systems that use a computer-based monitoring and control system will have the best 
database for this part of the evaluation. Many of these systems automatically store 
and, in some cases, print regular reports that define the actual process setups for each 
type of product produced by the system. This invaluable source of information should 
be carefully evaluated. 

Standard Operating Procedures 

Evaluate the standard operating procedures for the affected area or system to determine 
if they are consistent and adequate for the application. Two reference sources, the 
design review report and vendor’s O&M manuals, are required to complete this task. 

In addition, evaluate SOPS to determine if they are usable by the operators. Review orga- 
nization, content, and syntax to determine if the procedure is correct and understandable. 

Setup Procedures 

Special attention should be given to the setup procedures for each product produced 
by a machine or process system. Improper or inconsistent system setup is a leading 
cause of poor product quality, capacity restrictions, and equipment unreliability. The 
procedures should provide clear, easy to understand instructions that ensure accurate, 
repeatable setup for each product type. If they do not, the deviations should be noted 
for further evaluation. 

Transient Procedures 

Transient procedures, such as startup, speed change, and shutdown, also should be 
carefully evaluated. These are the predominant transients that cause deviations in 
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quality and capacity and have a direct impact on equipment reliability. The procedures 
should be evaluated to ensure that they do not violate the operating envelope or ven- 
dor’s recommendations. All deviations must be clearly defined for further evaluation. 

Operating Practices 

This part of the evaluation should determine if the SOPs were understood and fol- 
lowed before and during the incident or event. The normal tendency of operators is to 
shortcut procedures, which is a common reason for many problems. In addition, 
unclear procedures lead to misunderstanding and misuse. 

Therefore, the investigation must fully evaluate the actual practices that the produc- 
tion team uses to operate the machine or system. The best way to determine compli- 
ance with SOPs is to have the operator(s) list the steps used to run the system or 
machine being investigated. This task should be performed without referring to the 
SOP manual. The investigator should lead the operator(s) through the process and use 
their input to develop a sequence diagram. 

After the diagram is complete, compare it to the SOPs. If the operator’s actual prac- 
tices are not the same as those described in the SOPs, the procedures may need to be 
upgraded or the operators may need to be retrained. 

Maintenance History 

A thorough review of the maintenance history associated with the machine or system 
is essential to the RCFA process. One question that must be answered is, “Will this 
happen again?’ A review of the maintenance history may help answer this question. 
The level of accurate maintenance data available will vary greatly from plant to plant. 
This may hamper the evaluation, but it is necessary to develop as clear a picture as 
possible of the system’s maintenance history. 

A complete history of the scheduled and actual maintenance, including inspections 
and lubrication, should be developed for the affected machine, system, or area. The 
primary details that are needed include frequency and types of repair, frequency and 
types of preventive maintenance, failure history, and any other facts that will help in 
the investigation. 

Maintenance Procedures and Practices 

A complete evaluation of the standard maintenance procedures and actual practices 
should be conducted. The procedures should be compared with maintenance require- 
ments defined by both the design review and the vendor’s O&M manuals. Actual 
maintenance practices can be determined in the same manner as described earlier or 
by visual observation of similar repairs. This task should determine if the SMPs are 
followed consistently by all maintenance personnel assigned to or involved with the 
area being investigated. Special attention should be given to the routine tasks, such as 
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lubrication, adjustments, and other preventive tasks. Determine if these procedures 
are being performed in a timely manner and if proper techniques are being used. 

OBSERVATIONS AND MEASUREMENTS 

If the application and maintenance reviews are not conclusive. additional evaluation 
and testing may be necessary. The techniques discussed in this section provide ways 
to quantify deviations from acceptable operating and maintenance practices. By using 
these techniques, the investigating team can accurately establish deviations that may 
be contributing to the problem. 

After establishing potential deviations in the operating envelope or other variations 
that may have contributed to the event, the next step is to verify that these factors were 
actual contributors. The best method of confirmation is to physically measure the 
operating dynamics of the machine or production system associated with the event. 

Evaluating any event or incident that results in partial or complete failure of a 
machine, piece of equipment, or system should include a thorough analysis of the 
failed parts or components. The actual methods used will vary depending on the fail- 
ure mode and the type of machine or component that failed. 

In most cases, failed components must be replaced immediately to minimize the 
impact on production. If this is the case, an evaluation of the system that surrounded 
the incident may be beneficial. If this testing can be conducted shortly after replacing 
the failed machine, there may be residual evidence that will aid in the investigation. 
This is especially true in those cases where variations in operating parameters, such as 
product variations and operating practices, contributed to the failure. 

Many types of measurements can be taken and observations made, but the most effec- 
tive include vibration analysis, quantification of process parameters, and visual 
inspection. Vibration analysis, coupled with direct recording of process variables, pro- 
vides the most effective means of determining their effect. A full multichannel analy- 
sis of the replacement machine and its installed system provides the data required to 
evaluate the potential contribution of the system to the failure. 

Vibration Analysis 

Vibration analysis is perhaps the best method of measuring the actual operating 
dynamics of mechanical systems. This technique provides the means of quantifying a 
variety of factors that may contribute to the event-even when equipment failure has 
not occurred. 

If variations in incoming product, operating or maintenance practices, ambient envi- 
ronment, or a myriad or other variables are believed to be a contributing factor, vibra- 
tion tests can measure the real effect of each variable. 
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It is necessary to develop a test sequence that isolates and directly compares each sus- 
pect variable. For example, a series of vibration tests can be conducted to measure the 
actual change in the machine or process system’s response to discrete changes in 
incoming-product parameters, such as viscosity or temperature. Another sequence of 
tests can be conducted to measure the effects of variations in operating practices or 
ambient environment. 

All vibration testing should be based on a well-thought-out test plan that defines its 
purpose and the methods to be used. Good, detailed documentation is essential. Each 
test in the sequence must be fully detailed to clearly define the exact parameters to use 
during data acquisition. This documentation is essential for proper analysis and com- 
parison of the data. 

In most cases, process or ambient environment data must be acquired along with the 
vibration data. Since these tests are designed to quantify the effects of changes in the 
variable, it is necessary to verify the actual change caused by each. 

Real-time data can be used to accurately quantify the cause-and-effect relationship 
between suspected variables and the operating dynamics of the machine or system. 
Multichannel data-acquisition techniques provide the best means of acquiring this 
type of data. Multichannel techniques record all variables at the same time, elimi- 
nating any transients that may be missed with single-channel data acquisition 
methods. 

Process Parameters 

Evaluating variations in process parameters, such as pressures flow rate, and tem- 
perature, is an effective means of confirming their impact on the production system. 
In some cases, the Level I computer monitoring systems used to operate the process 
system provide much of the data needed. The monitoring systems normally 
acquire, report, and store key process variables throughout the normal production 
process. This information is useful for both the initial analysis and confirmation 
testing. 

Tests should be developed that measure the impact of process-parameter changes on 
the system to determine if specific deviations contributed to the event being investi- 
gated. In most cases, these tests should be used in conjunction with vibration analysis 
to measure the cause-and-effect relationship between specific process setups and the 
operating dynamics of the system. 

Visual Inspection 

Visual inspection is one tool that always should be used. Such inspections should be 
performed on measurement devices, such as pressure gauges, and failed machine 
components. 
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Measurement Devices 

Most machines and systems include measurement devices that provide a clear indica- 
tion of the operating condition. A visual inspection of these devices confirms many of 
the failure modes that cause process deviations and catastrophic failures. 

For example, pressure gauges are a primary tool used to evaluate operating dynamics. 
A steady pressure reading is a good indication that the equipment (e.g., pump, fan, 
compressor) is operating normally and within its designed operating envelope. A fluc- 
tuating gauge is a good indication that something is wrong. Turbulent flow, cycling or 
variation in load or demand, and a variety of other process deviations result in a radi- 
cal fluctuation of the pressure-gauge reading. 

Failed Machine Components 

Visual inspection of failed machine components can be an effective diagnostic tool. 
For example, visual inspection of a failed bearing can determine the load zone, wear 
pattern, and in many cases the probable cause of the failure. The same is true of gears. 
V-belts, and a variety of other common machine components. 

In many cases, visual inspection provides positive clues that point the investigator 
toward the probable failure mode or root cause. For example, the wear pattern of a 
rolling-element bearing or gear set provides visual indications of abnormal loading OJ 

behavior. 

A number of reference books discuss and illustrate the common failure modes of 
machine components that can be detected using visual observation as the primary 
diagnostics tool. Most of these books use photographs to clearly display the visual 
image of various failure modes. 

Figure 3-6 illustrates a damaged rolling-element bearing. From the wear pattern, it is 
clear that the load zone is abnormal. Rather than being centered in the races, the wear 
pattern is offset. This visual inspection confirms that some forcing function within the 
machine or its system has caused an abnormal loading of the bearing. Failure modes 
(e.g., misalignment, aerodynamic or hydraulic instability, and changes in load or 
speed) are primary sources of this type of abnormal wear pattern. 

Figure 3-7 illustrates an abnormal wear pattern on a spur gear caused by too little 
backlash. The vertical score marks are caused by sliding wear resulting from too little 
clearance between the gear set. 

Wear Particles 

Wear-particle analysis is a diagnostic technique that uses visual analysis aided by an 
electron microscope to evaluate the wear patterns of the metallic solids contained in a 
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Figure 3-6 Viwl profile of abnormal loading of a rolling-element bearing. 

machine’s lubrication system. Using this technique, a trained analyst can determine the 
type of wear and its most probable cause. In most cases, this analysis requires the use of 
an outside laboratoq, with costs ranging from about $25 to $50 per sample. However, 
the knowledge gained from this test is extremely valuable to the RCFA process. 

Figure 3-7 Viwlprofile of badly worn spur gear. 
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Other 

Other testing techniques (e.g., meggering, ultrasonics, acoustic emissions) can be 
used to measure the cause-and-effect relationship between variables. Each technique 
is appropriate for specific applications and provides a means of quantifying or prov- 
ing that specific forcing functions contributed to the event or incident being investi- 
gated. 

There also are a variety of tests that can be conducted to evaluate the metallurgical 
properties of the failed component. These include tensile strength, residual stress, and 
other properties of the component as well as the actual failure mechanism (i.e., stress 
rupture, compression fracture, etc.). 

Unless the plant has a fully functional metallurgical laboratory, these tests may 
require the use of an outside lab. The cost of the evaluations will vary, depending on 
the type of component and the extent of the analysis. Used selectively, metallurgical 
analysis is an effective tool and can be a useful part of a RCFA. 

DETERMINING THE ROOT CAUSE 

At this point in the investigation, the preceding steps, sequence-of-events diagrams. 
and logic trees should have identified the forcing functions that may have contributed 
to the problem. These data should have provided enough insight into the failure for 
the investigator to develop a list of potential or probable reasons for the failure. 

The guidelines for specific machine types, which are provided in Part Two, and the 
troubleshooting guides in Part Three should be used as part of this activity. The most 
common failure modes of machinery are defined in the tables in Part Two, which pro- 
vide the obvious symptoms associated with a machine problem or failure and their 
common causes. Coupled with the data developed during the investigation, these 
tables should help in reducing the number of potential causes to no more than rwo or 
three. 

A method that can be used to evaluate potential factors that may have caused or con- 
tributed to the event is the cause-and-effect analysis. Graphical representation of the 
variables or factors identified by the investigation using a fishbone diagram provides a 
means of evaluating potential root cause(s). 

The advantage of the fishbone diagram is that it forces the investigator to logically 
group each of the factors identified during the investigation. This process may auto- 
matically eliminate some factors and uncover other issues that must be addressed. 
Once all the identified factors have been graphically displayed, the investigator or 
investigating team can systematically evaluate each one. 

Analyzing the short list of potential root causes to verify each of the suspect causes is 
essential. In almost all cases, a relatively simple, inexpensive test series can be devel- 
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oped to confirm or eliminate the suspected cause of equipment failure. As an example, 
hard-bluing can be used to verify the alignment and clearance of a gear set. This sim- 
ple, inexpensive test requires very little effort and will absolutely confirm the wear pat- 
tern and meshing of the gear set. If alignment or excessive backlash is present, this test 
will confirm it. 

When cavitation in a centrifugal pump is suspected, verify that at least one factor, 
such as suction leaks or low net positive suction head (NPSH), is present in the sys- 
tem. If not, cavitation cannot be the cause of failure. 

Most of the causes contributing to problems that adversely affect plant perfor- 
mance can be grouped into one of several categories. Most equipment problems 
can be traced to misapplication, operating or maintenance practices and proce- 
dures, or simply age (not addressed in this module). Some of the other causes that 
are discussed include training, supervision, communications, human engineering, 
management systems, and quality control. These causes are the most common rea- 
sons for poor plant performance, accidents, and nonconformance to regulatory 
mandates. However, human error may contribute to, or be the sole reason for, the 
problem. 

Figure 3-8 illustrates the most common causes of events that impact plant safety, 
environmental compliance, process performance, and equipment reliability. 

Misapplication 

Misapplication of critical process equipment is one of the most common causes of 
equipment-related problems. In some cases, the reason for misapplication is poor 
design, but more often it results from uncontrolled modifications or changes in the 
operating requirements of the machine. 

Accelerated wear 

Figure 3-8 Common causes of equipment fdlure. 
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Poor Design Practices 

Some equipment problems result from inadequate plant-engineering practices. Down- 
sizing, a growing trend in U.S. industry, often diminishes or eliminates in-house 
design and plant-engineering capabilities. However, this can result in poor design 
practices, which have a major impact on equipment reliability. Even in those facilities 
where in-house design capability is not eliminated, the quality of procedures and 
practices can suffer such that it affects the design process and contributes to problems. 

During the design-review phase of an investigation, the investigating team should 
have evaluated the design process to determine if it is adequate for the particular 
application. If not, the obvious corrective action is to modify the procedures and prac- 
tices that are used for the design function. 

Procurement Practices 

The methods for procuring new and replacement equipment often contribute to equip- 
ment-related problems. The major factors contributing to procurement deficiencies 
are inadequate specifications, substituting vendors or machines, omitting life-cycle 
cost evaluations, and not obtaining vendor evaluations. 

Inadequate Specifications 

A major contributor in this category is the absence of adequate procurement specifica- 
tions. Generally, specifications do not include enough detail to ensure that the correct 
part or machine is purchased. Too often, the specifications are limited to a model or 
part number. However, this type of specification does not define the specific applica- 
tion or range of operations that the machine must provide. 

Substitutions 

The defined role for the purchasing process is to limit the cost of new and replacement 
parts and machinery. As a result, procurement personnel often substitute parts or 
machines that they perceive to be equal. Unfortunately, the substitutes are not always 
exactly the same. The vendors themselves also contribute to this type of problem. 
They will offer their equivalent to the requested specification without reviewing the 
intended application. In some cases, this merely is an oversight. In others, it is an 
intentional effort to obtain the order, regardless of the impact on plant performance. 

Low Bid versus Life-Cycle Cost 

Procuring replacement or new equipment based strictly on low bid rather than life- 
cycle cost is another major contributor to equipment-reliability problems. In an effort 
to reduce costs, many plants have abandoned the process of vendor selection based on 
the total lifetime cost of equipment. This error continues to lower equipment reliabil- 
ity and may be the root cause of many problems. 
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Vendor Evaluations 

The quality of new and rebuilt equipment has declined substantially over the past ten 
years. At the same time, many companies have abandoned the practice of regular 
inspections and vendor certification. The resulting decline in quality is another con- 
tributor to equipment malfunction or failure. 

Poor Operating Practices and Procedures 

Poor operating practices and procedures play a major role in equipment-reliability 
problems. Figure 3-9 illustrates the more common sources of problems caused by 
procedures. Problems generally result because procedures are not used, are inade- 
quate, or are followed incorrectly. Any one of these categories may be the root cause, 
but it usually occurs in conjunction with one or more of the other causes discussed in 
this section. For example, use not enforced also is a supervision problem and the true 
root cause must include an evaluation. The key to evaluating a potential root cause is 
to determine if the problem is inadequate procedures or the failure to follow valid 
procedures. 

Many SOPS used to operate critical plant production systems are out of date or inade- 
quate. This often is a major contributor to reliability and equipment-related problems. 
If this is judged a potential contributor to the specific problem being investigated, 
refer to Figure 3-9 for the subclassifications that will help identify the root cause and 
appropriate corrective actions. Procedure problems have a more universal impact on 
reliability and performance in that there is an extremely high probability that the fail- 
ure or problem will recur. 

PROCEDURES > 

wrong 

t-bpGicH-) poor organization H=) 
q-) use not enforced L.C"f?%EF-) 

Figure 3-9 Common root causes of procedure-related problems. 
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Lack of enforcement is one reason procedures are not followed consistently. The real 
cause for this may be many factors. Training or inadequate employee skills commonly 
contribute to problems that affect plant performance and equipment reliability. The 
three major contributors to training-related problems include no training, inadequate 
training, and failure to learn. 

The reasons underlying inadequate skills vary depending on the plant culture, work- 
force, and a variety of other issues. Figure 3-10 provides the common reasons for 
poor skill levels that are caused by training issues. In addition to the subcategories 
included in the figure, review the sections on Poor Operating Practices and Proce- 
dures and Supervision for problems where inadequate skill levels are potential con- 
tributors. 

No Training 

Many plants lack a formal training program that provides the minimal employee skills 
required to perform the procurement, operating, and maintenance tasks required to 
maintain an acceptable level of plant performance. In other cases, plant training pro- 
grams are limited to mandated courses (e.g., OSHA, EPA, or other regulatory courses) 
that have little to do with the practical skills required to meet job requirements. 

Inadequate Training 

There are a variety of reasons why training programs fail to achieve a minimal 
employee skill level. Most are related to the procedures and methods used to develop 
and present the training courses. Some type of testing of the improvement in the skill 
level after the training is complete is the best way to determine the effectiveness of 
training programs. 

c 
Not Learned 

retention lacking 

I ,- 
too technical Po 
dld not attend 

COUrSe 

Figure 3-10 Common causes of training-related problems. 
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Failure to Learn 

Employees fail to retain the instruction provided in training programs for two reasons: 
poor instruction and some failure by the employee. Poor instruction is a failure by the 
employer to provide the information required by the employee to perform a particular 
job in an easily understood format and at a pace that allows the employee to absorb 
the material. Failure by the employee to learn may be the result of their education 
level, fatigue, lack of desire, or lack of incentive. 

Not all employees have the education and basic comprehension skills necessary to 
understand, master, and retain training to improve their basic operating and mainte- 
nance skills. In some cases, the employee may not have the ability to read and write at 
a level that permits minimal understanding of even the simplest training program. 
Employees that fall into this classification present a serious problem that is very diffi- 
cult to correct. The only real solution is to provide remedial training courses focusing 
on basic reading, writing, and comprehension skills. 

Fatigue is another factor that directly affects training. Many courses are taught outside 
of normal work hours and employees are expected to attend training classes after put- 
ting in a full workday. Unfortunately, this affects the students, ability to comprehend 
and retain the instruction. 

Lack of motivation may be an employee attitude problem, but in many cases the real 
root cause is a failure in supervision and plant policies. If a lack of motivation is sus- 
pected, evaluate the potential causes included in the following sections on Supervi- 
sion, Communications, and Management Systems before making a final decision on 
the root cause of the problem. 

Supervision 

Supervision includes all potential causes that can be associated with management pro- 
cedures and practices. While most of the causes directly apply to first-line supervi- 
sors, they can also apply to all levels of management. Figure 3-11 provides the 
common factors of supervision-related problems. 

Preparation 

Lack of preparation is a common factor that contributes to, or is the sole reason for, 
plant-performance problems. In some cases, it is an employee problem with one or 
more supervisors or managers, but more often it is a failure in the overall plant-man- 
agement philosophy. Many plants rely on first-line supervisors who also have other 
direct or indirect responsibilities. As a result, the supervisor has too little time to pre- 
pare job packages, provide hands-on training, or perform many of the other tasks 
essential for consistent plant (and worker) performance. If this is the case, citing poor 
supervision as the root cause of a problem is inappropriate and incorrect. 
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( SUPERVISION 

Preparation + 
No work packages P m  

selection 

Figure 3-1 1 Common factors of supervision-related causes. 

Another common reason for failure in this category is lack of supervisor training. Few 
first-line supervisors have been given the basic skills training that they need for their 
position. The materials presented previously under Poor Operating Practices and Pro- 
cedures should be included in any evaluation where poor supervision is a potential 
source of the problem. 

Worker Selection 

Selection of workers assigned to specific jobs or tasks is a common contributor to 
problems. Generally, workers are assigned tasks based on the supervisor’s perception 
of their abilities. In part, this is because skill levels are not universal across most 
plants and the supervisors attempt to put their best people on sensitive or critical jobs. 
Problems with this approach are that some members of the workforce become over- 
loaded, which causes less skilled personnel to be used for job functions they are not 
qualified to perform. When evaluating potential root causes that may fall into this cat- 
egory, refer to the previous subsections on training problems. 

Supervision During Work 

Most of the problems that result from this cause result from the dual functions that 
many supervisors must provide. Due to other responsibilities, they are unable to 
directly supervise work as it is being done. A second potential cause of this problem is 
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the lack of skill or training of the supervisor. Cross-check any potential problems that 
may be attributed to this category to ensure proper identification of the root cause. 

Communications 

Communication failure is another major category that contributes to plant problems. 
Figure 3-12 provides the typical causes for communications-related problems. 

Any problem that may be attributed to one or more of these categories should be 
cross-referenced to the sections on Poor Operating Practices and Procedures and 
Management Systems to ensure the correct cause is identified. 

Human Engineering 

Deficiencies in this category are not as visible as some of the others, but they contnb- 
ute to many plant problems. These causes, which are shown in Figure 3-13, are pri- 
marily the result of poor workplace design and errors in work flow. 

Worker-Machine Integace 

The layout of instrument panels, controls, workstations, and other equipment has a 
direct impact on plant performance. For example, when the workstation design forces 
an employee to constantly twist, bend, or stoop, the potential for injury, error due to 
fatigue, or loss of product quality is substantially increased. A properly designed 
workstation can help eliminate potential problems. 

COMMUNICATIONS v 
Turnover 

m communications 
epeat back not - 

Figure 3-12 Common causes of communica&ions problems. 
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Work Environment 

The work environment has a direct impact on the workforce and equipment reliability. 
Improper lighting, lack of temperature control, and poor housekeeping are the domi- 
nant failure modes within this classification. In some cases, a poor environment is a 
symptom rather than the root cause of a problem. For example, supervision, proce- 
dures, or management system problems may be the real cause. Make sure that the 
evaluation is detailed enough to isolate the true root cause. 

Complex Systems 

Production systems are becoming more and more complex. As a result, the skill lev- 
els of operators and maintenance personnel also must improve to achieve and main- 
tain acceptable reliability levels. While the categories included in this section may be 
perceived as a viable root cause of a specific investigation, most are a combination of 
the system’s complexity and other issues. such as training, employee motivation. and 
others. 

Management Systems 

Figure 3-14 illustrates the common root causes of management-system problems: 
policies and procedures, standards not used, and employee relations. Most of these 
potential root causes deal with plant culture and management philosophy. While hard 
to isolate, the categories that fall within this group of causes contribute to many of the 
problems that will be investigated. 

ENGINEERING - 
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Figure 3-13 Common causes of human engineering problems. 

Complex Systems 
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Figure 3-14 Common causes of management systems problems. 

Qualify Control 

Quality control is a potential root cause primarily in process-deviation problems. 
While such problems may contribute to equipment failure or other types of problems, 
their dominant role is in quality and capacity-related investigations. Figure 3-15 lists 
the more common quality-control causes created by no or inadequate inspection. 

Inadequate QC 

No inspection 
required 
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Figure 3-15 Quality control-reluted causes. 
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EVALUATING POTENTIAL CORRECTIVE ACTIONS 

The RCFA process defines one or more potential corrective actions that should resolve 
the incident or event under investigation. The next step in the analysis is to determine 
which, if any, of these corrective actions should be implemented. Figure 3-16 illus- 
trates a simplified decision tree that defines multiple potential corrective actions. 
These actions include a wide range of possibilities from doing nothing to replacing 
the machine or system. 

Which corrective action should be taken? Not all actions are financially justifiable. In 
some cases, the impact of the incident or event is lower than the cost of the corrective 
action. In these cases, the RCFA should document the incident for future reference, 
but recommend that no corrective action be taken. 

The basic machine knowledge provided in Part Two of this book and troubleshooting 
guides in Part Three provide the guidance needed to select the potential corrective 
actions required to resolve the failure and to prevent a recurrence. 

The objective of this task is to define a short list of corrective actions that will resolve 
the root cause of the failure. At this point, cost is no factor and the list should include 
the best solutions for the identified cause. For example, a pump failure caused by cav- 
itation can be corrected by (1) eliminating air or gas entrainment, increasing the . 
Figure 3-1 6 Simplified decision tree de$ning multiple potential corrective actions. 
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actual net positive suction head (NPSHA), lowering suction liquid temperature, or 
increasing suction pressure. Depending on the type of cavitation, one or any combina- 
tion of these corrective actions will eliminate the problem. 

Once the short list has been generated, however, cost must be considered. Each poten- 
tial corrective action should be carefully scrutinized to determine if it actually will 
correct the problem. This is important because the normal tendency in less fonnal 
evaluations is tofix the symptoms ofproblems rather than the true root cause. There- 
fore, this phase of the evaluation should evaluate each potential corrective action to 
ensure that it eliminates the real problem. 

Howevel; on some occasions, correcting the symptoms or implementing a temporary 
solution is the only$nancially justifiable course of action. In these instances, the rec- 
ommendation should clearly define the approach that should be taken. It should out- 
line the rationale for the decision and describe the limitations or restrictions that the 
partial correction will have on plant performance, equipment reliability, and other fac- 
tors of plant operation and maintenance. 

Although the number of temporary fixes should be limited as much as possible, they 
often are unavoidable. Every effort should be made to implement permanent correc- 
tive actions, and the goal is to eliminate all negative factors associated with the event 
or incident. While there generally is a corrective action that meets this goal, the chal- 
lenge is to find the best acceptable action that also is cost effective. 

COST-BENEFIT ANALYSIS 

A full cost-benefit analysis is the final step before recommending a course of action. It 
is needed to compare costs with the benefits derived from the corrective action(s) 
being considered. For example, many machine failures are the direct result of misap- 
plication. In these instances, the “best” solution would be to replace the machine with 
one that was properly designed for the application. However, this solution usually is 
very expensive and may require a major modification of the installed system. 

A cost-benefit analysis is simply a direct comparison of the actual total costs associ- 
ated with an activity (e.g.. replacing a pump or modifying a production line) with the 
benejts to be derived from the change. The amount of historical data available deter- 
mines the level of detail possible with such an analysis. If sufficient information is 
available, the analysis should include all costs associated with the area, machine, or 
system being investigated. 

While this may sound straightforward, developing an accurate cost-benefit analysis 
sometimes is very difficult. In part, this is due to the lack of factual, detailed historical 
data for many of the machines and production systems within the plant. As a result, 
much of the cost data, such as power consumption, repair costs, and repair intervals, 
are not available to the investigator. Without this information, it is almost impossible 
to fully define the current or historical cost of a production system or area. 
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The analysis should include the effect of the problem on downstream production 
facilities. Since most plants are integrated to some degree, a problem in one area of 
the plant generally has a direct impact on all downstream plant areas. For example. if 
the preparation area fails to deliver an adequate volume of prime-quality flake in a 
timely manner, the performance of all downstream production areas is adversely 
affected. Therefore, it is important that the loss of revenue, potential increase in con- 
version costs, and resultant benefits of the corrective action on the downstream areas 
be considered in the cost-benefit analysis. 

Cost Analysis 

The cost analysis consists of two parts. Thejrst part should quantify the impact of the 
problem, incident, or event on the process. For this analysis, the impact must be 
defined in financial terms rather than in terms of delays, downtime, and other tradi- 
tional tracking mechanisms. If the problem is proven to cause an increase in unsched- 
uled delays, it must be defined in costs rather than hours or percentages. The second 
part of the analysis should define all costs directly or indirectly associated with actu- 
ally implementing the recommended corrective action(s). 

Process-Related Costs 

The Cost-Accounting Department in most plants can provide some assistance con- 
verting non-financial data into actual costs. They should have established guidelines 
that define the operating costs for each production unit or system within the plant in 
terms of dollars per unit time (e.g., dollarshour). In most cases, these costs consist of 
production labor, consumable materials, power consumption, and plant overhead. 

While operating costs are the “true” costs, they do not include all the financial 
impacts that result from delays or downtime. Other process-related costs that must be 
included are capacity losses and delivery-schedule slippage. 

Materials Most problems that result in equipment failure or deviations in process 
performance have a history of abnormal material costs, which should be quantified as 
part of the cost-benefit analysis. These costs include replacement parts, spare machin- 
ery, special expediting charges, and all other material-related costs incurred by the 
machine or process system being investigated. 

Note that the cost analysis should define only those costs that are unusual and are 
incremental costs due to the specific problem. The best way to determine the actual 
incremental material costs due to the abnormal machine is to compare the total 
incurred costs to the recommended material cost provided in the vendor’s O&M 
manual. In these manuals, the vendor provides specific recommendations on the 
number of spares, replacement parts, and expendables that should be required by 
the machine. This data provide the means to calculate the total material cost that 
should have been incurred for the investigated machine. Incremental cost is the dif- 
ference between the actual cost incurred and the projected cost derived from vendor 
information. 
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Labor Incremental labor costs should include all unusual costs incurred to operate, 
maintain, or repair the machine or system being investigated. These costs should 
include overtime premium, contract labor, outside vendor or shop support, and any 
other costs above the normal operating and maintenance budget that were incurred as 
a result of the abnormal behavior of the machine or system. 

Capacity Loss Many equipment and other process-related problems result in 
decreased product output, or capacity. In the cost analysis, capacity losses should 
be defined both in terms of production units (Le., tons, pounds, etc.) and actual rev- 
enue losses (i.e., dollars). Using both of these measures provides a true picture of 
the situation. 

An accurate estimate of the total downtime, including testing following the repair and 
reduced-capacity startups, is essential for this phase of the evaluation. However, the 
normal tendency is to estimate the actual time required to repair, replace, or modify 
the system but to omit the inherent problems that will be encountered during the startup 
process. 

Startups following any major activity, such as a repair, upgrade, or modification, 
rarely are trouble free. Production capacity almost always is lost while “glitches” are 
corrected. In some cases, the losses caused by startup problems are signijicantly 
greater than those incurred simplyfrom the maintenance activity. There are two via- 
ble ways to determine this cost. 

The first is to use the plant’s business plan to obtain the planned production rate for 
the area or system under investigation. Most business plans define a rated or planned 
capacity, usually expressed in terms of production units per time (i.e., poundshour). 
The logic used to develop these capacity rates vary from plant to plant, but typically 
they are a weighted rate based on demand, seasonal variations in business, and histor- 
ical data. In some cases, the rate will be substantially below the actual design capacity 
of the system. 

The second method is to use the design-capacity rates defined in the design review. 
This approach is more accurate since it is based on actual design limitations. The 
functional specifications of each production system within the plant define minimum, 
mean, and maximum capacity rates. In most cases, the mean or average capacity rate 
is used when developing the cost analysis. This approach is conservative and easily 
can be justified. 

Delivery-Schedule Slippage Although capacity loss is a critical element because of 
its impact on cash flow and profitability, another important consideration is the deliv- 
ery schedule. Customers expect on-time deliveries and may cancel orders if schedules 
are not met, adding further impact to the cash flow and profitability. Therefore, 
extreme caution should be exercised if the downtime required to implement a poten- 
tial corrective action has a significant effect on delivery schedules. 
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Before acting on a recommendation for corrective action that seriously affects deliv- 
ery, the decision to implement and its timing should be closely coordinated with the 
Sales and Customer Service Departments. These groups are in a better position to 
evaluate the potential impact of product delays than the investigator or investigating 
team. 

Implementation Costs 

Implementing change, no matter what the change is, will have a one-time cost. Most 
important, implementing many potential corrective actions will force a system shut- 
down. In many cases, this single factor will determine which-if any--of the poten- 
tial corrective actions can be implemented. 

Therefore, the loss of production capacity and the revenue it generates is a cost that 
must be considered in the cost-benefit analysis. The analysis must include all the costs, 
direct and indirect, required to implement the recommended change. For example, 
replacing a damaged or defective pump will incur costs that include lost capacity 
because of downtime, pump procurement, labor to install the new pump, and other mis-  
cellaneous costs. Other corrective actions, such as improving the skill level of plant per- 
sonnel, also have implementation costs. In this case, costs include the salary of the 
employees to be trained, training course development costs, instructor cost, and so forth. 

Many of these costs are obvious (i.e., material and labor required to install a 
machine), but others are hidden and easily overlooked. For example, replacing a 
machine or system component normally will require some period of downtime to 
make the change. The losses in capacity and labor costs for the idle product crew not 
always are apparent and can mistakenly be omitted from the analysis. 

Materials Many of the potential actions discovered through RCFA involve repair- 
ing, replacing, or modifying existing machinery or systems. Each action must be eval- 
uated to determine the real material costs of the proposed changes. 

Exercise great care to identify all significant material costs. For example, replacing a 
centrifugal pump may require a new foundation, complete repiping of both the suc- 
tion and discharge system, additional spare parts, and a myriad of other material- 
related costs. It is crucial that the evaluation accurately identify all direct and indirect 
costs due to the potential corrective action. 

Labor Estimating labor costs typically is more difficult than determining material 
costs. Without accurate records of the level of effort required to repair, replace. or 
modify a machine or process, it is extremely difficult to estimate the actual labor 
involved in a potential corrective action. Simple tasks, such as replacing a bearing, 
often can be quantified-and the time involved may appear to be relatively insignifi- 
cant. However, many machines require complete or partial disassembly before the 
bearing can be replaced. 
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Nevertheless, try to be as accurate in the labor estimate as possible. Solicit the advice 
of plant engineers, maintenance personnel, and vendors. These individuals can pro- 
vide valuable assistance in this phase of the evaluation. 

In addition, do not forget hidden costs. Replacing or modifying an existing machine 
or system involves labor costs for the internal engineering and procurement activities. 
While these levels of effort are determined by the complexity of the activity, they can 
be substantial. 

Benefits Analysis 

The benefits analysis involves defining the benefits derived from implementing specific 
corrective actions. When doing a benefits analysis, however, the tendency is to overes- 
timate the significance of the benefits of a modification or change in a critical process 
system. In RCFA, the objective is to quantify the actual improvement that will be 
derived from the recommended corrective action to ensure that the potential benefits 
are real and significant. Benefits generally can be quantified as improvements in pro- 
cess-related costs, which result in reductions in cost per unit, increased revenue gener- 
ation due to higher capacity, and cost avoidance of chronic high maintenance costs. 

Improvement in Process-Related Costs 

The format of the benefits analysis should mirror the cost categories (e.g., material 
and labor costs) so that a comparison can be made. If the recommended corrective 
action is valid, there should be a measurable improvement in process-related costs. 

Reduction in Unit Cost 

One potential benefit is a reduction in the total production and maintenance costs per 
unit (Le.. pound or ton). For example, when a machine with a history of chronic reli- 
ability problems is replaced, normally a measurable increase in production capacity 
will occur. In some cases, this improvement may occur simply because the capacity of 
the replacement machine is greater than the one replaced. Regardless of the reason, 
the increase in capacity should reduce the total cost per unit produced simply because 
greater volume is produced. 

The benefits analysis should establish a reasonable level of improvement in this cost 
category. The simplest method is to define the rated capacity of the production system 
under investigation. For most production systems, the percentage of operating capac- 
ity expected to be used can be found in the business plan. 

The cost analysis should have quantified the losses (i.e., higher cost per unit pro- 
duced) without corrective action. The benefits analysis should quantify the gain (Le.. 
reduction in cost per unit produced) to be achieved after correction. The mathematics 
are relatively simple. If the system was operating at a level equal to 60 percent 
capacity before correction and 90 percent afterward, the differential of 30 percent 
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has a quantifiable value. The value of each unit of product produced (either in-pro- 
cess or finished goods) multiplied by the capacity gain (i.e.. 30 percent) is a quantifi- 
able benefit. 

In addition to the capacity gain, the increase in availability has the additional benefit 
of reducing the cost per unit of both production and maintenance. Labor costs make 
up about 60 percent of the costs required to produce and maintain process systems 
and are relatively fixed. With a production capacity of 100,OOO units and total produc- 
tion costs of $lOO,OOO, the cost per unit is $1. If the capacity increases to 200,000 
units, the cost drops to $0.50 per unit. 

Increased Revenue 

Increased capacity, as illustrated in the preceding section, is a major benefit that may 
be derived from implementing corrective actions. In addition to the reduction in unit 
costs, this increase also will provide additional revenue for the plant, assuming there 
is a market for the additional product that can be produced. If the sales value is $100 
per unit and the 30 percent increase represents 30,000 units. the benefit is $ 3  million 
per year. 

Remember that the potential benefit of the improvement is over the useful lifetime of 
the process system being improved. For a typical machine, the life generally is 20 
years. Therefore, the lifetime benefit is 20 times $3 million or $60 million. 

Cost Avoidance 

The second type of benefit that should be considered is cost avoidance or the eliminat- 
ing unnecessary or excessive costs, such as high maintenance costs created by a 
machine with a history of chronic problems. To establish this type of benefit. the 
investigator needs to gather the cost history of the machine or system that is being 
investigated. These data provide the reference or existing costs. 

The second step is to calculate the projected costs, in this case maintenance. of the 
upgraded or new machine. The simplest way to develop these future costs is to use the 
vendor’s recommendations for routine maintenance and upkeep. Using these recom- 
mendations and the internal labor and material costs, the annual and lifetime costs of 
the upgrade or modification can be calculated. 

Cost avoidance should include all unnecessary or avoidable costs that have been 
incurred as a result of the problem being investigated. The following are examples of 
avoidable costs: 

1. Losses incurred due to poor quality (e.g., scraps, rejects, and reworks). 
2. Overtime premiums for production and maintenance labor. 
3. Expedited vendor deliveries or outside repair work for emergency ship- 

ments and repairs. 
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4. Capacity losses due to poor equipment condition, improper operation, 

5. Fines and penalties caused by spills, releases, or other nonconformance to 
inadequate maintenance, and the like. 

regulatory requirements. 

Cost-Benefit Comparison 

Once the costs and the projected benefits have been quantified, the final step is to 
compare them to determine the value (either positive or negative) of the recom- 
mended improvement. If the recommended change is valid, the value of the benefits 
should far outweigh the costs. 

The actual differential required to justify a modification or upgrade to management 
varies from company to company. Most require a payback period of three years maxi- 
mum, but some require a one-year payback. Regardless of the time line, the projected 
benefits derived as part of the cost-benefit analysis must clearly show that the recom- 
mended corrective action will offset all incurred costs and generate a measurable 
improvement in one or more of the cost categories. 

As a general guideline, the cost history and projected savings or gains should include 
a three- to five-year time period. In other words, the cost portion should include three 
to five years of historical costs, and the benefits should be projected over an equal 
period. This method provides a more accurate picture of the real improvement that 
will result from the recommended change. 

REPORT AND RECOMMENDATIONS 

The next task required in the RCFA is a report that includes a complete description of 
the incident or event, identification of the specific cause(s), and recommendations for 
its correction. The report should include the following information: 

Incident summary, 
Initial plant condition, 
Initiating event, 
Incident description, 
Immediate corrective actions, 
Causes and long-term corrective actions, 
External reports filed, 
Lessons learned, 
References and attachments, 
Investigator or investigating team description, 
Review and approval team description, and 
Distribution list. 
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Incident Summary 

The incident summary should be a short, concise description of the incident or event. 
It should not elaborate on the factors that may have contributed to the incident. 

Initial Plant Condition 

This section should include a brief description that defines the plant’s status at the 
start of the incident. It should include any abnormal conditions that contributed to the 
incident. This section is not intended to provide a quantitative analysis of the incident, 
but should be limited to a clear description of the boundary conditions that existed at 
the time of the event. 

Event Initiating Investigation 

Give a brief description of the initial failure or action that triggered the incident or led 
to its discovery and the resulting investigation. Do not use specific employee names or 
titles in this section of the report. Instead use the codes and descriptors that identify 
functions within the affected area. 

Incident Description 

This section should include a detailed chronology of the incident. The chronology 
should be referenced to the sequence-of-events diagram developed as part of the anal- 
ysis. The diagram should be included as an appendix to the report. 

This section should include a description of how the incident was discovered, the facts 
that bound the incident, identification by component number and name of any failed 
equipment, safety-system performance, control-system actions, significant operator 
actions and intervention, and transient data for important plant parameters. 

It also should include any special considerations observed in the incident, such as 
unexplained or unexpected behavior of equipment or people, inadequate or degraded 
equipment performance, significant misunderstandings by operations or maintenance 
personnel, common failure modes, progression of the event beyond the designed 
operating envelope, violation of technical specifications or design limits, or failure of 
previously recommended corrective actions. 

Immediate Corrective Actions 

Many of the failures or events having a direct impact on production require immediate 
corrective actions that will minimize downtime. As a result, temporary actions often 
are required to permit resumption of production. This section should describe what 
intermediate or quick-fi actions were taken to permit resumption of production. 
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Causes and Long-Term Corrective Actions 

This section of the report should clearly describe the specific root cause(s) that hig- 
gered the incident. It should detail specific recommendations for long-term corrective 
actions. 

Root Cause(s) 

The root cause(s) description should be complete and provide enough detail and sup- 
port data that the reader can fully understand and accept the rationale used to isolate 
the root cause(s). This section should include all contributing factors, such as training 
and supervision, that contributed to the incident. 

Recommended Long-Term Corrective Actions 

This section should provide a clear, complete description of the corrective actions 
required to prevent recurrence of the incident or event. It should incorporate conclu- 
sions derived from the cost-benefit analysis developed previously. The full analysis 
should be included as part of the submittal package forwarded to management for 
approval. 

Exfernal Telephone Calls Made and Reports Filed 

This section should document any external telephone calls placed and reports written 
and filed. These requirements are summarized in Table 5-1 found in Chapter 5. 

If the incident involves regulatory-compliance issues, telephone calls may have been 
placed and reports filed to the local police and emergency response team, the Coast 
Guard’s National Response Center (NRC), the state’s Emergency Response Commis- 
sion, the local Emergency Planning Committee, the U.S. Environmental Protection 
Agency (EPA) regional office, the U.S. Department of Transportation, or the state’s 
water-pollution control agency. 

Lessons Learned 

This section should describe the lessons learned that should be passed on to the appro- 
priate personnel. This information should be disseminated through formal training or 
some other means, such as individual feedback or required reading. This section also 
should designate the person (by name) responsible for ensuring that the lessons 
learned are communicated, a completion date for the communication, and a list of the 
specific plant personnel who should receive the communications. 

References and Attachments 

List all references and attachments used as part of the investigation. Copies or 
excerpts of appropriate procedures, logs, computer printouts, instrument charts, and 
statements of involved personnel should be included as appendices. 
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Investigator or Investigating Team Description 

This section should include a list and descriptions of the personnel involved in the 
investigation. 

Review and Approval Team Description 

RCFA reports always should be reviewed and approved before being distributed to 
plant personnel. The approval chain will vary from plant to plant but should be estab- 
lished before implementing a RCFA. The review process is important in that it will 
reduce the potential for errors or misinterpretation that is an inherent part of an inves- 
tigation process. 

Distribution 

Include a list of the plant personnel, including appropriate contractors, who should 
receive a copy of the final report. 

VERIFY CORRECTIVE ACTION 

Once the corrective action has been approved and implemented, the final task required 
for a thorough RCFA is to verify that the corrective action actually fixed the problem. 
After the recommended corrective action has been implemented, a series of confirma- 
tion tests should be conducted to ensure reliable operation of the corrected application 
or machine. 

For most common plant machinery, a well-planned, multichannel real-time vibration 
analysis should confirm the corrective action. A series of vibration measurements can 
be developed and implemented to measure the operating dynamics of the new or mod- 
ified installation. The series should include the full operating envelope of the system, 
including any changes in operating practices that were part of the recommendation. 
The results of this test series will confirm the validity of the corrections and provide 
assurance that the modified system operates reliably. 



SAFETY-RELATED ISSUES 

An incident or event that results in injury or death must be fully investigated using 
RCFA techniques. Figure41 is a logic tree for investigating such an accident or 
injury. Refer to Chapter 5 for a detailed discussion of Occupational Safety and Health 
Administration requirements for such an investigation. 

Because of potential liability and to facilitate the investigation, the accident scene 
must be isolated and preserved until the investigation is complete. In the section on 
preservation of evidence in Chapter 3, preserving the scene was optional, but in the 
case of an accident it is required. The entire area surrounding the accident should be 
locked-off and barriers erected to prevent access by unauthorized personnel. 

Once secured, the scene must be fully documented. Photographs, sketches, and other 
documentation are needed to “freeze” all the parameters that may have directly or indi- 
rectly contributed to the accident. These data must be gathered for analysis at a later time. 

The majority of events or incidents, excluding catastrophic equipment failure, can be 
directly traced to one or more of the generic root cause classifications illustrated in 
Figures 3-8 through 3-15. The investigation process first will define which of these 
major classifications contributed to the event, then it will isolate the specific root 
cause(s) that resulted in the incident. The logic used to investigate accidents or events 
that resulted in, or could have caused, personal injury is shown in Figure 4-1. This 
process identifies those issues most likely to have contributed to this type of incident. 

In those safety-related events that also result in equipment failure, these steps should 
be used in conjunction with those outlined in the section on Equipment Troubleshoot- 
ing in Chapter 3. As in all RCFA, the first step is classifying the incident or event. The 
steps outlined in the section on Failure Analysis or Cause and Effect Analysis should 
be used for this task. Clear concise answers to the questions in the section on Problem 
Clarification will provide a clear definition of the event. 

58 
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ACCIDENT OR 
INJURY 

, Equipment failure i 
loglc tree 

YO8 - 

L-7------1 

1 

NO 

The primary tool for this initial task is the interview process defined in Chapter 3. The 
process should use the two-on-one interview technique. Because of potential liability 
claims that may result from any incident involving personnel injury or death, extreme 
care must be taken to ensure accuracy of the acquired data and eliminate any hint of 
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misinterpretation or prejudice on the part of the interviewer. The use of two interview- 
ers will help avoid problems later. 

In addition to the questions provided in the section on Identifying Root Cause, acci- 
dent or potential safety problems need additional clarification of several factors: phys- 
ical impairment, personal problems, and repetition. Many accidents are the direct 
result of one or more of these factors. Therefore, the interview process must be con- 
figured to address these potential forcing functions and every effort made to deter- 
mine if they contributed to the accident. 

The investigator should use caution and empathy when addressing these issues with 
plant personnel. Many will be reluctant to discuss them with their peers, and even 
more so with an investigator who may be perceived as one who would use the infor- 
mation to punish the employee. 

FATIGUE 

Work records should be checked to verify the total hours, including overtime, that the 
employee had worked prior to the incident. This review should include a period of at 
least six weeks prior to the incident. 

However, on-site work records may not always provide a clear picture of the 
employee’s fatigue, as some employees work outside the plant. This work may be a 
second job or could be nonpaid work such as farming, building or remodeling a 
house, attending school, or other activities that limit the amount of rest that the indi- 
vidual had prior to the accident. 

PHYSICAL IMPAIRMENT 

Without the employee’s permission, the investigator cannot verify his or her physical 
condition. Unless the company’s policy specifically grants it the right to check medical 
records both internally and outside the facility to venfy the worker’s physical condition, 
the only way this factor can be judged is on information provided by the employee. 

If the employee had a prior accident, there should be a record of any treatment and 
work release, which usually is required before he or she can return to full-duty status. 
These records should be available to the investigating team. If the employee was on 
restricted duty, the investigator also should determine if the restriction had any bear- 
ing on the incident. 

PERSONAL PROBLEMS 

Distractions caused by personal problems are a leading cause of work-related acci- 
dents. However, extreme caution must be exercised when trying to ascertain if it was a 



Safety-Related Issues 61 

contributing factor to the incident. If the employee does not respond to a question, the 
interviewer should not pursue that subject further. 

An employee cannot be forced to discuss his or her personal life. If the employee does 
not voluntarily provide the information, the interviewer should seek guidance from 
the Human Resources manager or the company’s legal advisor. 

REPETITION 

Repetitive tasks often contribute to accidents. Jobs that require constant repetitive 
motion or movement may lead to boredom, inattentiveness, and premature fatigue. 
Therefore, the investigator should evaluate the functional requirements of the 
employee involved in the accident or safety violation to determine if repetition was a 
contributing factor in the incident. 
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REGULATORY COMPLIANCE ISSUES 

RCFA is a viable tool that can be used to investigate regulatory compliance problems 
that arise in a plant. The logic and decision trees for this type of investigation are similar 
to those used for equipment failure and safety investigations but must be modified to 
meet both the nature of the incident and the specific requirements of the regulatory body. 

Regulatory compliance problems associated with work-related incidents generally fall 
into the domain of safety, which is regulated by the Occupational Safety and Health 
Agency (OSHA), and environment, which is regulated by the Environmental Protec- 
tion Agency (EPA) and state (although a state may defer to the EPA through a formal 
agreement) and local governments. This section provides guidelines for investigating 
incidents that fall under the jurisdiction of regulations by these groups. 

NOTE: The material presented in this section does not constitute legal advice and is 
provided for informational purposes only. Please consult the appropriate agencies 
directly and seek qualijed legal council for this type of assistance. 

SPILL HAZARDS 

Be certain that spill hazards are reviewed as part of the plant’s internal audit program. 
Audit-team members should be trained to look for deficient containers, fall hazards 
that can contribute to a spill, improper container labeling, and other potential hazards. 
Major causes of chemical spills are 

Mishandling of equipment and supplies in the work area (e.g., use of 

Mishandling during transportation (even within a facility), 
Leaks from process equipment such as flanges or valves, and 
Improperly stored containers (e.g., storage in a damp location leads to rusty, 

improper containers), 

deteriorating containers). 

62 
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WORKER EDUCATION AND COMMUNICATION 

Employers must ensure that their workers know the potential hazards of the chem- 
icals they work with, how to protect themselves against those hazards (e.g., safe 
practices, personal protection equipment), and what to do in case of an emergency. 
Accordingly, OSHA has established basic communication requirements under the 
Hazard Communication Standard to inform workers about chemicals in use in the 
workplace. Under this standard, chemical makers must meet the following 
requirements: 

Manufacturers must determine the physical and health hazards of each 
chemical they produce. 
Users must be informed of the hazards through container labels and Mate- 
rial Safety Data Sheets (MSDSs). 
A written hazard-communication program must describe the employer’s 
efforts to tell employees about the standard and how it is being implemented 
at the work site. 

PREVENTION 

Preventive measures include everything from safe work practices to training pro- 
grams, good housekeeping, regular audits, administrative and engineering controls. 
and chemical-protection equipment. 

Workers must be properly trained to handle the responsibilities assigned to them, with 
members of a designated spill team undergoing more specialized training than the 
average employee. All worker training should include the basic instruction that 
employees not involved in cleanup must stay away from a spill. This is important 
because of risks such as inhaling chemical vapors or fire or explosion hazards. 
Another important lesson to teach workers is how to prevent a spill or leak from 
becoming worse. Proper containment can mean the difference between a small prob- 
lem and a huge, dangerous mess. 

RECOMMENDED SPILL RESPONSES 

The following steps are recommended responses when a chemical spill occurs. 

1. If necessary, evacuate the area of untrained spill-response personnel. 
2. Check labels, MSDSs, and other key documentation to identify what has 

spilled. 
3. Assign at least two qualified individuals to the cleanup. They may be inter- 

nal staff or from an outside firm that you have prearranged to handle this 
task. Two workers are needed in case one is overcome or injured. 

4. Promptly clear the spill area by ventilation. 
5. If the spilled material is on fire, douse the flames in a safe manner. 
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6. Limit the spread of the spilled substance by containing it with a dike. Use 
an absorbent material appropriate for the type of spill (e.g., polymer-type 
absorbents such as spill booms, granular materials such as kitty litter or 
ground corncobs). 

However, when absorbent materials are used, they become as hazardous as the mate- 
rial absorbed. Therefore, federal, state, and local regulations must be consulted before 
disposing of these contaminated materials. In some cases, a neutralizer can be used to 
convert one material into another (e.g., an acid neutralized with a base produces salt 
and water). 

CAUTION: Specialized worker training legally is required to use absorbent materials 
on spills because of the chemical reactions that can occur. For example, organic mate- 
rials should never be used on nitric acid spills because a fire will result! 

WORKER RESPONSIBILITIES 

Employees must take most of the responsibility for protecting themselves from chem- 
ical hazards. However, adequate training and frequent reminders from the employer 
can help ensure that they take that responsibility. The following are some basic chem- 
ical-safety tips to incorporate in a worker-safety training program or to post on the 
bulletin board: 

Pay attention to the training that is provided. 
Know what hazardous chemicals are used in your work area. 
Read labels and MSDSs before starting a job. 
Do not use chemicals from unlabeled containers. 
Follow manufacturers’ instructions for chemicals and equipment. 
Follow company rules and procedures and avoid shortcuts. 
Wear all personal protection equipment (PPE) required by your organiza- 

Keep containers closed when not in use. 
Check containers regularly for leaks. 
Make sure that equipment is in good working condition before use. 
Keep incompatible materials apart. 
Keep flammable and explosive materials away from heat sources. 
Make sure the work area is adequately ventilated. 
Do not bring food or drinks into a work area where chemicals are used. 
Wash before eating or drinking. 
Cleanse tools, equipment, and clothing that have been exposed to hazardous 
materials before storing or reusing them. 
Dispose of contaminated materials properly. 
Ask a supervisor what to do with old or unused chemicals in your work 

tion and ask your supervisor if you are not sure. 

area. 
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LEGISLATION AND REPORTING REQUIREMENTS 

In any industrial facility, from offices to factories and laboratories, spills happen and 
create a variety of risks to workers. Inside a plant, spills result in chemicals on the 
floor, in the air, or on the workers themselves. When releases occur outside the plant 
(e.g., chemical releases from tank cars or trucks, the spread of noxious fumes from an 
internal spill), the potential for harm extends far beyond the facility, particularly with 
major catastrophes. 

Catastrophes, such as the Bhopal chemical release, the Exxon Vuldez oil spill, New 
York's Love Canal, and dioxin-contaminated Times Beach in Missouri, have led sev- 
eral federal departments and agencies to enact protective regulations. These protec- 
tions are aimed at protecting a much broader range of people, property, and the 
environment than most regulations administered by OSHA. 

Spills are covered by a variety of federal, state, and local reporting requirements; and 
substantial penalties can result to a company and its employees for failing to report 
certain spills. Initial release notification usually is required immediately or within 24 
hours of the release, and in some cases, written follow-up reports are required. Some 
of the applicable legislation is listed next and Table 5-1 lists some of the major report- 
ing requirements for chemical spills that are specified by these acts. 

OSHA's Process Safety Management (PSM) Standard. 
OSHA's Hazardous Waste Operations and Emergency Response 
(HAZWOPER). 
Superfund: Comprehensive Environmental Response, Compensation, and 
Liability Act (CERCLA). 
Superfund Amendments and Reauthorization Act (SARA): SARA Title I1 
contains the Emergency Planning and Community Right-to-Know Act 
(EF'CRA). 
Resource Conservation and Recovery Act (RCRA). 
Toxic Substances Control Act (TSCA). 
Clean Water Act (CWA). 
Department of Transportation (DOT) rules for packing and shipping. 
Hazardous Materials Transportation Act (HMTA). 

OSHA Process Safety Management Standard 

OSHA legislation focuses primarily on individual workplaces and is intended to pre- 
vent explosions, spills, and other disasters. The Process Safety Management (PSM) 
standard covers large-scale makers and users of highly hazardous chemicals and other 
chemical manufacturers. However, small companies whose core business has nothing 
to do with chemicals also are vulnerable to spills (e.g., cleaning products, toner for the 
copying machine). Although the PSM standard does not specifically apply to smaller 
chemical spills, its principles still are valid. Note that RCRA regulations apply to 
these small spills. 
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Table 5-1 Major Regulatory Reporting Requirements for Chemical SpirrS 

Regulation Reference Reporting Requirements 

Superfund 40 CFR 302.4 

EPCRA 40 CFR 355 

RCRA 

TSCA 

CWA 

40 CFR 240-281 

Immediately report to the Coast Guard’s 
National Response Center (NRC) the release 
of CERCLA hazardous substances in quanti- 
ties equal to or greater than its reportable 
quantity. 

Report releases of a reportable quantity of a 
hazardous substance to the state Emergency 
Response Commission (SERC) for each 
state likely to be affected. Also provide 
notice to the local Emergency Planning 
Committee ( L E K )  for any area affected by 
the release. 

Notification to the NRC is required for 
releases equal to or greater than the report- 
able quantity of a RCRA hazardous waste. If 
the waste also is on the CERCLA list, that 
reportable quantity applies. If not, the report- 
able quantity is 100 pounds if the waste is 
ignitable, corrosive, reactive, or toxic. 

40 CFR 76 1.120 et seq. Section 
8(e) 

Immediately report by telephone to the EPA 
regional office any spill of a hazardous 
chemical that “seriously threatens humans 
with cancer, birth defects, mutation, death, 
or serious prolonged incapacitation, or seri- 
ously threatens the environment with large- 
scale or ecologically significant population 
destruction.” A written follow-up report is 
required within 15 days. 

Oil: 40 CFR 1 10-1 14 Haz: 40 
CFR 116-1 17 

Report any oil spill that occurs into naviga- 
ble waters or adjoining shorelines to your 
regional EPA office and state water pollu- 
tion-control agency if it violates water-qual- 
ity standards, causes a sheen or discoloration 
of the water or shoreline, or causes a sludge 
or emulsion to be deposited beneath the sur- 
face of the water or on the shoreline. Imme- 
diate notification also is required to the NRC 
for the release of a designated hazardous 
substance in a reportable quantity during a 
24-hour period if the spill is in or alongside 
navigable waters. 
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Table 5-1 Major Regulatory Reporting Requirements for Chemical Spilk (continued) 

Regulation Reference Reporting Requirements 

HMTA Generally, the transporter of hazardous materials 
(including wastes) must immediately report to the 
NRC and the state response center a release during 
transport if the release meets any of the following 
criteria: causes death or serious injury, involves 
more than $50,000 in property damage, involves 
the release of radioactive materials or etiological 
agents, requires public evacuation lasting at least 
one hour, closes one or more “major transportation 
artery or facility” for at least one hour, alters the 
Right pattern or routine of an aircraft. Even if none 
of these criteria are met, it should be reported if the 
carrier believes a spill or incident poses “such a 
danger” that it should be reported. Follow-up writ- 
ten reports are due within 30 days. The carrier also 
must file DOT Form 5800.1. 

For all releases: 

Always call 91 1 first to assure that first responders are dispatched to the scene to stabilize the release. ren- 
der first aid, establish a perimeter, and extinguishhinimize the threat of fire or explosion. 

Useful telephone numbers: 
Coast Guard’s National Response Center (NRC): 800-424-8802 

EPA’s national database of all toxic chemical release information: 800-638-8480 

EPA’s Emergency Planning and Community Right-to-know Information Hotline: 800-535-0202 

CFR = 
CWA = 
EPCRA = 
TSCA = 
RCRA = 
HMTA = 

Code of Federal Regulations, 
Clean Water Act, 
Emergency Planning and Community Right-to-Know Act. 
Toxic Substance Control Act, 
Resource Conservation and Recovery Act, 
Hazardous Materials Transportation Act Source: Adapted by Integrated Systems. lnc.. 
from Environmental Compliance Nurionnl Edition (Issue No. 181. Business & Legal 
Reports, Inc.. Madison, CT, Dec. 1996) and other sources. 

This section summarizes the requirements for OSHA’s PSM of Highly Hazardous 
Chemicals, Explosives, and Blasting Agents procedures for incident investigation 
(CFR 1910, Part 11.9, Section m). 

Incident Investigation Requirements 

The regulation states: 

The employer shall investigate each incident which results in, or could reasonably 
have resulted in, a catastrophic release of highly hazardous chemicals into the 
workplace. 
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To meet this requirement, a company must define an incident in terms specific to its 
facility. This includes an operational definition that indicates the number of pounds of 
the substance used in a particular process that would qualify as a “catastrophic” event. 

Defining an incident in site-specific terms also includes defining the term could rea- 
sonably have resulted in. Appendix C of the regulation provides guidelines for clari- 
fying this point. It includes definitions of near misses in which a catastrophic failure 
occurred but a chemical release did not occur. Clear guidelines should be established 
that provide the employee with a quantifiable means of defining those incidents that 
require a violation report. 

Table 5-2 provides examples of hazardous chemicals that require investigation when 
a catastrophic release occurs or when one could have happened. These OSHA guide- 
lines should be used in conjunction with site-specific procedures. For a complete list- 
ing of the reportable chemical used in your plant, refer to the site Hazardous Materials 
Policy and Procedure Manual. 

Required Scope 

OSHA 1910.1 19 does not mandate the specific type of investigation a plant must con- 
duct when a reportable incident occurs. However, it provides stipulations that must be 
met for the following: investigator qualifications, time requirements, report content, 
review process, and corrective actions. 

Table 5-2 Examples of OSHA-Lkted Chemicals 

Threshold Quantity 
Chemical Name Chemical Abstract Service bounds) 

Ammonia, Anhydrous 
Bromine 
Chlorine 
Ethylene Oxide 
Hydrogen Chloride 
Hydrogen Sulfide 
Isopropylamine 
Ketene 
Methylamine, Anhydrous 
Methyl Chloride 
Methyl Isocyanate 
Nitric Acid ((94.5% by weight) 
Perchloromethyl Mercaptan 
Perchloryl Fluoride 
Tri fluorochloroethy lene 

7664-41-7 
7726-95-6 
7782-50-5 
75-21-8 

7647-01 -0 
7783-06-4 
75-3 1-0 

463-51-4 
74-89-5 
74-87-3 
624-83-9 
7697-37-2 
594-42-3 

7616-94-6 
79-38-9 

10,000 
1,500 
1,500 
5,000 
5,000 
1,500 
5.000 

100 
1 ,000 

15,000 
250 
500 
150 

5,000 
10,000 

Source: OSHA 1910.1 19, Appendix A 
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QuaNfied investigator 

The regulation clearly defines the investigating team: 

. . . at least one person knowledgeable in the process involved, including a contract 
employee if the incident involved work of the contractor, and other persons with 
appropriate knowledge and experience to thoroughly investigate and analyze the 
incident. 

Time Requirements 

OSHA regulations define specific time requirements for investigating any release or 
potential release of any chemical that is within the scope of 29 CFX 1910. The regula- 
tion states: 

An incident investigation shall be initiated as promptly as possible, but not later 
than 48 hours following the incident. 

In part, the reason for this quick response to an incident is to assure that all pertinent 
evidence and facts can be preserved to facilitate the investigation. 

Report Content 

The regulation also defines specific topics that must be addressed in the report. These 
include 

Date of the incident, 
Date the investigation began, 
A complete description of the incident, 
Contributing factors, and 
Any recommendations resulting from the investigation. 

Review Process 

The regulation states: 

The report must be reviewed with all affected personnel whose job tasks are rele- 
vant to the incident findings, including contract employees where applicable. 

The intent of this clause is to ensure that all affected employees understand why the 
incident occurred and what actions could prevent a recurrence. While the regulation 
does not specifically define the methods to comply with this requirement, it is impera- 
tive that the review be prompt and complete. In almost all cases, the review requires 
personal meetings, either individually or in small groups, to thoroughly review the 
incident and recommend corrective actions. 
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Corrective Actions 

Regarding corrective actions, the regulation states: 

The employer shall establish a system to promptly address and resolve the inci- 
dent-report findings and recommendations. Resolution and corrective actions shall 
be documented. 

The regulation does not define promptly in definitive terms, but the intent is that all 
corrective actions must be implemented immediately. 

The major difference between an OSHA-mandated investigation and other RCFA is 
that an appropriate corrective action or actions must be implemented as quickly as 
possible. In the non-OSHA-mandated RCFA process, a corrective action may or may 
not be implemented, depending on the results of the cost-benefit analysis. 

The cost of corrective actions is not a consideration in the OSHA regulations, but it 
must be considered as part of the analysis. Because of the critical time line that gov- 
erns an OSHA-mandated investigation, a full cost-benefit analysis may not be pos- 
sible. However, the investigating team should consider the cost-beneft impact of 
potential corrective actions. The guidelines provided in the section on “Investigat- 
ing a Reported Problem” in Chapter 3 should be followed as much as possible 
within the time constraints of the investigation. 

OSHA’s Investigation Process 

Figure 3-16 illustrates the logic tree to follow for an OSHA-mandated investigation. 
While it is similar to other, nonmandated investigations, there are distinct differences. 
OSHA’s Hazardous Waste Operations and Emergency Response (HAZWOPER) leg- 
islation protects workers who respond to emergencies, such as serious spills, involv- 
ing hazardous materials. It also covers those employed in cleanup operations at 
uncontrolled hazardous waste sites and at EPA-licensed waste treatment, storage, and 
disposal facilities. 

Emergency Planning and Community Right-to-Know Act 

The Emergency Planning and Community Right-to-Know Act (EPCRA) is adminis- 
tered by the EPA and state and local agencies. It affects virtually all facilities that 
manufacture, use, or store hazardous chemicals. The following are the reporting 
requirements of the act: 

An inventory that includes the amount, nature, and location of any hazard- 
ous or extremely hazardous chemical present at a facility in an amount 
equal to or greater than its assigned “threshold level.” 
Reports on releases of a “reportable quantity” of a listed hazardous sub- 
stance, including the total annual releases during normal operations. 
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Resource Conservation and Recovery Aci 

The Resource Conservation and Recovery Act (RCRA) has a considerable number of 
regulations affecting spills in the workplace, including training of workers who might 
be expected to respond to them. RCRA is administered by the EPA. 

U.S. Department of Transportation 

Title 49 of the Code of Federal Regulations (CFR) addresses the U.S. DOT rules for 
packing and shipping of hazardous materials by air, road, rail, or water. CFR 49 cov- 
ers issues such as appropriate containers, labeling, truck and railcar placards, and pro- 
viding essential information that can aid in an emergency response in case of an 
incident involving hazardous materials. 

Ha28rdOUS Materials Transportation Act 

The Hazardous Materials Transportation Act (HMTA) defines transportation releases 
to be those that occur during loading, unloading, transportation or temporary storage 
of hazardous materials or waste. Releases that meet certain criteria (see Table 5-1) 
should be reported to the National Response Center (NRC) and the state response 
center. Most states also require calls to the local police or response agencies (often by 
calling 9 1 1 ). 

Follow-up written reports are due within 30 days. If the carrier is required to report 
releases to the DOT, Form 5800.1 should be completed and sent to the following 
address: 

Information Systems Manager, DHM-63 
Research and Special Programs Administration 
US. Department of Transportation 
Washington, DC 20590-0001 

CERCLA also requires certain spills to be reported by the owner or shipper to the 
NRC. To alert drivers and emergency responders to this requirement, the letters RQ 
must appear on shipping papers if the transporter is carrying, in one package, a sub- 
stance on DOT’S Hazardous Materials Table in an amount equal to or greater than the 
RQ shown in the table. Two additional requirements apply if hazardous waste is 
involved: 

Attach to the report a copy of the hazardous waste manifest. 
Include in the report an estimate of the quantity of the waste removed from 
the scene, the name and address of the facility to which it was taken. and the 
manner of disposition (Section IX of DOT Form F5800.1). 



PROCESS PERFORMANCE 

While the principles of RCFA can be used for almost any problem, the most prevalent 
application in an integrated plant is to resolve process-performance problems. These 
events normally do not result in catastrophic failure of critical plant systems or per- 
sonnel injury, but they have a measurable, negative impact on the financial perfor- 
mance of the plant. 

Resolution of deviations in process performance, such as operations problems (e.g., 
reduced product quality or capacity) or economics problems (e.g., high costs), often is 
more difficult than investigation of equipment failures or accidents. 

Events like equipment failure or accidents have an absolute time of Occurrence that 
facilitates an investigation. Once the event's time frame is established, the investigation 
can isolate all the variables and possible causes that may have contributed to the prob- 
lem. Most process problems also have a unique timing associated with the deviation, but 
it is much harder to isolate. As a result, the investigation often is more difficult. 

The recommended methodology for this type of RCFA is a cause-and-effect analysis. 
The technique of diagramming the potential causes of a specific event, such as prod- 
uct quality, loss of production capacity, or increase in operating costs, provides the 
structure and order needed to quickly and methodically resolve problems. 

The cause-and-effect approach forces the investigator to identify each factor or vari- 
able that can contribute to a specific event. Once identified and graphically plotted in 
a fishbone diagram, the investigator or investigating team can quickly and easily eval- 
uate each of the potential variables. 

After the initial evaluation process, some of the initial factors will be eliminated. The 
investigating team should perform a cause-and-effect analysis on each of the remain- 
ing factors. In this evaluation, the factor being investigated becomes the eflect in the 
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fishbone diagram and the investigator must develop a comprehensive list of potential 
causes or factors that could cause that specific effect. This final step in the process 
should eliminate most of the potential causes of the initial problem or event being 
investigated. Those that remain should be the major contributors or root cause(s) of 
the problem. 

OPERATIONS PROBLEMS 

Common operations problems are product quality and capacity restrictions, and 
RCFA is an ideal way to resolve problems such as these. 

Most product-quality problems are related either to equipment failure, changes in the 
operating envelope of plant systems, or poor practices. The logical approach provided 
by RCFA will resolve most, if not all, quality-related problems. 

The initial clarification of a product-quality issue usually is the most difficult part of 
the investigation. Unlike equipment failure, where there is absolute evidence that 
something has happened, product-quality problems often are more abstract and less 
clearly defined. In some cases, quality problems may go undetected for days, weeks, 
or even months. 

The second difficulty with quality-related RCFA is in isolating the specific point 
where the defects or deviations occurred. Unless a full-time quality inspection follows 
each step in the production process, quality defects normally are not detected until the 
production process is nearly complete. Because of this, it is difficult to quickly deter- 
mine the specific plant area, process system, or machine that created the defect or 
deviation. As a result, the RCFA process must evaluate multiple process areas until 
the source of the problem can be absolutely isolated. 

Capacity restrictions or loss of production capacity is another ideal application for 
RCFA. The logical, step-by-step approach used by this methodology, combined with 
its verification testing methods, provide a proven means to isolate the true cause of 
this type of problem. 

Generally, capacity losses can be roughly isolated to a particular area of the plant. 
However, a thorough investigation may require evaluation of one or more of the pro- 
duction areas that precede the suspect process. In some cases, restriction in the prior 
processes may be the root cause of the perceived problem. 

ECONOMIC PROBLEMS 

RCFA methodology can be used to isolate and correct abnormal controllable costs 
within a plant. The basic approach defined in the preceding sections is valid, but may 
need to be adjusted to the specific application. 





Part I1 
EQUIPMENT DESIGN 
EVALUATION GUIDE 

This guide provides the basic design guidelines required to evaluate common plant 
machinery. Although it is not intended to be a comprehensive design-engineering 
manual, it provides the basic knowledge needed to understand the critical design 
issues that directly affect equipment reliability. 

This document covers pumps, fans, blowers, fluidizers, conveyors, compressors, mix- 
ers and agitators, dust collectors, process rolls, gearboxes/ reducers, steam trapdcon- 
densate, inverters, control valves, and seals and packing. 





PUMPS 

Pumps are designed to transfer a specific volume of liquid at a particular pressure 
from a fixed source to a final destination in a process system. A pump’s operating 
envelope is defined either by a hydraulic curve for centrifugal pumps or a pressure- 
volume (PV) diagram for positive-displacement pumps. 

CENTRIFUGAL 

Centrifugal pumps are highly susceptible to variations in process parameters, such as 
suction pressure, specific gravity of the pumped liquid, back pressure induced by con- 
trol valves, and changes in demand volume. Therefore, the dominant reasons for cen- 
trifugal pump failures usually are process related. 

Several factors dominate pump performance and reliability: internal configuration, 
suction condition, total dynamic pressure or head, hydraulic curve, brake horsepower, 
installation, and operating methods. These factors must be understood and used to 
evaluate any centrifugal pump-related problem or event. 

Configuration 

All centrifugal pumps are not configured alike. Variations in the internal configuration 
occur in the impeller type and orientation. These variations have a direct impact on a 
pump’s stability, useful life, and pedormance characteristics. 

Impeller Type 

A variety of impeller types are used in centrifugal pumps. They range from simple 
radial flow, open designs to complex variable-pitch, high-volume, enclosed designs. 
Each type is designed to perform a specific function and should be selected with care. 
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In relatively small, general-purpose pumps, the impellers normally are designed to 
provide radial flow and the choices are limited to either an enclosed or open design. 

Enclosed impellers are cast with the vanes fully encased between two disks. This type 
of impeller generally is used for clean, solid-free liquids. It has a much higher effi- 
ciency than the open design. 

Open impellers have only one disk and the opposite side of the vanes is open to the 
liquid. Because of its lower efficiency, this design is limited to applications where 
slurries or solids are an integral part of the liquid. 

Impeller Orientation 

In single-stage centrifugal pumps, impeller orientation is fixed and not a factor in 
pump performance. However, it must be carefully considered in multistage pumps, 
which are available in two configurations: in-line and opposed. These configurations 
are illustrated in Figure 7-1. 

In-Line Configuration 

<---- 300psi 

100 psi--) + 100 psi 

100 psid 100 Psid 

Opposed Configuration 
Figure 7-1 Impeller orientation of mul thge  cenhifugal pumps. 



In-Line In-line configurations have all impellers facing in the same direction. As a 
result, the total differential pressure between the discharge and inlet is axially applied 
to the rotating element toward the outboard bearing. Because of this configuration. in- 
line pumps are highly susceptible to changes in the operating envelope. 

Because of the tremendous axial pressures created by the in-line design, these pumps 
must have a positive means of limiting end play, or axial movement, of the rotating ele- 
ment. Normally, one of two methods is used to fix or limit axial movement: (1) a large 
thrust bearing is installed at the outboard end of the pump to restrict movement or (2) 
discharge pressure is vented to a piston mounted on the outboard end of the shaft. 

Method 1 relies on the holding strength of the thrust bearing to absorb energy gener- 
ated by the pump’s differential pressure. If the process is reasonably stable, this 
design approach is valid and should provide a relatively trouble-free service life. 
However, this design cannot tolerate any radical or repeated variation in its operating 
envelope. Any change in the differential pressure or transient burst of energy gener- 
ated by flow change will overload the thrust bearing, which may result in instanta- 
neous failure. 

Method 2 uses a bypass stream of pumped fluid at full discharge pressure to compen- 
sate for the axial load on the rotating element. While this design is more tolerant of 
process variations, it cannot compensate for repeated, instantaneous changes in 
demand, volume, or pressure. 

Opposed Multistage pumps that use opposed impellers are much more stable and 
can tolerate a broader range of process variables than those with an in-line configura- 
tion. In the opposed-impeller design, sets of impellers are mounted back to back on 
the shaft. As a result, the thrust or axial force generated by one of the pairs is canceled 
by the other. This design approach virtually eliminates axial forces. As a result, the 
pump requires no massive thrust bearing or balancing piston to fix the axial position 
of the shaft and rotating element. 

Since the axial forces are balanced, this type of pump is much more tolerant of 
changes in flow and differential pressure than the in-line design. However, it is not 
immune to process instability or the transient forces caused by frequent radical 
changes in the operating envelope. 

performance 

This section provides the basic knowledge needed to evaluate a centrifugal-pump 
application to determine its operating dynamics and identify any forcing function that 
may contribute to chronic reliability problems, premature failure, or loss of process 
performance. 

Centrifugal pump performance is controlled primarily by two variables: suction condi- 
tions and total system pressure or head requirements. Total system pressure comprises 
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the total vertical lift or elevation change, friction losses in the piping, and flow restric- 
tions caused by the process. Other variables affecting performance include the pump's 
hydraulic curve and brake horsepower. 

Suction Conditions 

Factors affecting suction conditions are the net positive suction head (NF'SH), suction 
volume, and entrained air or gas. 

Net Positive Suction Head Suction pressure, called the net positive suction head or 
NPSH, is a major factor governing pump performance. The variables affecting the 
suction head are shown in Figure 7-2. 

Centrifugal pumps must have a minimum amount of consistent and constant positive 
pressure at the eye of its impeller. If this suction pressure is not available, the pump 
will be unable to transfer liquid. The suction supply can be open and below the 
pump's centerline, but the atmospheric pressure must be greater than the pressure 
required to lift the liquid to the impeller eye and provide the minimum NF'SH required 
for proper pump operation. 

At sea level, atmospheric pressure generates a pressure of 14.7 pounds per square 
inch (psi) to the surface of the supply liquid. This pressure minus vapor pressure, fric- 

Figure 7-2 Net positive suction head in a suction lifi application. 
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tion loss, velocity head, and static lift must be enough to provide the minimum NPSH 
requirements of the pump. The requirements vary with the volume of liquid trans- 
ferred by the pump. 

Most pump curves provide the minimum NPSH required for various flow conditions. 
This information, generally labeled NPSHR, usually is presented as a rising curve 
located near the bottom of the hydraulic curve. The data usually are expressed in feet 
ofhead rather than psi. 

To convert from psi to feet of head for water, multiply by 2.31. For example, 14.7 psi 
is 14.7 x 2.3 1 or 33.957 feet of head. To convert feet of head to psi, multiply the total 
feet of head by 0.433 1. 

SuctionVolume The pump’s supply system must provide a consistent volume of 
single-phase liquid equal to or greater than the volume delivered by the pump. To 
accomplish this, the suction supply should have relatively constant volume and prop- 
erties (e.g., pressure, temperature, specific gravity). Special attention must be paid in 
applications where the liquid has variable physical properties (e.g., specific gravity, 
density, viscosity). As the suction supply’s properties vary, effective pump perfor- 
mance and reliability is adversely affected. 

In applications where two or more pumps operate within the same system, special 
attention must be given to the suction flow requirements. Generally, these applications 
can be divided into two classifications: pumps in series and pumps in parallel. 

Pumps in Series The suction conditions of two or more pumps in series are extremely 
critical (see Figure 7-3). Since each pump depends on the flow and pressure of the pre- 
ceding pump, the flow characteristics must match. Both the flow and pressure must be 
matched to the required suction conditions of the next pump in the series. 

For example, the first pump in the series may deliver 1,OOO gpm and 100 ft of total 
dynamic head. The next pump in the series then will have an inlet volume of 1,OOO 
gpm, but the inlet pressure will be 100 ft minus the pressure losses created by the total 
vertical lift between the two pumps’ centerlines and all friction losses caused by the 
piping, valves, and the like. 

This pressure at the suction of the second pump must be at least equal to its minimum 
NPSH operating requirements. If too low, the pump will cavitate and not generate suf- 
ficient volume and pressure for the process to operate properly. 

Pumps in Parallel Pumps that operate in parallel normally share a common suction 
supply or discharge (or both). This is illustrated in Figure 7-4. Typically, a common 
manifold (i.e., pipe) or vessel is used to supply suction volume and pressure. The 
manifold’s configuration must be such that all pumps receive adequate volume and 
net positive suction head. Special consideration must be given to flow patterns, fric- 
tion losses. and restrictions. 
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h 

- Flow 
Figure 7-3 Pumps in series must be properly matched. 

One of the most common problems with pumps in parallel is suction starvation. This 
is caused by improper inlet piping, which permits more flow and pressure to reach one 
or more pumps but supplies insufficient quantities to the remaining pumps. In most 
cases, the condition results from poor piping or manifold design and may be expen- 
sive to correct. 

Always remember that, when evaluating flow and pressure in pumping systems, they 
always will take the path of least resistance. For example, given a choice of flowing 
through a 6-in. pipe or a 2-in. pipe, most of the flow will go to the 6-in. pipe. Why? 
Simply because there is less resistance. 

In parallel pump applications, there are two ways to balance the flow and pressure to 
the suction inlet of each pump. The first way is to design the piping so that the friction 
loss and flow path to each pump is equal. Although theoretically possible, this is 
extremely difficult to accomplish. The second method is to install a balancing valve in 
each suction line. By throttling or partially closing these valves, the system can be 
tuned to ensure proper flow and pressure to each pump. 

Entrained Air or Gas Most pumps are designed to handle single-phase liquids 
within a limited range of specific gravities or viscosities. Entrainment of gases, such 
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Figure 7-4 Pumps in parallel may share suction supply. 

as air or steam, has an adverse effect on both the pump’s efficiency and its useful 
operating life. This is one form of cavitation, which is a common failure mode of cen- 
trifugal pumps. The typical causes of cavitation are leaks in suction piping and valves, 
or a change of phase induced by liquid temperature or suction pressure deviations. As 
an example, a one-pound suction pressure change in a boiler-feed application may 
permit the deaerator-supplied water to flash into steam. The introduction of a two- 
phase mixture of hot water and steam into the pump causes accelerated wear, instabil- 
ity, loss of pump performance, and chronic failure problems. 
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Total System Head 

Centrifugal pump performance is controlled by the total system head (TSH) require- 
ment, unlike positive-displacement pumps. TSH is defined as the total pressure 
required to overcome all resistance at a given flow. This value includes all vertical lift, 
friction loss, and back pressure generated by the entire system. It determines the effi- 
ciency, discharge volume, and stability of the pump. 

Total Dynamic Head 

The total dynamic head (TDH) is the difference between the discharge and suction 
pressure of a centrifugal pump. This value is used by pump manufacturers to generate 
hydraulic curves, such as those shown in Figures 7-5,7-6, and 7-7. These curves rep- 
resent the performance that can be expected for a particular pump under specific oper- 
ating conditions. For example, a pump having a discharge pressure of 100 psig 
(gauged pounds per square inch) and a positive pressure of 10 psig at the suction will 
have a TDH of 90 psig. 

Hydraulic Curve 

Most pump hydraulic curves define pressure to be TDH rather than actual discharge 
pressure. This is an important consideration when evaluating pump problems. For 
example, a variation in suction pressure has a measurable impact on both the dis- 
charge pressure and the volume. Figure 7-5 is a simplified hydraulic curve for a sin- 
gle-stage, centrifugal pump. The vertical axis is TDH and the horizontal axis is the 
discharge volume or flow. 

a Iu 70% 75% 

Figure 7-5 Simpb hydraulic curve for centrifugal pump. 
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Figure 7-6 Actual cenhifugal pump performance depends on total system head. 

The best operating point for any centrifugal pump is called the best efJiciency point 
(BEP). This is the point on the curve where the pump delivers the best combination of 
pressure and flow. In addition, the BEP specifies the point that provides the most sta- 
ble pump operation with the lowest power consumption and longest maintenance-free 
service life. 

I I I I I I I I I 
100 200 300 400 wo 800 m 800 loo0 

Flow (in gallons per minute, gpm) 

Figure 7-7 Brake horsepower needs change with process parameters. 
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In any installation, the pump will operate at the point where its TDH equals the TSH. 
When selecting a pump, it is hoped that the BEP is near the required flow where the 
TDH equals TSH on the curve. If not, there will be some operating-cost penalty as a 
result of the pump’s inefficiency. This often is unavoidable because pump selection is 
determined by what is available commercially as opposed to selecting one that would 
provide the best theoretical performance. 

For the centrifugal pump illustrated in Figure 7-5, the BEP occurs at a flow of 500 
gpm with 150 ft TDH. If the TSH were increased to 175 ft, however, the pump’s out- 
put would decrease to 350 gpm. Conversely, a decrease in TSH would increase the 
pump’s output. For example, a TSH of 100 ft would result in a discharge flow of 
almost 670 gpm. 

From an operating-dynamic standpoint, a centrifugal pump becomes more and more 
unstable as the hydraulic point moves away from the BEP. As a result, the normal ser- 
vice life decreases and the potential for premature failure of the pump or its compo- 
nents increases. A centrifugal pump should not be operated outside the efficiency 
range shown by the bands on its hydraulic curve, or 65 percent for the example shown 
in Figure 7-5. 

If the pump is operated to the left of the minimum recommended efficiency point, it 
may not discharge enough liquid to dissipate the heat generated by the pumping 
operation. The heat that builds up within the pump can cause a catastrophic failure. 
This operating condition, called shutofl, is a leading cause of premature pump 
failure. 

When the pump operates to the right of the last recommended efficiency point, it 
tends to overspeed and become extremely unstable. This operating condition, called 
runout, also can accelerate wear and bring on premature failure. 

Brake Horsepower 

Brake horsepower (BHP) refers to the amount of motor horsepower required for 
proper pump operation. The hydraulic curve for each type of centrifugal pump reflects 
its performance (i.e., flow and head) at various BHPs. Figure 7-7 is an example of a 
simplified hydraulic curve that includes the BHP parameter. 

Note the diagonal lines that indicate the BHP required for various process conditions. 
For example, the pump illustrated in Figure 7-7 requires 22.3 horsepower at its BEP. 
If the TSH required by the application increases from 150 ft to 175 ft, the horsepower 
required by the pump will increase to 24.6. Conversely, when the TSH decreases, the 
required horsepower also decreases. The brake horsepower required by a centrifugal 
pump can be easily calculated by 

Flow (gpm) x Specific Gravity x Total Dynamic Head (ft) 
3960 x Efficiency 

Brake Horsepower = 
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With two exceptions, the certified hydraulic curve for any centrifugal pump provides 
the data required to calculate the actual brake horsepower. Those exceptions are spe- 
cific gravity and TDH. 

Specific gravity must be determined for the particular liquid being pumped. For 
example, water has a specific gravity of 1.0. Most other clear liquids have a specific 
gravity of less than 1.0. Slurries and other liquids that contain solids or are highly vis- 
cous materials generally have a higher specific gravity. Reference books, like Inger- 
sol1 Rand’s Cameron Hydraulic Databook, provide these values for many liquids. 

The TDH can be measured directly for any application using two calibrated pressure 
gauges. Install one gauge in the suction inlet of the pump and the another on the dis- 
charge. The difference between these two readings is the TDH. 

With the actual TDH, flow can be determined directly from the hydraulic curve. Sim- 
ply locate the measured pressure on the hydraulic curve by drawing a horizontal line 
from the vertical axis (i.e., TDH) to a point where it intersects the curve. From the 
intersection point, draw a vertical line downward to the horizontal axis (i.e., flow). 
This provides an accurate flow rate for the pump. 

The intersection point also provides the pump’s efficiency for that specific point. 
Since the intersection may not fall exactly on one of the efficiency curves, some 
approximation may be required. 

lnstallation 

Centrifugal pump installation should follow the Hydraulic Institute standards, which 
provide specific guidelines to prevent distortion of the pump and its baseplate. Distor- 
tions can result in premature wear, loss of performance, or catastrophic failure. The 
following should be evaluated as part of a root cause failure analysis: foundation, pip- 
ing support, and inlet and discharge piping configurations. 

Foundation 

Centrifugal pumps require a rigid foundation that prevents torsional or linear movement 
of the pump and its baseplate. In most cases, this type of pump is mounted on a concrete 
pad having enough mass to securely support the baseplate, which has a series of mount- 
ing holes. Depending on size, there may be three to six mounting points on each side. 

The baseplate must be securely bolted to the concrete foundation at all these points. 
One common installation error is to leave out the center baseplate lag bolts. This per- 
mits the baseplate to flex with the torsional load generated by the pump. 

Piping Support 

Pipe strain causes the pump casing to deform and results in premature wear or failure. 
Therefore, both suction and discharge piping must be adequately supported to prevent 
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strain. In addition, flexible isolator connectors should be used on both suction and dis- 
charge pipes to ensure proper operation. 

Inlet- Piping Configuration 

Centrifugal pumps are highly susceptible to turbulent flow. The Hydraulic Institute 
provides guidelines for piping configurations that are specifically designed to ensure 
laminar flow of the liquid as it enters the pump. As a general rule, the suction pipe 
should provide a straight, unrestricted run that is six times the inlet diameter of the 
Pump. 

Installations that have sharp tsuns, shutoff or flow-control valves, or undersized pipe 
on the suction-side of the pump are prone to chronic performance problems. Such 
deviations from good engineering practices result in turbulent suction flow and cause 
hydraulic instability that severely restricts pump performance. 

Discharge-Piping Configuration 

The restrictions on discharge piping are not as critical as for suction piping, but using 
good engineering practices ensures longer life and trouble-free operation of the pump. 
The primary considerations that govern discharge-piping design are friction losses 
and total vertical lift or elevation change. The combination of these two factors is 
called TSH, discussed in the section earlier in this chapter, which represents the total 
force that the pump must overcome to perform properly. If the system is designed 
properly, the TDH of the pump will equal the TSH at the desired flow rate. 

In most applications, it is relatively straightforward to confirm the total elevation 
change of the pumped liquid. Measure all vertical rises and drops in the discharge pip- 
ing, then calculate the total difference between the pump’s centerline and the final 
delivery point. 

Determining the total friction loss, however, is not as simple. Friction loss is caused 
by a number of factors, and all depend on the flow velocity generated by the pump. 
The major sources of friction loss include 

Friction between the pumped liquid and the sidewalls of the pipe. 
Valves, elbows, and other mechanical flow restrictions. 
Other flow restrictions, such as back pressure created by the weight of liq- 
uid in the delivery storage tank or resistance within the system component 
that uses the pumped liquid. 

A number of reference books, like Ingersoll-Rand’s Cameron Hydraulics Databook, 
provide the pipe-friction losses for common pipes under various flow conditions. 
Generally, data tables define the approximate losses in terms of specific pipe lengths 
or runs. Friction loss can be approximated by measuring the total run length of each 
pipe size used in the discharge system, dividing the total by the equivalent length used 
in the table, and multiplying the result by the friction loss given in the table. 
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Each time the flow is interrupted by a change of direction, a restriction caused by 
valving, or a change in pipe diameter, the flow resistance of the piping increases 
substantially. The actual amount of this increase depends on the nature of the 
restriction. For example, a short-radius elbow creates much more resistance than a 
long-radius elbow, a ball valve’s resistance is much greater than a gate valve’s, and 
the resistance from a pipe-size reduction of 4 in. will be greater than for a 1-in. 
reduction. Reference tables are available in hydraulics handbooks that provide the 
relative values for each of the major sources of friction loss. As in the friction tables 
mentioned previously, these tables often provide the friction loss as equivalent runs 
of straight pipe. 

In some cases, friction losses are difficult to quantify. If the pumped liquid is deliv- 
ered to an intermediate storage tank, the configuration of the tank’s inlet determines if 
it adds to the system pressure. If the inlet is on or near the top, the tank will add no 
back pressure. However, if the inlet is below the normal liquid level, the total height 
of liquid above the inlet must be added to the total system head. 

In applications where the liquid is used directly by one or more system components, 
the contribution of these components to the total system head may be difficult to cal- 
culate. In some cases, the vendor’s manual or the original design documentation will 
provide this information. If these data are not available, then the friction losses and 
back pressure need to be measured or an overcapacity pump selected for service 
based on a conservative estimate. 

Operating Methods 

Normally, little consideration is given to operating practices for centrifugal pumps. 
However, some critical practices must be followed, such as using proper startup pro- 
cedures, using proper bypass operations, and operating under stable conditions. 

Startup Procedures 

Centrifugal pumps always should be started with the discharge valve closed. As soon 
as the pump is activated, the valve should be opened slowly to its full-open position. 

The only exception to this rule is when there is positive back pressure on the pump at 
startup. Without adequate back pressure, the pump will absorb a substantial torsional 
load during the initial startup sequence. The normal tendency is to overspeed because 
there is no resistance on the impeller. 

Bypass Operation 

Many pump applications include a bypass loop intended to prevent deadheading (i.e., 
pumping against a closed discharge). Most bypass loops consist of a metered orifice 
inserted in the bypass piping to permit a minimal flow of liquid. In many cases, the 
flow permitted by these metered orifices is not sufficient to dissipate the heat gener- 
ated by the pump or to permit stable pump operation. 
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If a bypass loop is used, it must provide sufficient flow to assure reliable pump opera- 
tion. The bypass should provide sufficient volume to permit the pump to operate 
within its designed operating envelope. This envelope is bound by the efficiency 
curves that are included on the pump’s hydraulic curve, which provides the minimum 
flow required to meet this requirement. 

Stable Operating Conditions 

Centrifugal pumps cannot absorb constant, rapid changes in operating environment. 
For example, frequent cycling between full-flow and no-flow assures premature fail- 
ure of any centrifugal pump. The radical surge of back pressure generated by rapidly 
closing a discharge valve, referred to as hydraulic hummer, generates an instanta- 
neous shock load that actually can tear the pump from its piping and foundation. 

In applications where frequent changes in flow demand are required, the pump system 
must be protected from such transients. Two methods can be used to protect the system: 

Slow down the transient. Instead of instant valve closing, throttle the system 
over a longer time interval. This will reduce the potential for hydraulic ham- 
mer and prolong pump life. . Install proportioning valves. For applications where frequent radical flow 
swings are necessary, the best protection is to install a pair of proportioning 
valves that have inverse logic. The primary valve controls flow to the pro- 
cess. The second controls flow to a full-flow bypass. Because of their 
inverse logic, the second valve will open in direct proportion as the primary 
valve closes, keeping the flow from the pump nearly constant. 

POSITIVE DISPLACEMENT 

Centrifugal and positive-displacement pumps share some basic design requirements. 
Both require an adequate, constant suction volume to deliver designed fluid volumes 
and liquid pressures to their installed systems. In addition, both are affected by varia- 
tions in the liquid’s physical properties (e.g.. specific gravity, viscosity) and flow char- 
acteristics through the pump. 

Unlike centrifugal pumps, positive-displacement pumps are designed to displace a 
specific volume of liquid each time they complete one cycle of operation. As a result, 
they are less prone to variations in performance as a direct result of changes in the 
downstream system. However, there are exceptions to this. Some types of positive- 
displacement pumps, such as screw-types, are extremely sensitive to variations in sys- 
tem back pressure. Causes of this sensitivity were discussed previously in this chapter. 

When positive-displacement pumps are used, the system must be protected from 
excessive pressures. This type of pump will deliver whatever discharge pressure is 
required to overcome the system’s total head. The only restrictions on its maximum 
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pressure are the burst pressure of the system’s components and the maximum driver 
horsepower. 

As a result of their ability to generate almost unlimited pressure, all positive-displace- 
ment pumps’ systems must be fitted with relief valves on the downstream side of the 
discharge valve. This is required to protect the pump and its discharge piping from 
overpressurization. Some designs include a relief valve integral to the pump’s hous- 
ing. Others use a separate valve installed in the discharge piping. 

Positive-displacement pumps deliver a definite volume of liquid for each cycle of 
pump operation. Therefore, the only factor, except for pipe blockage, that affects the 
flow rate in an ideal positive-displacement pump is the speed at which it operates. The 
flow resistance of the system in which the pump is operating does not affect the flow 
rate through the pump. Figure 7-8 shows the characteristics curve (Le., flow rate ver- 
sus head) for a positive-displacement pump. 

The dashed line in Figure 7-8 shows the actual positive-displacement pump perfor- 
mance. This line reflects the fact that, as the discharge pressure of the pump 
increases, liquid leaks from the discharge back to the suction-inlet side of the pump 
casing. This reduces the pump’s effective flow rate. The rate at which liquid leaks 
from the pump’s discharge to its suction side is called slip. Slip is the result of two 
primary factors: (1) design clearance required to prevent metal-to-metal contact of 
moving parts and (2) internal part wear. 

Minimum design clearance is necessary for proper operation, but it should be enough 
to minimize wear. Proper operation and maintenance of positive-displacement pumps 
limits the amount of slip caused by wear. 

Flow Rate I 
Figure 7-8 Positive-dkplacement pump characteristics curve (Mobley 1989). 
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Configuration 

Positive-displacement pumps come in a variety of configurations. Each has a specific 
function and should be selected based on the effectiveness and reliability in a specific 
application. The major types of positive-displacement pumps are gear, screw, vane, 
and lobe. 

Gear 

The most common type of positive-displacement pump uses a combination of gears 
and configurations to provide the liquid pressure and volume required by the applica- 
tion. Variations of gear pumps are spur, helical, and herringbone. 

Spur The simple spur-gear pump shown in Figure 7-9 consists of two spur gears 
meshing together and revolving in opposite directions within a casing. Only a few 
thousandths-of-an-inch clearance exists between the case, gear faces, and teeth 
extremities. This design forces any liquid filling the space bounded by two successive 
gear teeth and the case to move with the teeth as they revolve. When the gear teeth 
mesh with the teeth of the other gear, the space between them is reduced. This forces 
the entrapped liquid out through the pump’s discharge pipe. 

As the gears revolve and the teeth disengage, the space again opens on the suction 
side of the pump, trapping new quantities of liquid and carrying it around the pump 
case to the discharge. Lower pressure results as the liquid moves away from the suc- 
tion side, which draws liquid in through the suction line. 

For gears having a large number of teeth, the discharge is relatively smooth and con- 
tinuous, with small quantities of liquid delivered to the discharge line in rapid succes- 

Strction 

I 

Figure 7-9 Simple spur gear pump (Mobky 1989). 
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sion. For gears having fewer teeth, the space between them is greater and the capacity 
increases for a given speed. However, this increases the tendency to have a pulsating 
discharge. 

In all simple-gear pumps, power is applied to one of the gear shafts, which transmits 
power to the driven gear through their meshing teeth. No valves are in the gear pump 
to cause friction losses as in the reciprocating pump. The high impeller velocities 
required in centrifugal pumps, which result in friction losses, are not needed in gear 
pumps. This makes gear pumps well suited for viscous fluids, such as fuel and lubri- 
cating oils. 

Helical The helical-gear pump is a modification of the spur-gear pump and has cer- 
tain advantages. With a spur gear, the entire length of the tooth engages at the same 
time. With a helical gear, the point of engagement moves along the length of the tooth 
as the gear rotates. This results in a steadier discharge pressure and less pulsation than 
in a spur-gear pump. 

Herringbone The herringbone-gear pump is another modification of the simple- 
gear pump. The principal difference in operation from the simple-gear pump is that 
the pointed center section of the space between two teeth begins discharging fluid 
before the divergent outer ends of the preceding space complete discharging. This 
overlapping tends to provide a steadier discharge pressure. The power transmission 
from the driving gear to the driven gear also is smoother and quieter. 

Screw 

There are many design variations for screw-type, positive-displacement rotary pumps. 
The primary variations are the number of intermeshing screws, the screw pitch, and 
fluid-flow direction. 

The most common type of screw pump consists of two screws mounted on two paral- 
lel shafts that mesh with close clearances. One screw has a right-handed thread, while 
the other has a left-handed. One shaft drives the other through a set of timing gears, 
which synchronize the screws and maintain clearance between them. 

The screws rotate in closely fitting duplex cylinders that have overlapping bores. 
While all clearances are small, no contact occurs between the two screws or between 
the screws and the cylinder walls. The complete assembly and the usual flow path for 
such a pump are shown in Figure 7-10. 

In this type of pump, liquid is trapped at the outer end of each pair of screws. As the 
first space between the screw threads rotates away from the opposite screw, a spiral- 
shaped quantity of liquid is enclosed when the end of the screw again meshes with the 
opposite screw. As the screw continues to rotate, the entrapped spiral of liquid slides 
along the cylinder toward the center discharge space while the next slug is entrapped. 
Each screw functions similarly, and each pair of screws discharges an equal quantity 
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n 

Figure 7-10 ?bo-screw, low-pitch screw pump. 

of liquid in opposed streams toward the center, thus eliminating hydraulic thrust. The 
removal of liquid from the suction end by the screws produces a reduction in pressure, 
which draws liquid through the suction line. 

Vane 

The sliding-vane pump shown in Figure 7-1 1, another type of positive-displacement 
pump, is used with viscous fluids. It consists of a cylindrical bored housing with a 

SwingingType 
&loving vane 

Figure 7-11 Lobe-type pump (Mobley 1989). 
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suction inlet on one side and a discharge outlet on the other. A cylindrical-shaped 
rotor having a diameter smaller than the cylinder is driven about an axis position 
above the cylinder’s centerline. The clearance between the rotor and the top of the cyl- 
inder is small, but it increases toward the bottom. 

The rotor has vanes that move in and out as it rotates, maintaining a sealed space 
between the rotor and the cylinder wall. The vanes trap liquid on the suction side and 
carry it to the discharge side, where contraction of the space expels it through the dis- 
charge line. The vanes may swing on pivots or slide in slots in the rotor. 

Lobe 

The lobe-type pump shown in Figure 7-12 is another variation of the simple-gear 
pump. It can be considered a simple-gear pump having only two or three lobes per 
rotor. Other than this difference, its operation and the function of its parts are no dif- 
ferent. Some designs of lobe pumps are fitted with replaceable gibs, or thin plates, 
carried in grooves at the extremity of each lobe where they make contact with the cas- 
ing. Gibs promote tightness and absorb radial wear. 

performance 

Positive-displacement pump performance is determined by three primary factors: liq- 
uid viscosity, rotating speed, and suction supply. 

ViscosiQ 

Positive-displacement pumps are designed to handle viscous liquids such as oil, grease, 
and polymers. However, a change in viscosity has a direct effect on its performance. As 

Intake 
Figure 7-12 Rotary sliding-vane pump (Mobley 1989). 
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the viscosity increases, the pump must work harder to deliver a constant volume of fluid 
to the discharge. As a result, the brake horsepower needed to drive the pump increases to 
keep the rotating speed constant and prevent a marked reduction in the volume of liquid 
delivered to the discharge. If the viscosity change is great enough, the brake horsepower 
requirements may exceed the capabilities of the motor. 

Temperature variation is the major contributor to viscosity change. The design specifi- 
cations should define an acceptable range of both viscosity and temperature for each 
application. These two variables are closely linked and should be clearly understood. 

Rotating Speed 

With positive-displacement pumps, output is directly proportional to the rotating 
speed. If the speed changes from its normal design point, the volume of liquid deliv- 
ered also will change. 

Suction Supply 

To a degree, positive-displacement pumps are self-priming. In other words, they have 
the ability to draw liquid into their suction ports. However, they must have a constant 
volume of liquid available. Therefore, the suction-supply system should be designed 
to ensure that a constant volume of nonturbulent liquid is available to each pump in 
the system. 

Pump performance and its useful operating life are enhanced if the suction-supply 
system provides a consistent positive pressure. Pumps required to overcome suction 
lift must work harder to deliver product to the discharge. 

Installation 

Installation requirements for positive-displacement pumps are basically the same as 
those for centrifugal pumps. Those requirements were discussed previously in this 
chapter. 

Special attention should be given to the suction-piping configuration. Poor piping 
practices in hydraulic-system applications are primary sources of positive-displace- 
ment pump problems, particularly in parallel pump applications. Often the suction 
piping does not provide adequate volume to each pump in parallel configurations. 

Operating Methods 

If a positive-displacement pump is properly installed, there are few restrictions on 
operating methods. The primary operating concerns are bypass operation and speed- 
change rates. 



FANS, BLOWERS, AND FLUIDIZERS 

Technically, fans and blowers are separate types of devices that have a similar func- 
tion. However, the terms often are used interchangeably to mean any device that 
delivers a quantity of air or gas at a desired pressure. Differences between these two 
devices are their rotating elements and discharge-pressure capabilities. Fluidizers are 
identical to single-stage, screw-type compressors or blowers. 

CENTRIFUGAL FANS 

Centrifugal fans are one of the most common machines used in industry. They utilize 
a rotating element with blades, vanes, or propellers to extract or deliver a specific vol- 
ume of air or gas. The rotating element is mounted on a rotating shaft that must pro- 
vide the energy required to overcome inertia, friction, and other factors that restrict or 
resist air or gas flow in the application. These generally are low-pressure machines 
designed to overcome friction and either suction or discharge-system pressure. 

Configuration 

Centrifugal fans can be. classified by the type of rotating element or wheel that is used 
to move the air or gas. The major classifications are propeller and axial. Axial fans can 
be further differentiated by blade configuration. 

Propeller 

This type of fan consists of a propeller, or paddle-wheel, mounted on a rotating shaft 
within a ring, panel, or cage. The most widely used propeller fans perform light- or 
medium-duty functions, such as in ventilation units where air can be moved in any 
direction. These fans commonly are used in wall mountings to inject air into or 
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exhaust air from a space. Figure 8-1 illustrates a belt-driven propeller fan appropriate 
for medium-duty applications. 

This type of fan has a limited ability to boost pressure. Its use should be limited to 
applications where the total resistance to flow is less than 1 in. of water. In addition, it 
should not be used in corrosive environments or where explosive gases are present. 

Axial 

Axial fans are essentially propeller fans enclosed within a cylindrical housing or 
shroud. They can be mounted inside ductwork or a vessel housing to inject or exhaust 
air or gas. 

These fans have an internal motor mounted on spokes or struts to centralize the unit 
within the housing. Electrical connections and grease fittings are mounted externally 
on the housing. Arrow indicators on the housing show the direction of air flow and 

Figure 8-1 Belt-driven propeller fan for medium duty applications (Higgins and Mobley 
1995). 
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rotation of the shaft, which enables the unit to be correctly installed in the duct work. 
Figure 8-2 shows the inlet end of a direct-connected, tube-axial fan. 

This type of fan should not be used in corrosive or explosive environments since the 
motor and bearings cannot be protected. Applications where concentrations of air- 
borne abrasives are present should be avoided as well. 

Axial fans use three primary types of blades or vanes: backward-curved, forward- 
curved, and radial. Each type has specific advantages and disadvantages. 

Backward-Curved Blades The backward-curved blade provides the highest effi- 
ciency and lowest sound level of all axial-type, centrifugal fan blades. Its advantages 
include 

Moderate to high volume. 
Static pressure range up to approximately 30 in. of water (gauge). 
Highest efficiency of any type of fan. 
Lowest noise level of any fan for the same pressure and volumetric 
requirements. 
Self-limiting BHP characteristics. (Motors can be selected to prevent over- 
load at any volume and the BHP curve rises to a peak and then declines as 
volume increases.) 

1 

Figure 8-2 Inlet end of a direct-connected tube-axial fan (Higgins and Mobley 1995). 
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The limitations of backward-curved blades are 

Weighs more and occupies considerably more space than other designs of 

Large wheel width. 
Not to be used in dusty environments or where sticky or stringy materials 
are used because residues adhering to the blade surface cause imbalance 
and eventual bearing failure. 

equal volume and pressure. 

Forward-Curved Blades This design is commonly referred to as a squirrel-cage 
fun. The unit has a wheel with a large number of wide, shallow blades; a very large 
intake area relative to the wheel diameter; and a relatively slow operational speed. The 
advantages of forward-curved blades include 

Excellent for any volume at low to moderate static pressure using clean 

Occupies approximately same space as backward-curved blade fan. 
More efficient and much quieter during operation than propeller fans for 

air. 

static pressures above approximately 1 in. of water (gauge). 

The limitations of forward-curved blades include 

Not as efficient as backward-curved blade fans. 
Should not be used in dusty environments or handle sticky or stringy mate- 
rials that could adhere to the blade surface. 
BHP increases as this fan approaches maximum volume as opposed to 
backward-curved blade centrifugal fans, which experience a decrease in 
BHP as they approach maximum volume. 

Radial Blades Industrial exhaust fans fall into this category. The design is rugged 
and may be belt driven or driven directly by a motor. The blade shape varies consider- 
ably from flat to various bent configurations to increase efficiency slightly or to suit 
particular applications. The advantages of radial-blade fans include 

Best suited for severe duty, especially when fitted with flat radial blades. 
Simple construction that lends itself to easy field maintenance. 
Highly versatile industrial fan that can be used in extremely dusty environ- 

Appropriate for high-temperature service. 
Handles corrosive or abrasive materials. 

ments as well as clean air. 

The limitations of radial-blade fans include 

Lowest efficiency in centrifugal-fan group. 
Highest sound level in centrifugal-fan group. 
BHP increases as fan approaches maximum volume. 
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performance 

A fan is inherently a constant-volume machine. It operates at the same volumetric 
flow rate (Le., cubic feet per minute, or cfm) when operating in a fixed system at a 
constant speed, regardless of changes in air density. However, the pressure developed 
and the horsepower required vary directly with the air density. 

The following factors affect centrifugal-fan performance: brake horsepower, fan 
capacity, fan rating, outlet velocity, static efficiency, static pressure, tip speed, 
mechanical efficiency, total pressure, velocity pressure, natural frequency, and suction 
(inlet) conditions. Some of these factors are used in the mathematical relationships 
referred to as fan laws, which are discussed later in the chapter. 

Brake Horsepower 

Brake horsepower (BHP) is the power input required by the fan shaft to produce the 
required volumetric flow rate (cfm) and pressure. 

Fan Capacit?, 

The fan capacity (FC) is the volume of air moved per minute by the fan (cfm). NOTE 
The density of air is 0.075 pounds per cubic foot at atmospheric pressure and 68°F. 

Fan Rating 

The fan rating predicts the fan’s performance at one operating condition, which 
includes the fan size, speed, capacity, pressure, and horsepower. 

Outlet Velocity 

The outlet velocity (OV, feet per minute) is the number of cubic feet of gas moved by 
the fan per minute divided by the inside area of the fan outlet, or discharge area, in 
square feet. 

Static Eficiency 

Static efficiency (SE) is not the true mechanical efficiency, but is convenient to use in 
comparing fans. This is calculated by the following equation: 

0.000157 x FC x SP 
BHP 

Static Efficiency (SE) = 

Static Pressure 

Static pressure (SP) generated by the fan can exist whether the air is in motion or 
trapped in a confined space. SP is always expressed in inches of water (gauge). 

l i p  Speed 

The tip speed (TS) is the peripheral speed of the fan wheel in feet per minute (fpm). 

Tip Speed = Rotor Diameter x IC x Rotations per Minute (rpm) 
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Mechanical E@ciency 

True mechanical efficiency (ME) is equal to the total input power divided by the total 
output power. 

Total Pressure 

Total pressure (TP), in inches of water (gauge), is the sum of the velocity pressure and 
static pressure. 

Velocity Pressure 

Velocity pressure (VP) is produced by the fan only when the air is moving. Air having 
a velocity of 4,000 fpm exerts a pressure of 1 in. of water (gauge) on a stationary 
object in its flow path. 

Natural Frequency 

General-purpose fans are designed to operate below their first natural frequency. In 
most cases, the fan vendor will design the rotor-support system so that the rotating ele- 
ment’s first critical speed is between 10 and 15 percent above the rated running speed. 
While this practice is questionable, it is acceptable if the design speed and rotating-ele- 
ment mass are maintained. However, if either of these two factors changes, there is a 
high probability that serious damage or premature failure will result. 

Inlet-air Conditions 

As with centrifugal pumps, fans require stable inlet (suction) conditions. Ductwork 
should be configured to ensure an adequate volume of clean air or gas, stable inlet 
pressure, and laminar flow. If the supply air is extracted from the environment, it is 
subject to variations in moisture, dirt content, barometric pressure, and density. How- 
ever, these variables should be controlled as much as possible. As a minimum, inlet fil- 
ters should be installed to minimize the amount of dirt and moisture that enters the fan. 

Excessive moisture and particulates have an extremely negative impact on fan perfor- 
mance and cause two major problems: abrasion or tip wear and plate out. High con- 
centrations of particulate matter in the inlet air act as abrasives that accelerate fan- 
rotor wear. In most cases, however, this wear is restricted to the high-velocity areas of 
the rotor, such as the vane or blade tips, but it can affect the entire assembly. 

Plate out is a much more serious problem. The combination of particulates and mois- 
ture can form a “glue” that binds to the rotor assembly. As this contamination builds 
up on the rotor, the assembly’s mass increases, which reduces its natural frequency. If 
enough plate out occurs, the fan’s rotational speed may coincide with the rotor’s 
reduced natural frequency. With a strong energy source like the running speed, excita- 
tion of the rotor’s natural frequency can result in catastrophic fan failure. Even if cata- 
strophic failure does not occur, the vibration energy generated by the fan may cause 
bearing damage. 
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Fan Laws 

The mathematical relationships referred to asfan laws can be useful when applied to 
fans operating in a fixed system or to geometrically similar fans. However, caution 
should be exercised when using these relationships. They apply only to identical fans 
and applications. The basic laws are 

Volume in cubic feet per minute (cfm) varies directly with the rotating 

Static pressure varies with the rotating speed squared (rpm’). 
Brake horsepower (BHP) varies with the speed cubed (rpm3). 

speed (rem). 

The fan-performance curves shown in Figures 8-3 and 8 4  show the performance of 
fans of the same type but designed for different volumetric flow rates, operating in the 
same duct system handling air at the same density. 

Curve #1 is for a fan designed to handle 10,OOO cfm in a duct system whose calcu- 
lated system resistance is determined to be 1 in. water (gauge). This fan will operate 
at the point where the fan pressure (SP) curve intersects the system resistance curve 
(TSH). This intersection point is called the point ofrating. The fan will operate at this 

Figure 8-3 Fan peflormance curve #I (Higgins and Mobley 1995). 
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CFM, TmxfiiANDS 

Figure 8-4 Fan performance curve #2 (Higgins and Mobley 1995). 

point provided the fan’s speed remains constant and the system’s resistance does 
not change. The system resistance curve illustrates that the resistance varies as the 
square of the volumetric flow rate (cfm). The BHP of the fan required for this appli- 
cation is 2 hp. 

Curve #2 illustrates the situation if the fan’s design capacity is increased by 20 per- 
cent, increasing output from 10,OOO to 12,000 cfm. Applying the fan laws, the calcula- 
tions are 

Newrpm = 

NewSP = 

NewTSH = 
NewBHF’ = 

- - 

- - 

- - 
- - 

1.2 x 4.40 
528 rpm (20% increase) 
1.2 x 1.2 x 1 in. water (gauge) 
1.44 in. (44% increase) 
New SP = 1.44 in. 
1.2 x 1.2 x 1.2 x 2 
1.73 x 2 
3.46 hp (73% increase) 

The curve representing the system resistance is the same in both cases, since the sys- 
tem has not changed. The fan will operate at the same relative point of rating and will 
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move the increased volume through the system. The mechanical and static efficiencies 
are unchanged. 

The increased brake horsepower (BHP) required to drive the fan is a very important 
point to note. If the Curve #1 fan had been driven by a 2-hp motor. the Curve #2 fan 
needs a 3.5-hp motor to meet its volumetric requirement. 

Centrifugal-fan selection is based on rating values such as air flow, rpm, air density, 
and cost. Table 8-1 is a typical rating table for a centrifugal fan. Table 8-2 provides 
air-density ratios. 

Installation 

Proper fan installation is critical to reliable operation. Suitable foundations, adequate 
bearing-support structures, properly sized ductwork, and flow-control devices are the 
primary considerations. 

Foundations 

As with any other rotating machine, fans require a rigid, stable foundation. With the 
exception of in-line fans, they must have a concrete footing or pad that is properly 
sized to provide a stable footprint and prevent flexing of the rotor-support system. 

Bearing-Support Structures 

In most cases, with the exception of in-line configurations, fans are supplied with a 
vendor-fabricated base. Bases normally consist of fabricated metal stands that support 
the motor and fan housing. The problem with most of the fabricated bases is that they 
lack the rigidity and stiffness to prevent flexing or distortion of the fan’s rotating ele- 
ment. The typical support structure is composed of a relatively light-gauge material 
(3/,6 in.) and lacks the cross-bracing or structural stiffeners needed to prevent distor- 
tion of the rotor assembly. Because of this limitation, many plants fill the support 
structure with concrete or another solid material. 

However, this approach does little to correct the problem. When the concrete solidi- 
fies, it pulls away from the sides of the support structure. Without direct bonding and 
full contact with the walls of the support structure, stiffness is not significantly 
improved. 

The best solution to this problem is to add cross-braces and structural stiffeners. If 
they are properly sized and affixed to the support structure, the stiffness can be 
improved and rotor distortion reduced. 

Ductwork 

Ductwork should be sized to provide minimal friction loss throughout the system. 
Bends, junctions with other ductwork, and any change of direction should provide a 



Table 8-1 Typical Rnting Table for a Centnyugal Fan 

114" SP 318" SP 112" SP 5B" SP 314" SP 
CFM ov FWM BHP RPM BHP RPM BHP RPM BHP RPM BHP 

7458 
8388 
9320 

10252 
11 184 
121 16 
13048 
13980 
14912 
15844 
18776 
17708 
18840 
19572 
20504 
21436 
22368 
23300 
24232 
25164 
26096 
27028 

800 
900 

lo00 
1100 
1200 
1300 
1 400 
1500 
1600 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
2500 
2600 
2700 
2800 
2900 

262 
28 1 
199 
319 
338 
358 
379 
401 
422 
444 
467 
489 
512 
535 
558 
582 
505 
628 
652 
676 
700 
723 

0.45 
0.55 
0.68 
0.79 
0.93 
1.10 
1.29 
1 S O  
1.74 
2.01 
2.31 
2.65 
3.02 
3.43 
3.87 
4.36 
4.89 
5.45 
6.09 
6.75 
7.47 
8.24 

289 
305 
325 
343 
362 
381 
401 
420 
441 
462 
483 
504 
526 
548 
570 
593 
616 
639 
662 
685 
708 
732 

0.60 
0.72 
0.85 
1 .OO 
1.17 
1.35 
1.55 
1.78 
2.03 
2.32 
2.63 
2.98 
3.36 
3.77 
4.23 
4.72 
5.26 
5.85 
6.48 
7.15 
7.88 
8.66 

314 
330 
347 
365 
383 
402 
42 1 
440 
459 
479 
499 
520 
541 
562 
584 
605 
627 
650 
672 
695 
718 
74 1 

0.75 
0.89 
1.04 
1.21 
1.40 
1.61 
1.83 
2.08 
2.35 
2.65 
2.97 
3.33 
3.72 
4.15 
4.61 
5.12 
5.67 
6.26 
6.90 
7.58 
8.32 
9.11 

337 
35 1 
368 
385 
402 
42 1 
439 
458 
477 
496 
516 
536 
556 
576 
597 
618 
640 
65 1 
683 
705 
127 
150 

0.92 360 
1.06 372 
1.23 387 
1.42 403 
1.63 420 
1.85 438 
2.10 456 
2.37 475 
2.57 494 
2.98 513 
3.33 532 
3.70 55 1 
4.10 57 1 
4.53 590 
5.02 610 
5.54 63 1 
6.10 652 
6.70 673 
7.34 694 
8.04 715 
8.78 738 
9.58 760 

1.09 
1.25 
1.43 
1.63 
I .85 
2.10 
2.37 
2.66 
2.98 
3.32 
3.68 
4.07 
4.49 
4.95 
5.43 
5.95 
6.54 
7.16 
7.81 
8.52 
9.27 

10.08 



Table 8-1 Typical Rating Table for a Centrifugal Fan (continued) 

114" SP 318" SP 112" SP 518" SP 314" SP 
RPM BHP RPM BHP RPM BHP RPM BHP RPM BHP 

382 
393 
406 
42 1 
438 
455 
473 
49 1 
509 
528 
547 
566 
585 
604 
624 
644 
664 
685 
706 
727 
748 
770 

1.27 
1.44 
1.63 
1.84 
2.08 
2.34 
2.63 
2.94 
3.28 
3.64 
4.03 
4.45 
4.89 
5.36 
5.87 
6.41 
6.99 
7.63 
8.30 
9.01 
9.78 

10.60 

403 
413 
425 
439 
454 
47 1 
489 
506 
524 
542 
561 
580 
599 
618 
637 
657 
677 
691 
717 
738 
759 
780 

1.45 
1.63 
1.83 
2.06 
2.3 1 
2.59 
2.90 
3.23 
3.58 
3.97 
4.38 
4.8 1 
5.28 
5.78 
6.30 
6.86 
7.46 
8.10 
8.77 
9.53 

10.30 
11.13 

444 
45 1 
46 1 
473 
486 
50 1 
517 
534 
552 
570 
588 
606 
625 
644 
663 
682 
70 1 
72 1 
740 
760 
780 
800 

1.85 
2.05 
2.27 
2.51 
2.79 
3.09 
3.43 
3.79 
4.19 
4.61 
5.06 
5.54 
6.05 
6.59 
7.16 
7.77 
8.41 
9.09 
9.80 

10.55 
1 1.35 
12.20 

483 
488 
495 
505 
517 
53 1 
545 
55 1 
578 
595 
613 
63 1 
649 
668 
686 
705 
724 
743 
762 
782 
80 1 
82 1 

2.28 
2.49 
2.72 
2.99 
3.29 
3.62 
3.98 
4.37 
4.79 
5.25 
5.74 
6.28 
6.8 1 
7.40 
8.01 
8.66 
9.36 

10.07 
10.83 
11.63 
12.48 
13.35 

520 
523 
529 
537 
547 
559 
572 
587 
603 
619 
637 
654 
672 
690 
708 
727 
746 
765 
784 
803 
822 
84 1 

2.73 
2.96 
3.21 
3.50 
3.81 
4.16 
4.54 
4.96 
5.41 
5.90 

7.57 
8.19 
8.85 3 
9.54 * B 10.27 a 

11.04 P 
11.84 E* 
12.69 
13.57 3 
14.49 

Source: LJnkntrwn 

5 



Table 8-2 Air Density Ratios 

Altitude, feet above sea level 

0 1,OOO 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 15,000 20,000 E 
2 
5 

Air 
Temp 

O F  29.92 28.86 27.82 26.82 25.84 24.90 23.98 23.09 22.22 21.39 20.58 16.89 13.75 

70 1.OOO 0.964 0.930 0.896 0.864 0.832 0.801 0.772 0.743 0.714 0.688 0.564 0.460 + 
100 0.946 0.912 0.880 0.848 0.818 0.787 0.758 0.730 0.703 0.676 0.651 0.534 0.435 E 
150 0.869 0.838 0.808 0.770 0.751 0.723 0.6% 0.671 0.646 0.620 0.598 0.490 0.400 2. 
200 0.803 0.774 0.747 0.720 0.694 0.668 0.643 0.620 0.596 0.573 0.552 0.453 0.369 
250 0.747 0.720 0.694 0.669 0.645 0.622 0.598 0.576 0.555 0.533 0.514 0.421 0.344 
300 0.697 0.672 0.648 0.624 0.604 0.580 0.558 0.538 0.518 0.498 0.480 0.393 0.321 
350 0.654 0.631 0.608 0.586 0.565 0.544 0.524 0.505 0.486 0.467 0.450 0.369 0.301 
400 0.616 0.594 0.573 0.552 0.532 0.513 0.493 0.476 0.458 0.440 0.424 0.347 0.283 
450 0.582 0.561 0.542 0.522 0.503 0.484 0.466 0.449 0.433 0.416 0.401 0.328 0.268 
500 0.552 0.532 0.513 0.495 0.477 0.459 0.442 0.426 0.410 0.394 0.380 0.311 0.254 
550 0.525 0.506 0.488 0.470 0.454 0.437 0.421 0.405 0.390 0.375 0.361 0.296 0.242 
600 0.500 0.482 0.465 0.448 0.432 0.416 0.400 0.386 0.372 0.352 0.344 0.282 0.230 
650 0.477 0.460 0.444 0.427 0.412 0.397 0.382 0.368 0.354 0.341 0.328 0.269 0.219 
700 0.457 0.441 0.425 0.410 0.395 0.380 0.366 0.353 0.340 0.326 0.315 0.258 0.210 

Barometric pressure, inches of mercury 

Source: Unknown 
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clean, direct flow path. All ductwork should be airtight and leak free to ensure proper 
operation. 

Flow-Control Devices 

Fans should always have inlet and outlet dampers or other flow-control devices, such 
as variable-inlet vanes. Without them, it is extremely difficult to match fan perfor- 
mance to actual application demand. The reason for this difficulty is that a number of 
variables (e.g., usage, humidity, and temperature) directly affect the input-output 
demands for each fan application. Flow-control devices provide the means to adjust 
fan operation for actual conditions. Figure 8-5 shows an outlet damper with stream- 

Figure 8-5 Outlet damper with streamlined blades and linkage arranged to move adjacenl 
bMes  in opposite directionsfor even throttling (Higgins and Mobley 1995). 



110 Root Cause Failure Analysis 

lined blades and linkage arranged to move adjacent blades in opposite directions for 
even throttling. 

Air-flow controllers must be inspected frequently to ensure that they are fully opera- 
ble and operate in unison with each other. They also must close tightly. Ensure that 
the control indicators show the precise position of the vanes in all operational condi- 
tions. The “open” and “closed” positions should be permanently marked and visible at 
all times. Periodic lubrication of linkages is required. 

Turn-buckle screws on the linkages for adjusting flow rates should never be moved 
without first measuring the distance between the set-point markers on each screw. 
This is important if the adjustments do not produce the desired effect and you wish to 
return to the original settings. 

Operating Methods 

Because fans are designed for stable, steady-state operation, variations in speed or 
load may have an adverse effect on their operating dynamics. The primary operating 
method that should be understood is output control. N o  methods can be used to con- 
trol fan output: dampers and fan speed. 

Dampers 

Dampers can be used to control the output of centrifugal fans within the effective con- 
trol limits. Centrifugal fans have a finite acceptable control range, typically about 15 
percent above and below its design point. Control variations outside this range 
severely affect the reliability and useful life of the fan. 

The recommended practice is to use an inlet damper rather than a discharge damper 
for this control function whenever possible. Restricting the inlet with suction dampers 
can effectively control the fan’s output. When using dampers to control fan perfor- 
mance, however, caution should be exercised to ensure that any changes remain 
within the fan’s effective control range. 

Fan Speed 

Varying fan speed is an effective means of controlling a fan’s performance. As defined 
by the fan laws (discussed earlier), both volume and pressure can be controlled 
directly by changing the rotating speed of the fan. However, caution must be used 
when changing fan speed. All rotating elements, including fan rotors, have one or 
more critical speeds. When the fan’s speed coincides with one of the critical speeds, 
the rotor assembly becomes extremely unstable and could fail catastrophically. 

In most general purpose applications, fans are designed to operate between 10 and 15 
percent below their first critical speed. If speed is increased on these fans, there is a 
good potential for a critical-speed problem. Other applications have fans designed to 
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operate between their first and second critical speeds. In this instance, any change up 
or down may cause the speed to coincide with one of the critical speeds. 

BLOWERS 

A blower uses mating helical lobes or screws and is utilized for the same purpose as a 
fan. These are normally moderate- to high-pressure devices. Blowers are almost iden- 
tical both physically and functionally to positive-displacement compressors. There- 
fore, compressor information found in Chapter 4 on basic design criteria, physical 
laws, and operating characteristics applies to blowers as well. 

FLUIDIZERS 

Fluidizers are identical to single-stage, screw-type compressors or blowers. They are 
designed to provide moderate- to high-pressure transfer of nonabrasive, dry materials. 



CONVEYORS 

Conveyors are used to transport materials from one location to another within a plant 
or facility. The variety of conveyor systems is almost infinite, but the two major classi- 
fications used in typical chemical plants are pneumatic and mechanical. Note that the 
power requirements of a pneumatic-conveyor system are much greater than for a 
mechanical conveyor of equal capacity. However, both systems offer some advantages. 

PNEUMATIC 

Pneumatic conveyors are used to transport dry, free-flowing, granular material in sus- 
pension within a pipe or duct. This is accomplished by the use of a high-velocity air- 
stream or by the energy of expanding compressed air within a comparatively dense 
column of fluidized or aerated material. Principal uses are (1) dust collection; (2) con- 
veying soft materials, such as flake or tow; and (3) conveying hard materials, such as 
fly ash, cement, and sawdust. 

The primary advantages of pneumatic-conveyor systems are the flexibility of piping 
configurations and their ability to greatly reduce the explosion hazard. Pneumatic 
conveyors can be installed in almost any configuration required to meet the specific 
application. With the exception of the primary driver, there are no moving parts that 
can fail or cause injury. However, when used to transport explosive materials, the 
potential for static charge buildup that could cause an explosion remains. 

Configuration 

A typical pneumatic-conveyor system consists of Schedule-40 pipe or ductwork, 
which provides the primary flow path used to transport the conveyed material. Motive 
power is provided by the primary driver, which can be either a fan, fluidizer, or posi- 
tive-displacement compressor. 

112 
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performance 

Pneumatic conveyor performance is determined by the following factors: primary- 
driver output, internal surface of the piping or ductwork, and the condition of the 
transported material. Specific factors affecting performance include motive power, 
friction loss. and flow restrictions. 

Motive Power 

The motive power is provided by the primary driver, which generates the gas (typi- 
cally air) velocity required to transport material within a pneumatic-conveyor system. 
Therefore, the efficiency of the conveying system depends on the primary driver's 
operating condition. 

Friction Loss 

Friction loss within a pneumatic-conveyor system is a primary source of efficiency 
loss. The piping or ductwork must be properly sized to minimize friction without low- 
ering the velocity below the value needed to transport the material. 

Flow Restrictions 

An inherent weakness of pneumatic-conveyor systems is their potential for blockage. 
The inside surfaces must be clean and free of protrusions or other defects that can 
restrict or interrupt the flow of material. In addition, when a system is shut down or 
the velocity drops below the minimum required to keep the transported material sus- 
pended, the product will drop out or settle in the piping or ductwork. In most cases, 
this settled material will compress and lodge in the piping. The restriction caused by 
this compacted material will reduce flow and eventually result in a complete blockage 
of the system. 

Another major contributor to flow restrictions is blockage caused by system backups. 
This occurs when the end point of the conveyor system (i.e., storage silo, machine, or 
vessel) cannot accept the entire delivered flow of material. As the transported material 
backs up in the conveyor piping, it compresses and forms a solid plug that must be 
removed manually. 

Installation 

All piping and ductwork should be as straight and short as possible. Bends should 
have a radius of at least three diameters of the pipe or ductwork. The diameter should 
be selected to minimize friction loss and maintain enough velocity to prevent settling 
of the conveyed material. Branch lines should be configured to match as closely as 
possible the primary flow direction and avoid 90" angles to the main line. The area of 
the main conveyor line at any point along its run should be 20 to 25 percent greater 
than the sum of all its branch lines. 
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When vertical runs are short in proportion to the horizontal runs, the size of the riser 
can be restricted to provide the additional velocity, if needed. If the vertical runs are 
long, the primary or a secondary driver must provide sufficient velocity to transport 
the material. 

Cleanouts, or drop-legs, should be installed at regular intervals throughout the system 
to permit foreign materials to drop out of the conveyed material. In addition, they pro- 
vide the means to remove materials that drop out when the system is shut down or air 
velocity is lost. It is especially important to install adequate cleanout systems near 
flow restrictions and at the end of the conveyor system. 

Operating Methods 

Pneumatic-conveyor systems must be operated properly to prevent chronic problems, 
with the primary concern being to maintain constant flow and velocity. If either of 
these variables is permitted to drop below the system’s design envelope, partial or 
complete blockage of the conveyor system will occur. 

Constant velocity can be maintained only when the system is operated within its per- 
formance envelope and when regular cleanout is part of the normal operating practice. 
In addition, the primary driver must be in good operating condition. Any deviation in 
the primary driver’s efficiency reduces the velocity and can result in partial or com- 
plete blockage. 

The entire pneumatic-conveyor system should be completely evacuated before shut- 
down to prevent material from settling in the piping or ductwork. In noncontinuous 
applications, the conveyor system should be operated until all material within the con- 
veyor’s piping is transported to its final destination. Material that is allowed to settle 
will compact and partially block the piping. Over time, this will cause a total blockage 
of the conveyor system. 

MECHANICAL 

A variety of mechanical-conveyor systems are used in chemical plants. These systems 
generally incorporate chain- or screw-type mechanisms. 

Chain 

A commonly used chain-type system is a flight conveyor (e.g., Hefler conveyor), 
which is used to transport granular, lumpy, or pulverized materials along a horizontal 
or inclined path within totally enclosed ductwork. The Hefler systems generally have 
lower power requirements than the pneumatic conveyor and, in addition, prevent 
product contamination. This section focuses primarily on the Hefler-type conveyor 
because it is one of the most commonly used systems. 
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Table %I Approximate Capacities of Hejler Conveyors 

Flight Width 
and Depth 

(in.) 
12x6 
15x6 
18x6 
24 x 8 
30x 10 
36x 12 

Quantity of 
Material 
cftm 
0.40 
0.49 
0.56 
1.16 
1.60 
2.40 

Approximate 
Capacity 

(short tonshour) 

60 
1 3  
84 

174 
240 
360 

Lump Size, 
Single Strand Lump Size, Dual 

(in.) Strand (in.) 

31.5 4.0 
41.5 5 .O 
5.0 6.0 

10.0 
14.0 
16.0 

Source: Theodore Baumeister, ed.. Marks’ Standard Handbook for  Mechanical Engineers, 8th ed. (New 
York: McGraw-Hill. 1978). 

Configuration 

The Hefler-type conveyor uses a center- or double-chain configuration to provide pos- 
itive transfer of material within its ductwork. Both chain configurations use hardened 
bars or U-shaped devices that are an integral part of the chain to drag the conveyed 
material through the ductwork. 

Peqonnance 

Data used to determine Hefler conveyors’ capacity and the size of material that can be 
conveyed are presented in Table 9-1. Note that the data are for level conveyors. When 
conveyors are inclined, the capacity data obtained from Table 9-1 must be multiplied 
by the factors provided in Table 9-2. 

Installation 

The primary installation concerns with Hefler-type conveyor systems are the duct- 
work and primary-drive system. 

Ductwork The inside surfaces of the ductwork must be free of defects or protrusions 
that interfere with the movement of the conveyor’s chain or transported product. This 
is especially true at the joints. The ductwork must be sized to provide adequate chain 

Table 9-2 Capac?y Correction Factors for Inclined Hefler Conveyors 

Inclination, degrees 20 25 30 35 
Factor 0.9 0.8 0.7 0.6 

Source: Theodore Baumeister, ed.. Marks’ Standard Handbook for  Mechanical Engineers, 8th ed. (New 
York: McCraw-Hill, 1978). 
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clearance but should not be large enough to have areas where the chain-drive bypasses 
the product. 

A long horizontal run followed by an upturn is inadvisable because of radial thrust. 
All bends should have a large radius to permit smooth transition and prevent material 
buildup. As with pneumatic conveyors, the ductwork should include cleanout ports at 
regular intervals for ease of maintenance. 

Primary Drive System Most mechanical conveyors use a primary-drive system that 
consists of an electric motor and a speed-increaser gearbox. See Chapter 14 for more 
information on gear-drive performance and operation criteria. 

The drive-system configuration may vary, depending on the specific application or 
vendor. However, all configurations should include a single point-of-failure device, 
such as a shear pin, to protect the conveyor. The shear pin is critical in this type of 
conveyor because it is prone to catastrophic failure caused by blockage or obstruc- 
tions that may lock the chain. Use of the proper shear pin prevents major damage to 
the conveyor system. 

For continuous applications, the primary-drive system must have adequate horsepower 
to handle a fully loaded conveyor. Horsepower requirements should be determined 
based on the specific product’s density and the conveyor’s maximum-capacity rating. 

For intermittent applications, the initial startup torque is substantially greater than for 
continuous operation. Therefore, selection of the drive system and the designed fail- 
ure point of the shear device must be based on the maximum startup torque of a fully 
loaded system. 

If either the drive system or designed failure point is not properly sized, this type of 
conveyor is prone to chronic failure. The predominant types of failure are frequent 
breakage of the shear device and trips of the motor’s circuit breaker caused by exces- 
sive startup amp loads. 

Operating Methods 

Most mechanical conveyors are designed for continuous operation and may exhibit 
problems in intermittent-service applications. The primary problem is the startup 
torque for a fully loaded conveyor. This is especially true for conveyor systems han- 
dling material that tends to compact or compress on settling in a vessel, such as the 
conveyor trough. 

The only positive method of preventing excessive startup torque is to ensure that the 
conveyor is completely empty before shutdown. In most cases, this can be accom- 
plished by isolating the conveyor from its supply for a few minutes prior to shutdown. 
This time delay permits the conveyor to deliver its entire load of product before it is 
shut off. 
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In applications where it is impossible to completely evacuate the conveyor prior to 
shutdown, the only viable option is to jog, or step start, the conveyor. Step starting 
reduces the amp load on the motor and should control the torque to prevent the shear 
pin from failing. 

If, instead of step starting, the operator applies full motor load to a stationary, fully 
loaded conveyor, one of two things will occur: (1) the drive motor's circuit breaker 
will trip as a result of excessive amp load or (2) the shear pin installed to protect the 
conveyor will fail. Either of these failures adversely affects production. 

Screw 

The screw, or spiral, conveyor is widely used for pulverized or granular, noncorrosive, 
nonabrasive materials in systems requiring moderate capacities, distances no more 
than about 200 feet, and moderate inclines (535"). It usually costs substantially less 
than any other type of conveyor and can be made dust tight by installing a simple 
cover plate. 

Abrasive or corrosive materials can be handled with suitable construction of the helix 
and trough. Conveyors using special materials, such as hard-faced cast iron and lin- 
ings or coatings, on the components that come into contact with the materials can be 
specified in these applications. The screw conveyor will handle lumpy material if the 
lumps are not large in proportion to the diameter of the screw's helix. 

Screw conveyors may be inclined. A standard-pitch helix will handle material on 
inclines up to 35". Capacity is reduced in inclined applications, and Table 9-3 pro- 
vides the approximate reduction in capacity for various inclines. 

Configuration 

Screw conveyors have a variety of configurations. Each is designed for specific appli- 
cations or materials. Standard conveyors have a galvanized-steel rotor, or helix, and 
trough. For abrasive and corrosive materials (e.g.. wet ash), both the helix and trough 
may be hard-faced cast iron. For abrasives, the outer edge of the helix may be faced 
with a renewable strip of Stellite(tm) (a cobalt alloy produced by Haynes Stellite Co.) 
or other similarly hard material. Aluminum, bronze, Monel, or stainless steel also may 
be used to construct the rotor and trough. 

Table 9-3 Screw Conveyor Capacity Reductions for Znclined Applications 

Inclination, degrees LO 15 20 25 30 35 
Reductionincapacity, 8 10 26 45 58 70 78 

Source: Theodore Baumeister. ed., Marks' Standard Handbook for Mechanical Engineers, 8th ed. (New 
York: McGraw-Hill, 1978). 
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Short-Pitch Screw 

The standard helix used for screw conveyors has a pitch approximately equal to its 
outside diameter. The short-pitch screw is designed for applications with inclines 
greater than 29". 

Variable-Pitch Screw 

Variable-pitch screws having the short pitch at the feed-end automatically control the 
flow to the conveyor and correctly proportion the load down the screw's length. 
Screws having what is referred to as a short section, which has either a shorter pitch 
or smaller diameter, are self-loading and do not require a feeder. 

Cut Flight 

Cut-flight conveyors are used for conveying and mixing cereals, grains, and other 
light material. They are similar to normal flight or screw conveyors, and the only dif- 
ference is the configuration of the paddles or screw. Notches are cut in the flights to 
improve the mixing and conveying efficiency when handling light, dry materials. 

Ribbon Screw 

Ribbon screws are used for wet and sticky materials, such as molasses, hot tar, and 
asphalt. This type of screw prevents the materials from building up and altering the 
natural frequency of the screw. A buildup can cause resonance problems and possibly 
catastrophic failure of the unit. 

Paddle Screw 

The paddle-screw conveyor is used primarily for mixing materials like mortar and 
paving mixtures. An example of a typical application is churning ashes and water to 
eliminate dust. 

Performance 

Process parameters, such as density, viscosity, and temperature, must be constantly 
maintained within the conveyor's design operating envelope. Slight variations can 
affect performance and reliability. In intermittent applications, extreme care should be 
taken to fully evacuate the conveyor prior to shutdown. In addition, caution must be 
exercised when restarting a conveyor in case an improper shutdown was performed 
and material was allowed to settle. 

Power Requirements 

The horsepower requirement for the conveyor-head shaft, H, for horizontal screw 
conveyors can be determined from the following equation: 

H =  (Am+ CWLF) X 10-6 
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Table 9-4 Factor A for  Self-Lubricating Bronze Bearings 

ConveyorDiameter,in. 6 9 10 12 14 16 18 20 24 
Factor A 54 96 114 171 255 336 414 510 690 

Source: Theodore Baumeister, ed., Marks’ Standard Handbook for  Mechanical Engineers. 8th ed. (New 
York: McGraw-Hill, 1978). 

where 

A = factor for size of conveyor (see Table 9-4); 
c = material volume, ft3/h; 
F = material factor, unitless (see Table 9-5); 
L = length of conveyor, ft; 
N = conveyor rotation speed (rpm); 
W = density of material, Ib/ft3. 

Table 9-5 Power Requirements by Material Group 

Max. Cross-Section (a) Max. Density Max. rpm for Max. rpm 
Material Occupied by the of Material 6-in. for 20-in. 
Group Material Ob@) diameter diameter 

1 45 50 170 110 
2 38 50 I20 75 
3 31 75 90 60 
4 25 100 70 50 
5 12 112 30 25 

Group 1: F factor is 0.5 for light materials such as barley, beans, brewers, grains (dry), coal (pulv.), corn 
meal, cottonseed meal, flaxseed, flour, malt, oats, rice, wheat. 

Group 2: Includes fines and granular material. The values of F are alum (pulv.), 0.6; coal (slack or fines). 
0.9; coffee beans, 0.4; sawdust, 0.7; soda ash (light), 0.7; soybeans, 0.5; fly ash, 0.4. 

Group 3: Includes materials with small lumps mixed with fines. Values of F are alum, 1.4; ashes (dry), 
4.0 borax, 0.7; brewers grains (wet), 0.6; cottonseed, 0.9; salt, coarse or fine, 1.2; soda ash 
(heavy), 0.7. 

Group 4: Includes semiabrasive materials, fines, granular and small lumps. Values of Fare acid phosphate 
(dry). 1.4; bauxite (dry), 1.8; cement (dry), 1.4; clay, 2.0; fuller’s earth, 2.0; lead salts, 1.0; lime- 
stone screenings, 2.0; sugar (raw), 1.0 white lead, 1.0 sulfur (lumpy), 0.8; zinc oxide, 1.0. 

Group 5:  Includes abrasive lumpy materials which must be kept from contact with hanger bearings. Val- 
ues of F are wet ashes, 5 .0  flue dirt, 4.0 quartz (pulv.), 2.5; silica sand, 2.0: sewage sludge (wet 
and sandy), 6.0. 

Source: Theodore Baumeister. ed., Marks’ Standard Handbook for  Mechanical Engineers, 8th ed. (New 
York: McGraw-Hill, 1978). 



120 Root Cause Failure Aniysis 

Table 9-6 Allowance Factor 

H (he) I 1-2 2 - 4  4-5 5 
G 2 1.5 1.25 1.1 1 .o 
Source: Theodore Baumeister, ed., Marh '  Standard Handbook for Mechanical Engineers, 8th ed. (New 
York: McGraw-Hill, 1978). 

In addition to H, the motor size depends on the drive efficiency (E) and a unitless 
allowance factor (G),  which is a function of H .  Values for G are found in Table 9-6. 
The value for E usually is 90 percent. 

Motor hp = HGIE 

Table 9-5 gives the information needed to estimate the power requirement: percent- 
ages of helix loading for five groups of material, maximum material density or capac- 
ity, allowable speeds for 6-in. and 20-in. diameter screws, and the factor F. 

Volumetric Eficiency 

Screw-conveyor performance also is determined by the volumetric efficiency of the 
system. This efficiency is determined by the amount of slip or bypass generated by the 
conveyor. The amount of slip in a screw conveyor is determined primarily by three 
factors: product properties, screw efficiency, and clearance between the screw and the 
conveyor barrel or housing. 

Product Properties Not all materials or products have the same flow characteristics. 
Some have plastic characteristics and flow easily. Others do not self-adhere and tend 
to separate when pumped or conveyed mechanically. As a result, the volumetric effi- 
ciency is directly affected by the properties of each product. This also affects screw 
performance. 

Screw Efficiency Each of the common screw configurations (Le., short pitch, vari- 
able pitch, cut flights, ribbon, and paddle) has varying volumetric efficiencies, 
depending on the type of product conveyed. Screw designs or configurations must be 
carefully matched to the product to be handled by the system. 

For most medium- to high-density products in a chemical plant, the variable-pitch 
design normally provides the highest volumetric efficiency and lowest required horse- 
power. Cut-flight conveyors are highly efficient for light, nonadhering products, such 
as cereals, but are inefficient when handling heavy, cohesive products. Ribbon con- 
veyors are used to convey heavy liquids, such as molasses, but are not very efficient 
and have a high slip ratio. 
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Ciearance Improper clearance is the source of many volumetric-efficiency prob- 
lems. It is important to maintain proper clearance between the outer ring, or diameter, 
of the screw and the conveyor’s barrel, or housing, throughout the operating life of the 
conveyor. Periodic adjustments to compensate for wear, variations in product, and 
changes in temperature are essential. While the recommended clearance varies with 
specific conveyor design and the product to be conveyed, excessive clearance has a 
severe impact on conveyor performance as well. 

lnstalletion 

Installation requirements vary greatly with screw-conveyor design. The vendor’s 
operating and maintenance (O&M) manuals should be consulted and followed to 
ensure proper installation. However, as with practically all mechanical equipment, 
some basic installation requirements are common to all screw conveyors. Installation 
requirements presented here should be evaluated in conjunction with the vendor’s 
O&M manual. If the information provided here conflicts with the vendor-supplied 
information, the O&M manual’s recommendations always should be followed. 

Foundation 0 

The conveyor and its support structure must be installed on a rigid foundation that 
absorbs the torsional energy generated by the rotating screws. Because of the total 
overall length of most screw conveyors, a single foundation that supports the entice 
length and width should be used. There must be enough lateral (Le., width) stiffness 
to prevent flexing during normal operation. Mounting conveyor systems on decking 
or suspended-concrete flooring should provide adequate support. 

Support Structure Most screw conveyors are mounted above the foundation level 
on a support structure that generally has a slight downward slope from the feed end to 
the discharge end. While this improves the operating efficiency of the conveyor, it also 
may cause premature wear of the conveyor and its components. 

The support’s structural members (Le., I-beams and channels) must be adequately 
rigid to prevent conveyor flexing or distortion during normal operation. Design, siz- 
ing, and installation of the support structure must guarantee rigid support over the 
full operating range of the conveyor. When evaluating the structural requirements. 
variations in product type, density, and operating temperature also must be consid- 
ered. Since these variables directly affect the torsional energy generated by the con- 
veyor, the worst-case scenario should be used to design the conveyor’s support 
structure. 

Product-Feed System A major limiting factor of screw conveyors is their ability to 
provide a continuous supply of incoming product. While some conveyor designs, such 
as those having a variable-pitch screw, provide the ability to self-feed, their installa- 
tion should include a means of ensuring a constant, consistent incoming supply of 
product. 
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In addition, the product-feed system must prevent entrainment of contaminates in the 
incoming product. Normally, this requires an enclosure that seals the product from 
outside contaminants. 

Operating Methods 

As previously discussed, screw conveyors are sensitive to variations in incoming 
product properties and the operating environment. Therefore, the primary operating 
concern is to maintain a uniform operating envelope at all times, in particular by con- 
trolling variations in incoming product and operating environment. 

Incoming-Product Variations Any measurable change in the properties of the 
incoming product directly affects the performance of a screw conveyor. Therefore, the 
operating practices should limit variations in product density, temperature, and vis- 
cosity. If they occur, the conveyor’s speed should be adjusted to compensate for them. 

For property changes directly related to product temperature, preheaters or coolers 
can be used in the incoming-feed hopper and heating or cooling traces can be used on 
the conveyor’s barrel. These systems provide a means of achieving optimum conveyor 
performance despite variations in incoming product. 

Operating-Environment Variations Changes in the ambient conditions surrounding 
the conveyor system may also cause deviations in performance. A controlled environ- 
ment will substantially improve the conveyor’s efficiency and overall performance. 
Therefore, operating practices should include ways to adjust conveyor speed and output 
to compensate for variations. The conveyor should be protected from wind chill, radical 
variations in temperature and humidity, and any other environment-related variables. 
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COMPRESSORS 

A compressor is a machine used to increase the pressure of a gas or vapor. Compres- 
sors can be grouped into two major classifications: centrifugal and positive displace- 
ment. This chapter provides a general discussion of these types of compressors. 

CENTRIFUGAL 

In general, the centrifugal designation is used when the gas flow is radial and the 
energy transfer is predominantly due to a change in the centrifugal forces acting on 
the gas. The force utilized by the centrifugal compressor is the same as that utilized by 
centrifugal pumps. 

In a centrifugal compressor, air or gas at atmospheric pressure enters the eye of the 
impeller. As the impeller rotates, the gas is accelerated by the rotating element 
within the confined space created by the volute of the compressor’s casing. The gas 
is compressed as more gas is forced into the volute by the impeller blades. The pres- 
sure of the gas increases as it is pushed through the reduced free space within the 
volute. 

As in centrifugal pumps, there may be several stages to a centrifugal air compressor. 
In these multistage units, a progressively higher pressure is produced by each stage of 
compression. 

Configuration 

The actual dynamics of centrifugal compressors are determined by their design. Com- 
mon designs are overhung or cantilever, centerline, and bullgear. 

123 
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Overhung or Cantilever 

The cantilever design is more susceptible to process instability than centerline centrif- 
ugal compressors. Figure 10-1 illustrates a typical cantilever design. 

The overhung design of the rotor (Le., no outboard bearing) increases the potential for 
radical shaft deflection. Any variation in laminar flow, volume, or load of the inlet or 
discharge gas forces the shaft to bend or deflect from its true centerline. As a result, 
the mode shape of the shaft must be monitored closely. 

Centerline 

Centerline designs @e., horizontal and vertical split case) are more stable over a 
wider operating range but should not be operated in a variable-demand system. 
Figure 10-2 illustrates the normal airflow pattern through a horizontal split-case com- 
pressor. Inlet air enters the first stage of the compressor, where pressure and velocity 
increases occur. The partially compressed air is routed to the second stage, where the 
velocity and pressure are increased further. This process can be continued by adding 
additional stages until the desired final discharge pressure is achieved. 

l k o  factors are critical to the operation of these compressors: impeller configuration 
and laminar flow, which must be maintained through all of the stages. 

Figure 10-1 Cantilever centrifugal compressor is susceptible to instability (Gibbs 1971). 
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The impeller configuration has a major impact on stability and the operating enve- 
lope. There are two impeller configurations: in-line and back-to-back, or opposed. 
With the in-line design, all impellers face in the same direction. With the opposed 
design, impeller direction is reversed in adjacent stages. 

In-Line A compressor with all impellers facing in the same direction generates sub- 
stantial axial forces. The axial pressures generated by each impeller for all the stages 
are additive. As a result, massive axial loads are transmitted to the fixed bearing. 
Because of this load, most of these compressors use either a Kingsbury thrust bearing 
or a balancing piston to resist axial thrusting. Figure 10-3 illustrates a typical balanc- 
ing piston. 

All compressors that use in-line impellers must be monitored closely for axial thrust- 
ing. If the compressor is subjected to frequent or constant unloading, the axial clear- 
ance will increase due to this thrusting cycle. Ultimately, this frequent thrust loading 
will lead to catastrophic failure of the compressor. 

Opposed By reversing the direction of alternating impellers, the axial forces gener- 
ated by each impeller or stage can be minimized. In effect, the opposed impellers tend 
to cancel the axial forces generated by the preceding stage. This design is more stable 
and should not generate measurable axial thrusting, which allows these units to con- 
tain a normal float and fixed rolling-element bearing. 

Figure 10-2 AirJlow through a centerline centrifugal compressor (Gibbs 1971). 
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Figure 10-3 Balancingpiston resists axial thrustfrom the in-line impeller design of a cen- 
terline centrifugal compressor (Gibbs 1971). 

Bullgear 

The bullgear design uses a direct-driven helical gear to transmit power from the pri- 
mary driver to a series of pinion-gear-driven impellers located around the circumfer- 
ence of the bullgear. Figure 10-4 illustrates a typical bullgear compressor layout. 

The pinion shafts typically have a cantilever-type design that has an enclosed impeller 
on one end and a tilting-pad bearing on the other. The pinion gear is between these 
two components. The number of impeller-pinions (Le., stages) varies with the appli- 
cation and the original equipment vendor. However, all bullgear compressors contain 
multiple pinions that operate in series. 

Atmospheric air or gas enters the first-stage pinion, where the pressure is increased by 
the centrifugal force created by the first-stage impeller. The partially compressed air 
leaves the first stage, passes through an intercooler, and enters the second-stage 
impeller. This process is repeated until the fully compressed air leaves through the 
final pinion-impeller, or stage. 

Most bullgear compressors are designed to operate with a gear speed of 3,600 rpm. In 
a typical four-stage compressor, the pinions operate at progressively higher speeds. A 
typical range is between 12,000 rpm (first stage) and 70,000 rpm (fourth stage). 

Due to their cantilever design and pinion rotating speeds, bullgear compressors are 
extremely sensitive to variations in demand or downstream pressure changes. Because 
of this sensitivity, their use should be limited to baseload applications. 

Bullgear compressors are not designed for, nor will they tolerate, load-following 
applications. They should not be installed in the same discharge manifold with posi- 
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Figure 10-4 Bullgear centri@gal compressor (Gibbs 1971). 

tive-displacement compressors, especially reciprocating compressors. The standing- 
wave pulses created by many positive-displacement compressors create enough varia- 
tion in the discharge manifold to cause potentially serious instability. 

In addition, the large helical gear used for the bullgear creates an axial oscillation or 
thrusting that contributes to instability within the compressor. This axial movement is 
transmitted throughout the machine train. 

Performance 

Compressed-air systems and compressors are governed by the physical laws of ther- 
modynamics, which define their efficiency and system dynamics. This section dis- 
cusses the first and second laws of thermodynamics, which apply to all compressors 
and compressed-air systems. Also applying to these systems are the ideal gas law and 
the concepts of pressure and compression. 

First Law of Thermodynamics 

This law states that energy cannot be created or destroyed during a process, such as 
compression and delivery of air or gas, although it may change from one form of 
energy to another. In other words, whenever a quantity of one kind of energy disap- 
pears, an exactly equivalent total of other kinds of energy must be produced. This is 
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expressed for a steady-flow open system such as a compressor by the following 
relationship: 

Net energy added to Stored energy of mass 
system as heat and work + entering system - leaving system = 0 

Stored energy of mass 

Second Law of Thermodynamics 

The second law of thermodynamics states that energy exists at various levels and is 
available for use only if it can move from a higher level to a lower one. For example, 
it is impossible for any device to operate in a cycle and produce work while exchang- 
ing heat only with bodies at a single, fixed temperature. In thermodynamics, a mea- 
sure of the unavailability of energy has been devised, known as enrropy. As a measure 
of unavailability, entropy increases as a system loses heat, but remains constant when 
there is no gain or loss of heat as in an adiabatic process. It is defined by the following 
differential equation: 

where Tis the temperature (Fahrenheit) and Q is the heat added (BTU). 

PressureNolumeRemperature Relationship 

Pressure (P), temperature (T), and volume (V) are properties of gases that are com- 
pletely interrelated. Boyle's law and Charles' law may be combined into one equation 
that is referred to as the ideal gas law. This equation is true always for ideal gases and 
for real gases under certain conditions: 

For air at room temperature, the error in this equation is less than 1 percent for pres- 
sures as high as 400 psia (absolute psi). For air at one atmosphere of pressure, the 
error is less than 1 percent for temperatures as low as -200" Fahrenheit. These error 
factors will vary for different gases. 

Pressu re/Compression 

In a compressor, pressure is generated by pumping quantities of gas into a tank or 
other pressure vessel. The pressure is increased by progressively increasing the 
amount of gas in the confined or fixed-volume space. The effects of pressure exerted 
by a confined gas result from the force acting on the container walls. This force is 
caused by the rapid and repeated bombardment from the enormous number of mole- 
cules present in a given quantity of gas. 

Compression occurs when the space between the molecules is decreased. Less volume 
means that each particle has a shorter distance to travel, thus proportionately more colli- 
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sions occur in a given span of time, resulting in a higher pressure. Air compressors are 
designed to generate particular pressures to meet specific application requirements. 

Other Pe~ormance indicators 

Centrifugal compressors are governed by the same performance indicators as centrif- 
ugal pumps or fans. 

Installation 

Dynamic compressors seldom pose serious foundation problems. Since moments and 
shaking forces are not generated during compressor operation, there are no variable 
loads to be supported by the foundation. A foundation or mounting of sufficient area 
and mass to maintain the compressor level and alignment and to assure safe soil load- 
ing is all that is required. The units may be supported on structural steel if necessary. 
The principles defined in the section on Operating Dynamics in Chapter 8 for centrif- 
ugal pumps also apply to centrifugal compressors. 

It is necessary to install pressure-relief valves on most dynamic compressors to pro- 
tect them, due to restrictions placed on casing pressure, power input, and to keep out 
of its surge range. Always install a valve capable of bypassing the full-load capacity 
of the compressor between its discharge port and the first isolation valve. 

Operating Methods 

The acceptable operating envelope for centrifugal compressors is very limited. There- 
fore, care should be taken to minimize any variation in suction supply, back-pressure 
caused by changes in demand, and frequency of unloading. The operating guidelines 
provided in the compressor vendor’s O&M manual should be followed to prevent 
abnormal operating behavior or premature wear or failure of the system. 

Centrifugal compressors are designed to be baseloaded and may exhibit abnormal behav- 
ior or chronic reliability problems when used in a load-following mode of operation. This 
is especially true of bullgear and cantilever compressors. For example, a I-psig change in 
discharge pressure may be enough to cause catastrophic failure of a bullgear compressor. 
Variations in demand or back pressure. on a cantilever design can cause the entire rotating 
element and its shaft to flex. This not only a€fects the compressor’s efficiency but also 
accelerates wear and may lead to premature shaft or rotor failure. 

All compressor types have moving parts, high noise levels, high pressures, and high- 
temperature cylinder and discharge-piping surfaces. 

POSITIVE DISPLACEMENT 

Positive-displacement compressors can be divided into two major classifications: 
rotary and reciprocating. 
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Rotary 

The rotary compressor is adaptable to direct drive by the use of induction motors or 
multicylinder gasoline or diesel engines. These compressors are compact, relatively 
inexpensive, and require a minimum of operating attention and maintenance. They 
occupy a fraction of the space and weight of a reciprocating machine having equiva- 
lent capacity. 

Rotary compressors are classified into three general groups: sliding vane, helical lobe, 
and liquid-seal ring. 

Sliding Vane 

The basic element of the sliding-vane compressor is the cylindrical housing and the 
rotor assembly. This compressor, illustrated in Figure 10-5, has longitudinal vanes 
that slide radially in a slotted rotor mounted eccentrically in a cylinder. The centrifu- 
gal force carries the sliding vanes against the cylindrical case with the vanes forming 
a number of individual longitudinal cells in the eccentric annulus between the case 
and rotor. The suction port is located where the longitudinal cells are largest. The size 
of each cell is reduced by the eccentricity of the rotor as the vanes approach the dis- 
charge port, thus compressing the gas. 

Cyclical opening and closing of the inlet and discharge ports occurs by the rotor’s 
vanes passing over them. The inlet port normally is a wide opening designed to admit 
gas in the pocket between two vanes. The port closes momentarily when the second 
vane of each air-containing pocket passes over the inlet port. 

When running at design pressure, the theoretical operation curves (see 
Figure 10-6) are identical to a reciprocating compressor. However, there is one 
major difference between a sliding-vane and a reciprocating compressor. The recip- 
rocating unit has spring-loaded valves that open automatically with small pressure 

Figure 1&5 Rotary sliding-vane compressor (Gibbs 1971). 
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Figure I M  Theoretical operation curves for rotary compressors with built-in porting 
(Gibbs 1971). 

differentials between the outside and inside cylinder. The sliding-vane compressor 
has no valves. 

The fundamental design considerations of a sliding-vane compressor are the rotor 
assembly, the cylinder housing, and the lubrication system. 

Housing and Rotor Assembly Cast iron is the standard material used to construct 
the cylindrical housing, but other materials may be used if corrosive conditions exist. 
The rotor usually is a continuous piece of steel that includes the shaft and is made 
from bar stock. Special materials can be selected for corrosive applications. Occasion- 
ally, the rotor may be a separate iron casting keyed to a shaft. On most standard air 
compressors, the rotor-shaft seals are semi-metallic packing in a stuffing box. Com- 
mercial mechanical rotary seals can be supplied when needed. Cylindrical roller bear- 
ings generally are used in these assemblies. 

Vanes usually are asbestos or cotton cloth impregnated with a phenolic resin. Bronze 
or aluminum also may be used for vane construction. Each vane fits into a milled slot 
extending the full length of the rotor and slides radially in and out of this slot once per 
revolution. Vanes are the part in the compressor most in need of maintenance. Each 
rotor has from 8 to 20 vanes, depending on its diameter. A greater number of vanes 
increases compartmentalization, which reduces the pressure differential across each 
vane. 
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Lubrication System A V-belt-driven, force-fed oil lubrication system is used on 
water-cooled compressors. Oil goes to both bearings and several points in the cylin- 
der. Ten times as much oil is recommended to lubricate the rotary cylinder as is 
required for the cylinder of a corresponding reciprocating compressor. The oil carried 
over with the gas to the line may be reduced 50 percent with an oil separator on the 
discharge. Use of an aftercooler ahead of the separator permits removal of 85 to 90 
percent of the entrained oil. 

Helical Lobe or Screw 

The helical lobe, or screw, compressor is shown in Figure 10-7. It has two or more 
mating sets of lobe-type rotors mounted in a common housing. The male lobe, or rotor, 
usually is driven directly by an electric motor. The female lobe, or mating rotor, is 
driven by a helical gear set mounted on the outboard end of the rotor shafts. The gears 
provide both motive power for the female rotor and absolute timing between the rotors. 

The rotor set has extremely close mating clearance (i.e., about 0.5 mils) but no metal- 
to-metal contact. Most of these compressors are designed for oil-free operation. In 
other words, no oil is used to lubricate or seal the rotors. Instead, oil lubrication is 
limited to the timing gears and bearings outside the air chamber. Because of this, 
maintaining proper clearance between the two rotors is critical. 

This type of compressor is classified as a constant volume, variable-pressure machine 
that is quite similar to the vane-type rotary in general characteristics. Both have a 
built-in compression ratio. 

Helical-lobe compressors are best suited for baseload applications, where they can 
provide a constant volume and pressure of discharge gas. The only recommended 
method of volume control is the use of variable-speed motors. With variable-speed 

Figure 10-7 Helical lobe, or screw, rotary air compressor (Gibbs 1971). 
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drives, capacity variations can be obtained with a proportionate reduction in speed. A 
50 percent speed reduction is the maximum permissible control range. 

Helical-lobe compressors are not designed for frequent or constant cycles between 
load and no-load operation. Each time the compressor unloads, the rotors tend to 
thrust axially. Even though the rotors have a substantial thrust bearing and, in some 
cases, a balancing piston to counteract axial thrust, the axial clearance increases each 
time the compressor unloads. Over time, this clearance will increase enough to permit 
a dramatic rise in the impact energy created by axial thrust during the transition from 
loaded to unloaded conditions. In extreme cases, the energy can be enough to physi- 
cally push the rotor assembly through the compressor housing. 

The compression ratio and maximum inlet temperature determine the maximum dis- 
charge temperature of these compressors. Discharge temperatures must be limited to 
prevent excessive distortion between the inlet and discharge ends of the casing and 
rotor expansion. High-pressure units are water-jacketed to obtain uniform casing tem- 
perature. Rotors also may be cooled to permit a higher operating temperature. 

Either casing distortion or rotor expansion can cause the clearance between the rotat- 
ing parts to decrease and allow metal-to-metal contact. Since the rotors typically 
rotate at speeds between 3,600 and 10,OOO rpm, metal-to-metal contact normally 
results in instantaneous, catastrophic compressor failure. 

Changes in differential pressures can be caused by variations in either inlet or dis- 
charge conditions (Le., temperature, volume, or pressure). Such changes can cause the 
rotors to become unstable and change the load zones in the shaft-support bearings. 
The result is premature wear or failure of the bearings. 

Always install a relief valve capable of bypassing the full-load capacity of the com- 
pressor between its discharge port and the first isolation valve. Since helical-lobe 
compressors are less tolerant to overpressure operation, safety valves usually are set 
within 10 percent of absolute discharge pressure, or 5 psi, whichever is lower. 

Liquid-Seal Ring 

The liquid-ring, or liquid-piston, compressor is shown in Figure lG8. It has a rotor 
with multiple forward-turned blades rotating about a central cone that contains inlet 
and discharge ports. Liquid is trapped between adjacent blades, which drive the liquid 
around the inside of an elliptical casing. As the rotor turns, the liquid face moves in 
and out of this space due to the casing shape, creating a liquid piston. Porting in the 
central cone is built in and fixed, and there are no valves. 

Compression occurs within the pockets or chambers between the blades before the 
discharge port is uncovered. Since the port location must be designed and built for a 
specific compression ratio, it tends to operate above or below the design pressure 
(refer back to Figure 1M). 
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Figur *e 10-8 Liquidseal ring rotary air compressor (Gibbs 1971). 

Liquid-ring compressors are cooled directly rather than by jacketed casing walls. The 
cooling liquid is fed into the casing where it comes into direct contact with the gas 
being compressed. The excess liquid is discharged with the gas. The discharged mix- 
ture is passed through a conventional baffle or centrifugal-type separator to remove 
the free liquid. Because of the intimate contact of gas and liquid, the final discharge 
temperature can be held close to the inlet cooling water temperature. However, the 
discharge gas is saturated with liquid at the discharge temperature of the liquid. 

The amount of liquid passed through the compressor is not critical and can be varied 
to obtain the desired results. The unit will not be damaged if a large quantity of liquid 
inadvertently enters its suction port. 

Lubrication is required only in the bearings, which generally are located external to 
the casing. The liquid itself acts as a lubricant, sealing medium, and coolant for the 
stuffing boxes. 

Per$ormance 

Performance of a rotary positive-displacement compressor can be evaluated using the 
same criteria as a positive-displacement pump. Also refer to the previous discussion 
of the laws of thermodynamics that apply to all compressors. As constant-volume 
machines, performance is determined by rotation speed, internal slip, and total back 
pressure on the compressor. 

The volumetric output of rotary positive-displacement compressors can be controlled 
by changing the speed. The slower the compressor turns, the lower is its output vol- 
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ume. This feature permits the use of these compressors in load-following applications. 
However, care must be taken to prevent sudden, radical changes in speed. 

Internal slip is simply the amount of gas that can flow through internal clearances 
from the discharge back to the inlet. Obviously, internal wear will increase internal 
slip. 

Discharge pressure is relatively constant regardless of operating speed. With the 
exception of slight pressure variations caused by atmospheric changes and back pres- 
sure, a rotary positive-displacement compressor will provide a fixed discharge pres- 
sure. Back pressure, which is caused by restrictions in the discharge piping or demand 
from users of the compressed air or gas, can have a serious impact on compressor per- 
formance. 

If back pressure is too low or demand too high, the compressor will be unable to pro- 
vide sufficient volume or pressure to the downstream systems. In this instance, the 
discharge pressure will be noticeably lower than designed. 

If back pressure is too high or demand too low, the compressor will generate a dis- 
charge pressure higher than designed. It will continue to compress the air or gas until 
it reaches the unload setting on the system’s relief valve or until the brake horsepower 
required exceeds the maximum horsepower rating of the driver. 

Installation 

Installation requirements for rotary positive-displacement compressors are similar to 
any rotating machine. As with centrifugal compressors, rotary positive-displacement 
compressors must be fitted with pressure-relief devices to limit the discharge or inter- 
stage pressures to a safe maximum for the equipment served. 

In applications where demand varies, rotary positive-displacement compressors 
require a downstream receiver tank or reservoir that minimizes the load-unload 
cycling frequency of the compressor. The receiver tank should have sufficient volume 
to permit acceptable unload frequencies for the compressor. Refer to the vendor’s 
O&M manual for specific receiver-tank recommendations. 

Operating Methods 

All compressor types have moving parts, high noise levels, high pressures, and high- 
temperature cylinder and discharge-piping surfaces. 

Rotary positive-displacement compressors should be operated as baseloaded units. 
They are especially sensitive to the repeated start-stop operation required by load-fol- 
lowing applications. Generally, rotary positive-displacement compressors are 
designed to unload about every six to eight hours. This unload cycle is needed to dis- 
sipate the heat generated by the compression process. If the unload frequency is too 
great, these compressors have a high probability of failure. 
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The primary operating control inputs for rotary positive-displacement compressors 
are discharge pressure, pressure fluctuation, and unloading frequency. 

Discharge Pressure This type of compressor will continue to compress the air vol- 
ume in the downstream system until (1) some component in the system fails, (2) the 
brake horsepower exceeds the driver’s capacity, or (3) a safety valve opens. Therefore, 
the operator’s primary control input should be the compressor’s discharge pressure. A 
discharge pressure below the design point is a clear indicator that the total down- 
stream demand is greater than the unit’s capacity. If the discharge pressure is too high, 
the demand is too low and excessive unloading will be required to prevent failure. 

Pressure Fluctuation Fluctuations in the inlet and discharge pressures indicate 
potential system problems that may adversely affect performance and reliability. Pres- 
sure fluctuation generally is caused by changes in the ambient environment, turbulent 
flow, or restrictions due to partially blocked inlet filters. Any of these problems will 
result in performance and reliability problems if not corrected. 

Unloading Frequency The unloading function in rotary positive-displacement com- 
pressors is automatic and not under operator control. Generally, a set of limit 
switches, one monitoring internal temperature and one monitoring discharge pressure, 
is used to trigger the unloading process. By design, the limit switch that monitors the 
compressor’s internal temperature is the primary control. The secondary control, or 
discharge-pressure switch, is a fail-safe design to prevent overloading the compressor. 

Depending on design, rotary positive-displacement compressors have an internal 
mechanism designed to minimize the axial thrust caused by the instantaneous change 
from fully loaded to unloaded operating conditions. In some designs, a balancing pis- 
ton is used to absorb the rotor’s thrust during this transition. In others, oversized thrust 
bearings are used. 

Regardless of the mechanism used, none provides complete protection from the dam- 
age imparted by the transition from load to no-load conditions. However, as long as 
the unloading frequency is within design limits, this damage will not adversely affect 
the compressor’s useful operating life or reliability. However, an unloading frequency 
greater than that accommodated in the design will reduce the useful life of the com- 
pressor and may lead to premature, catastrophic failure. 

Operating practices should minimize, as much as possible, the unloading frequency of 
these compressors. Installation of a receiver tank and modification of user-demand 
practices are the most effective solutions to this type of problem. 

Reciprocating 

Reciprocating compressors are widely used by industry and are offered in a wide 
range of sizes and types. They vary from units requiring less than 1 hp to more than 
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12,000 hp. Pressure capabilities range from low vacuums at intake to special com- 
pressors capable of 60,000 psig or higher. 

Reciprocating compressors are classified as constant-volume, variable-pressure 
machines. They are the most efficient type of compressor and can be used for partial- 
load, or reduced-capacity, applications. 

Because of the reciprocating pistons and unbalanced rotating parts, the unit tends to 
shake. Therefore, it is necessary to provide a mounting that stabilizes the installation. 
The extent of this requirement depends on the type and size of the compressor. 

Reciprocating compressors should be supplied with clean gas, so inlet filters are rec- 
ommended in all applications. The filters cannot satisfactorily handle liquids entrained 
in the gas, although vapors are no problem if condensation within the cylinders does 
not take place. Liquids will destroy the lubrication and cause excessive wear. 

Reciprocating compressors deliver a pulsating flow of gas that can damage down- 
stream equipment or machinery. This sometimes is a disadvantage, but pulsation 
dampers can be used to alleviate the problem. 

Conjiguration 

Certain design fundamentals should be clearly understood before analyzing the oper- 
ating condition of reciprocating compressors. These fundamentals include frame and 
running gear, inlet and discharge valves, cylinder cooling, and cylinder orientation. 

Frame and Running Gear Two basic factors guide frame and running gear design. 
The first factor is the maximum horsepower to be transmitted through the shaft and 
running gear to the cylinder pistons. The second factor is the load imposed on the 
frame parts by the pressure differential between the two sides of each piston. This 
often is called pin loud because the full force is exerted directly on the crosshead and 
crankpin. These two factors determine the size of bearings, connecting rods, frame, 
and bolts that must be used throughout the compressor and its support structure. 

Cylinder Design Compression efficiency depends entirely on the design of the cyl- 
inder and its valves. Unless the valve area is sufficient to allow gas to enter and leave 
the cylinder without undue restriction, efficiency cannot be high. Valve placement for 
free flow of the gas in and out of the cylinder also is important. 

Both efficiency and maintenance are influenced by the degree of cooling during com- 
pression. The method of cylinder cooling must be consistent with the service 
intended. 

The cylinders and all the parts must be designed to withstand the maximum applica- 
tion pressure. The most economical materials that will give the proper strength and 
the longest service under the design conditions generally are used. 
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Inlet and Discharge Valves Compressor valves are placed in each cylinder to per- 
mit one-way flow of gas, either into or out of the cylinder. One or more valve(s) is 
needed for inlet and discharge in each compression chamber. 

Each valve opens and closes once for each revolution of the crankshaft. The valves in 
a compressor operating at 700 rpm for 8 hours per day and 250 days per year will 
have cycled (i-e., opened and closed) 42,000 times per hour, 336,000 times per day, or 
84 million times in a year. The valves have less than ' / lo  of a second to open, let the 
gas pass through, and close. 

They must cycle with a minimum of resistance for minimum power consumption. 
However, the valves must have minimal clearance to prevent excessive expansion and 
reduced volumetric efficiency. They must be tight under extreme pressure and temper- 
ature conditions. Finally, the valves must be durable under many kinds of abuse. 

Four basic valve designs are used in these compressors: finger, channel, leaf, and 
annular ring. Each class may contain variations in design, depending on operating 
speed and size of valve required. 

Finger. Figure 10-9 is an exploded view of a typical finger valve. These 
valves are used for smaller, air-cooled compressors. One end of the finger is 
fixed, and the opposite end lifts when the valve opens. 
Channel. The channel valve shown in Figure 10-10 is widely used in mid- 
to large-sized compressors. This valve uses a series of separate stainless 

HEAD 

Gh 
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Figure 10-9 Finger valve confguration (Gibbs 1971). 
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Figure 10-10 Channel valve configuration (Gibbs 1971). 

steel channels. As explained in the figure, this is a cushioned valve, which 
adds greatly to its life. 
Leaf. The leaf valve (see Figure 10-11) has a configuration somewhat like 
the channel valve. It is made of flat-strip steel that opens against an arched 
stop plate. This results in valve flexing only at its center with maximum lift. 
The valve operates as its own spring. 
Annular Ring. Figure 10-12 shows exploded views of typical inlet and dis- 
charge annular-ring valves. The valves shown have a single ring, but larger 
sizes may have two or three rings. In some designs, the concentric rings are 
tied into a single piece by bridges. The springs and valve move into a recess 
in the stop plate as the valve opens. Gas trapped in the recess acts as a cush- 
ion and prevents slamming. This eliminates a major source of valve and 
spring breakage. The valve shown was the first cushioned valve built. 

Cylinder Cooling Cylinder heat is produced by the work of compression plus friction 
caused by the action of the piston and piston rings on the cylinder wall and packing on 
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Figure 1&11 k a f  spring configuration (Gibbs 1971). 

the rod. The amount of heat generated can be considerable, particularly when moderate 
to high compression ratios are involved. This can result in undesirably high operating 
temperatures. 

Most compressors use some method to dissipate a portion of this heat to reduce the 
cylinder wall and discharge gas temperatures. The following are advantages of cylin- 
der cooling: 

Lowering cylinder wall and cylinder head temperatures reduces loss of 
capacity and horsepower per unit volume due to suction gas preheating dur- 
ing inlet stroke. This results in more gas in the cylinder for compression. 
Reducing cylinder wall and cylinder head temperatures removes more heat 
from the gas during compression, lowering its final temperature and reduc- 
ing the power required. 
Reducing the gas temperature and that of the metal surrounding the valves 
results in a longer valve service life and reduces the possibility of deposit 
formation. 
Reduced cylinder wall temperature promotes better lubrication, resulting in 
longer life and reduced maintenance. 
Cooling, particularly water cooling, maintains a more even temperature 
around the cylinder bore and reduces warpage. 
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IN LET - DISCHARGE 

Figure 10-12 Annular-ring valves (Gibbs 1971). 

Cylinder Orientation Orientation of the cylinders in a multistage or multicylinder 
compressor directly affects the operating dynamics and vibration level. Figure 10-13 
illustrates a typical three-piston, air-cooled compressor. Since three pistons are ori- 
ented within a 120" arc, this type of compressor generates higher vibration levels than 
the opposed piston compressor illustrated in Figure 10-14. 

Pe~ormance 

Refer back to the previous discussion of the laws of thermodynamics governing all 
compressors. Reciprocating-compressor performance is governed almost exclusively 
by operating speed. Each cylinder of the compressor will discharge the same volume, 
excluding slight variations caused by atmospheric changes, at the same discharge 
pressure each time it completes the discharge stroke. As the rotation speed of the com- 
pressor changes, so does the discharge volume. 

The only other variables that affect performance are the inlet-discharge valves, which 
control flow into and out of each cylinder. Although reciprocating compressors can 
use a variety of valve designs, it is crucial that the valves perform reliably. If they are 
damaged and fail to operate at the proper time or do not seal properly, overall com- 
pressor performance will be reduced substantially. 
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ClWlkSMt 

Figure 10-13 Three-piston compressor generates higher vibration levels (Gibbs 1971). 

installation 

A carefully planned and executed installation is extremely important and makes com- 
pressor operation and maintenance easier and safer. Key components of a compressor 
installation are location, foundation, and piping. 

Location The preferred location for any compressor is near the center of its load. 
However, the choice often is influenced by the cost of supervision, which can vary by 
location. The ongoing cost of supervision may be less expensive at a less-optimum 
location, which can offset the cost of longer piping. 

A compressor always will give better, more reliable service when enclosed in a build- 
ing that protects it from cold, dusty, damp, and corrosive conditions. In certain loca- 
tions, it may be economical to use a roof only, but this is not recommended unless the 
weather is extremely mild. Even then, it is crucial to prevent rain and wind-blown 
debris from entering the moving parts. Subjecting a compressor to adverse inlet con- 
ditions will dramatically reduce its reliability and significantly increase its mainte- 
nance requirements. 

Ventilation around a compressor is vital. On a motor-driven, air-cooled unit, the heat 
radiated to the surrounding air is at least 65 percent of the power input. On a water- 
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Figure 10-14 Opposed-piston compressor balances piston forces. 

jacketed unit with an aftercooler and outside receiver, the heat radiated to the sur- 
rounding air may be 15 to 25 percent of the total energy input, which still is a substan- 
tial amount of heat. Positive outside ventilation is recommended for any compressor 
room where the ambient temperature may exceed 104°F. 

Foundation Because of the alternating movement of pistons and other components. 
reciprocating compressors often develop a shaking that alternates in direction. This 
force must be damped and contained by the mounting. The foundation also must sup- 
port the weight load of the compressor and its driver. 

There are many compressor arrangements and the net magnitude of the moments and 
forces developed can vary a great deal among them. In some cases, they are partially 
or completely balanced within the compressors themselves. In others, the foundation 
must handle much of the force. When complete balance is possible, reciprocating 
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compressors can be mounted on a foundation just large and rigid enough to carry the 
weight and maintain alignment. However, most reciprocating compressors require 
larger, more massive foundations than other machinery. 

Depending on the size and type of unit, the mounting may vary from simply bolting it 
to the floor to attaching to a massive foundation designed specifically for the applica- 
tion. A proper foundation must (1) maintain the alignment and level of the compressor 
and its driver at the proper elevation and (2) minimize vibration and prevent its trans- 
mission to adjacent building structures and machinery. There are five steps to accom- 
plish the first objective: 

1. The safe weight-bearing capacity of the soil must not be exceeded at any 
point on the foundation base. 

2. The load to the soil must be distributed over the entire area. 
3. The size and proportion of the foundation block must be such that the 

resultant vertical load due to the compressor, block, and any unbalanced 
force falls within the base area. 

4. The foundation must have sufficient mass and weight-bearing area to pre- 
vent its sliding on the soil due to unbalanced forces. 

5 .  Foundation temperature must be uniform to prevent warping. 

Bulk is not usually the complete solution to foundation problems. A certain weight 
sometimes is necessary, but soil area usually is of more value than foundation mass. 

Determining if two or more compressors should have separate or single foundations 
depends on the compressor type. A combined foundation is recommended for recipro- 
cating units, since the forces from one unit usually will partially balance out the 
forces from the others. In addition, the greater mass and surface area in contact with 
the ground damps foundation movement and provides greater stability. 

Soil quality may vary seasonally, and such conditions must be carefully considered in 
the foundation design. No foundation should rest partially on bedrock and partially on 
soil; it should rest entirely on one or the other. If placed on the ground, make sure that 
part of the foundation does not rest on soil that has been disturbed. In addition, pilings 
may be necessary to ensure stability. 

Piping Piping should easily fit the compressor connections without needing to 
spring or twist it to fit. It must be supported independently of the compressor and 
anchored, as necessary, to limit vibration and to prevent expansion strains. Improp- 
erly installed piping may distort or pull the compressor’s cylinders or casing out of 
alignment. 

Air Inlet The intake pipe on an air compressor should be as short and direct as pos- 
sible. If the total run of the inlet piping is unavoidably long, the diameter should be 
increased. The pipe size should be greater than the compressor’s air-inlet connection. 
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Cool inlet air is desirable. For every 5°F of ambient air temperature reduction, the vol- 
ume of compressed air generated increases by 1 percent with the same power con- 
sumption. This increase in performance is due to the greater density of the intake air. 

It is preferable for the intake air to be taken from outdoors. This reduces heating and 
air conditioning costs and, if properly designed, has fewer contaminants. However, 
the intake piping should be a minimum of 6 ft above the ground and screened or, pref- 
erably, filtered. An air inlet must be free of steam and engine exhaust. The inlet should 
be hooded or turned down to prevent the entry of rain or snow. It should be above the 
building eaves and several feet from the building. 

Discharge Discharge piping should be the full size of the compressor’s discharge 
connection. The pipe size should not be reduced until the point along the pipeline is 
reached where the flow has become steady and nonpulsating. With a reciprocating 
compressor, this generally is beyond the aftercooler or the receiver. Pipes to handle 
nonpulsating flow are sized by normal methods, and long-radius bends are recom- 
mended. All discharge piping must be designed to allow adequate expansion loops or 
bends to prevent undue stress at the compressor. 

Drainage Before piping is installed, the layout should be analyzed to eliminate low 
points where liquid could collect and to provide drains where low points cannot be 
eliminated. A regular part of the operating procedure must be the periodic drainage of 
low points in the piping and separators, as well as inspection of automatic drain traps. 

Pressure-Relief Valves All reciprocating compressors must be fitted with pressure- 
relief devices to limit the discharge or interstage pressures to a safe maximum for the 
equipment served. Always install a relief valve capable of bypassing the full-load 
capacity of the compressor between its discharge port and the first isolation valve. The 
safety valves should be set to open at a pressure slightly higher than the normal dis- 
charge-pressure rating of the compressor. For standard 100 to 115 psig two-stage air 
compressors, safety valves normally are set at 125 psig. 

The pressure-relief safety valve normally is situated on top of the air reservoir, and 
there must be no restriction on its operation. The valve usually is of the “huddling 
chamber” design, in which the static pressure acting on its disk area causes it to open. 
Figure 10-15 illustrates how such a valve functions. As the valve pops, the air space 
within the huddling chamber between the seat and blowdown ring fills with pressur- 
ized air and builds up more pressure on the roof of the disk holder. This temporary 
pressure increases the upward thrust against the spring, causing the disk and its holder 
to fully pop open. 

Once a predetermined pressure drop (Le., blowdown) occurs, the valve closes with a 
positive action by trapping pressurized air on top of the disk holder. The pressure- 
drop setpoint is adjusted by raising or lowering the blowdown ring. Raising the ring 
increases the pressure-drop setting, while lowering it decreases the setting. 
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Figure 10-15 Illustrates how a safety valve functions. 

Operating Methods 

Compressors can be hazardous to work around because they have moving parts. 
Ensure that clothing is kept away from belt drives, couplings, and exposed shafts. In 
addition, high-temperature surfaces around cylinders and discharge piping are 
exposed. Compressors are notoriously noisy, so ear protection should be worn. These 
machines are used to generate high-pressure gas so, when working around them, it is 
important to wear safety glasses and to avoid searching for leaks with bare hands. 
High-pressure leaks can cause severe friction burns. 
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MIXERS rxND AGITATORS 

Mixers are devices that blend combinations of liquids and solids into a homogenous 
product. They come in a variety of sizes and configurations designed for specific 
applications. Agitators provide the mechanical action to keep dissolved or suspended 
solids in solution. 

Both operate on basically the same principles, but variations in design, operating 
speed, and applications divide the actual function of these devices. Agitators generally 
work just as hard as mixers, and the terms often are used interchangeably. 

CONFIGURATION 

There are two primary types of mixers: propeller/paddle and screw. Screw mixers can 
be further divided into batch and mixer-extruder types. 

Propeller/Paddle 

Propeller/paddle mixers are used to blend or agitate liquid mixtures in tanks, pipelines, 
or vessels. Figure 11-1 illustrates a typical top-entering propeller/paddle mixer. This 
unit consists of an electric motor, a mounting bracket, an extended shaft, and one or 
more impeller(s) or propeller(s). Materials of construction range from bronze to stain- 
less steel, which are selected based on the particular requirements of the application. 

The propeller/paddle mixer also is available in a side-entering configuration, which is 
shown in Figure 11-2. This configuration typically is used to agitate liquids in large 
vessels or pipelines. The side-entering mixer is essentially the same as the top-enter- 
ing version except for the mounting configuration. 

Both the top-entering and side-entering mixers may use either propellers, as shown in 
the preceding figures, or paddles, as illustrated by Part b of Figure 11-3. Generally. 
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Figure 11-1 Top-entering propeller-type mixer (Thomas Register 1995). 

Figure 11-2 Side-entering propeller-type mixer (Thomas Register 1995). 
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Figure ZZ-3 Mixer can use eitherpropellers or paddles to provide agitation (Thomas Regis- 
ter 1995). 

propellers are used for medium- to high-speed applications where the viscosity is rel- 
atively low. Paddles are used in low-speed, high-viscosity applications. 

screw 

The screw mixer uses a single- or dual-screw arrangement to mix liquids, solids, or a 
combination of both. It comes in two basic configurations: batch and combination 
mixer-extruder. 

Butch 

Figure 1 1 4  illustrates a typical batch-type screw mixer. This unit consists of a mix- 
ing drum or cylinder, a single- or dual-screw mixer, and a power supply. 

The screw configuration normally is either a ribbon-type helical screw or a series of 
paddles mounted on a common shaft. Materials of construction are selected based on 
the specific application and materials to be mixed. Vpically, the screws are either 
steel or stainless steel, but other materials are available. 

Combination Mixer-Extruder 

The mixer-extruder combination unit shown in Figure 11-5 combines the functions of 
a mixer and a screw conveyor. This type of mixer is used for mixing viscous products. 
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Figure 11-4 Batch-type mixer uses single or dual screws to mix product (Thomas Register 
Z995). 

PERFORMANCE 

Unlike centrifugal pumps and compressors, few criteria can be used directly to deter- 
mine mixer effectiveness and efficiency. However, the product quality and brake 
horsepower are indices that can be used to indirectly gauge performance. 

Product Quality 

The primary indicator of acceptable performance is the quality of the product deliv- 
ered by the mixer. Although there is no direct way to measure this indicator, feedback 
from the quality assurance group should be used to verify that acceptable perfor- 
mance levels are attained. 

Brake Horsepower 

Variation in the actual brake horsepower required to operate a mixer is the primary 
indicator of its performance envelope. Mixer design, whether propeller or screw type, 
is based on the viscosity of both the incoming and finished product. These variables 
determine the brake horsepower required to drive the mixer, which will follow varia- 

Figure 11-5 Combination mixer-extruder (Thomas Register 1995). 



Mixers and Agitators 151 

tions in the viscosity of the products being mixed. As the viscosity increases so will 
the brake horsepower demand. Conversely, as the viscosity decreases, so will the 
horsepower required to drive the mixer. 

INSTALLATION 

Installation of propeller-type mixers varies greatly, depending on the specific applica- 
tion. Top-entering mixers utilize either a clamp- or flange-type mounting. It is inipor- 
tant that the mixer be installed so the propeller or paddle is at a point within the tank, 
vessel, or piping that assures proper mixing. Vendor recommendations found in O&M 
manuals should be followed to ensure proper operation of the mixer. 

Mixers should be mounted on a rigid base that assures level alignment and prevents 
lateral movement of the mixer and its drivetrain. While most mixers can be bolted 
directly to a base, care must be taken to ensure that the base is rigid and has the struc- 
tural capacity to stabilize the mixer. 

OPERATING METHODS 

There are only three major operating concerns for mixers: setup, incoming-feed rate. 
and product viscosity. 

Mixer Setup 

Both propeller and screw mixers have specific setup requirements. In the case of pro- 
pelledpaddle-type mixers, the primary factor is the position of the propellers or pad- 
dles within the tank or vessel. Vendor recommendations should he followed to assure 
proper operation of the mixer. 

If the propellers or paddles are too close to the liquid level. the mixer will create a 
vortex that will entrain air and prevent adequate blending or mixing. If the propellers 
are set too low, compress vortexing may occur. When this happens, the mixer will cre- 
ate a stagnant zone in the area under the rotating assembly. As a result, some of the 
product will settle in this zone and proper mixing cannot occur. Setting the mixer too 
close to a comer or the side of the mixing vessel also can create a stagnant zone that 
will prevent proper blending or mixing of the product. 

For screw-type mixers, proper clearance between the rotating element and the mixer 
housing must be maintained to vendor specifications. If the clearance is improperly 
set, the mixer will bind (i.e., not enough clearance) or fail to blend properly. 

Feed Rate 

Mixers are designed to handle a relatively narrow band of incoming product flow rate. 
Therefore. care must be exercised to ensure that the actual feed rate is maintained 
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within acceptable limits. The O&M manuals provided by the vendor will provide the 
feed-rate limitations for various products. Normally, these rates must be adjusted for 
viscosity and temperature variation. 

Viscosity 

Variations in viscosity of both the incoming and finished products have a dramatic 
effect on mixer performance. Standard operating procedures should include specific 
operating guidelines for the range of variation acceptable for each application. The 
recommended range should include adjustments for temperature, flow rate, mixing 
speed, and other factors that directly or indirectly affect viscosity. 



DUST COLLECTORS 

The basic operations performed by dust-collection devices are (1) separating particles 
from the gas stream by deposition on a collection surface, (2) retaining the deposited 
particles on the surface until removal, and (3) removing the deposit from the surface 
for recovery or disposal. 

The separation step requires (1) application of a force that produces a differential 
motion of the particles relative to the gas and (2) sufficient gas-retention time for the 
particles to migrate to the collecting surface. Most dust-collections systems are con- 
stituted of a pneumatic-conveying system and some device that separates suspended 
particulate matter from the conveyed airstream. The more common systems use either 
filter media (e.g., fabric bags) or cyclonic separators to separate the particulate matter 
from air. 

BAGHOUSES 

Fabric-filter systems, commonly called bug-@fer or bughouse systems, are dust-col- 
lection systems in which dust-laden air is passed through a bag-type filter. The bag 
collects the dust in layers on its surface and the dust layer itself effectively becomes 
the filter medium. Because the bag’s pores usually are much larger than those of the 
dust-particle layer that forms, the initial efficiency is very low. However, efficiency 
improves once an adequate dust layer forms. Therefore, the potential for dust penetra- 
tion of the filter media is extremely low except during the initial period after startup, 
bag change, or during the fabric-cleaning, or blow-down, cycle. 

The principal mechanisms of disposition in dust collectors are (1) gravitational depo- 
sition, (2) flow-line interception, (3) inertial deposition, (4) diffusional deposition, 
and (5) electrostatic deposition. During the initial operating period, particle deposi- 
tion takes place mainly by inertial and flow-line interception, diffusion, and gravity. 
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Once the dust layer has been fully established, sieving probably is the dominant depo- 
sition mechanism. 

Configuration 

A baghouse system consists of the following: a pneumatic-conveyor system, filter 
media, a back-flush cleaning system, and a fan or blower to provide airflow. 

Pneumatic Conveyor 

The primary mechanism for conveying dust-laden air to a central collection point is a 
system of pipes or ductwork that functions as a pneumatic conveyor. This system 
gathers dust-laden air from various sources within the plant and conveys it to the dust- 
collection system. See the beginning of Chapter 9 for more information on pneu- 
matic-conveyor systems. 

Dust-Collection System 

The design and configuration of the dust-collection system varies with the vendor and 
the specific application. Generally, a system consists of either a single large hopper- 
like vessel or a series of hoppers with a fan or blower affixed to the discharge mani- 
fold. Inside the vessel is an inlet manifold that directs the incoming air or gas to the 
dirty side of the filter media or bag. A plenum, or divider plate, separates the dirty and 
clean sides of the vessel. 

Filter media, usually long cylindrical tubes or bags, are attached to the plenum. 
Depending on the design, the dust-laden air or gas may flow into the cylindrical filter 
bag and exit to the clean side or it may flow through the bag from its outside and exit 
through the tube’s opening. Figure 12-1 illustrates a typical baghouse configuration. 

Fabric-filter designs fall into three types, depending on the method of cleaning used: 
shaker cleaned, reverse-flow cleaned, and reverse-pulse cleaned. 

Shaker-Cleaned Filter The open lower ends of shaker-cleaned filter bags are fas- 
tened over openings in the tube sheet that separates the lower, dirty-gas inlet chamber 
from the upper, clean-gas chamber. The bags are suspended from supports that are 
connected to a shaking device. 

The dirty gas flows upward into the filter bag and the dust collects on the inside sur- 
face. When the pressure drop rises to a predetermined upper limit due to dust accumu- 
lation, the gas flow is stopped and the shaker is operated. This process dislodges the 
dust, which falls into a hopper located below the tube sheet. 

For continuous operation, the filter must be constructed with multiple compartments. 
This is necessary so that individual compartments can be sequentially taken off-line 
for cleaning while the other compartments continue to operate. 
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Figure 12-1 A 

Ordinary shaker-cleaned filters may be cleaned every 15 minutes to eight hours, 
depending on the service conditions. A manometer connected across the filter is used 
to determine the pressure drop, which indicates when the filter should be shaken. 
Fully automatic filters may be shaken every 2 minutes, but bag maintenance is greatly 
reduced if the time between shakings can be increased to 15 to 20 minutes. 

The determining factor in the frequency of cleaning is the pressure drop. A differen- 
tial-pressure switch can serve as the actuator in automatic cleaning applications. 
Cyclone precleaners sometimes are used to reduce the dust load on the filter or to 
remove large particles before they enter the bag. 

It is essential to stop the gas flow through the filter during shaking in order for the 
dust to fall off. With very fine dust, it may be necessary to equalize the pressure 
across the cloth. In practice, this can be accomplished without interrupting continu- 
ous operation by removing from service one section at a time. With automatic filters, 
this operation involves closing the dirty-gas inlet dampers, shaking the filter units 
either pneumatically or mechanically, and reopening the dampers. In some cases, a 
reverse flow of clean gas through the filter is used to augment the shaker-cleaning 
process. 
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The gas entering the filter must be kept above its dewpoint to avoid water-vapor con- 
densation on the bags, which will cause plugging. However, fabric filters have been 
used successfully in steam atmospheres, such as those encountered in vacuum dryers. 
In these applications, the housing generally is steam cased. 

Reverse-Flow-Cleaned Filter Reverse-flow-cleaned filters are similar to the 
shaker-cleaned design, except the shaker mechanism is eliminated. As with shaker- 
cleaned filters, compartments are taken off-line sequentially for cleaning. The primary 
use of reverse-flow cleaning is in units using fiberglass-fabric bags at temperatures 
above 150°C (300°F). 

After the dirty-gas flow is stopped, a fan forces clean gas through the bags from the 
clean-gas side. The superficial velocity of the gas through the bag generally is 1.5 to 
2.0 ft per minute, or about the same velocity as the dirty-gas inlet flow. This flow of 
clean gas partially collapses the bag and dislodges the collected dust, which falls into 
the hopper. Rings usually are sewn into the bags at intervals along their length to pre- 
vent complete collapse, which would obstruct the fall of the dislodged dust. 

Reverse-Pulse-Cleaned Filter In the reverse-pulse-cleaned filter, the bag forms a 
sleeve drawn over a cylindrical wire cage, which supports the fabric on the clean-gas 
side (Le., inside) of the bag. The dust collects on the outside of the bag. 

A venturi nozzle is located in the clean-gas outlet from each bag, which is used for 
cleaning. A jet of high-velocity air is directed through the venturi nozzle and into the 
bag, which induces clean gas to pass through the fabric to the dirty side. The high- 
velocity jet is released in a short pulse, usually about 100 milliseconds, from a com- 
pressed air line by a solenoid-controlled valve. The pulse of air and clean gas expand 
the bag and dislodge the collected dust. Rows of bags are cleaned in a timed sequence 
by programmed operation of the solenoid valves. The pressure of the pulse must be 
sufficient to dislodge the dust without ceasing gas flow through the baghouse. 

It is common practice to clean the bags on-line without stopping the flow of dirty gas 
into the filter. Therefore, reverse-pulse bag filters often are built without multiple 
compartments. However, investigation has shown that a large fraction of the dislodged 
dust redeposits on neighboring bags rather than falls into the dust hopper. 

As a result, there is a growing trend to clean reverse-pulse filters off-line by using 
bags with multiple compartments. These sections allow the outlet-gas plenum serving 
a particular section to be closed off from the clean-gas exhaust, thereby stopping the 
flow of inlet gas. On the dirty-side of the tube sheet, the isolated section is separated 
by partitions from neighboring sections where filtration continues. Sections of the fil- 
ter are cleaned in rotation as with shaker and reverse-flow filters. 

Some manufacturers design bags for use with relatively low-pressure air (i.e., 15 psi) 
instead of the normal 100 psi air. This allows them to eliminate the venturi tubes for 
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clean-gas induction. Others have eliminated the separate jet nozzles located at the 
individual bags in favor of a single jet to pulse air into the outlet-gas plenum. 

Reverse-pulse filters typically are operated at higher filtration velocities (i.e., air-to- 
cloth ratios) than shaker or reverse-flow designs. Filtration velocities may range from 
3 to 15 ft per minute in reverse-pulse applications, depending on the dust being col- 
lected. However, the most commonly used range is 4-5 ft per minute. 

The frequency of cleaning depends on the nature and concentration of the dust. Typi- 
cal cleaning intervals vary from about 2 to 15 min. However, the cleaning action of 
the pulse is so effective that the dust layer may be completely removed from the sur- 
face of the fabric. Consequently, the fabric itself must serve as the principal filter 
media for a substantial part of the filtration cycle, which decreases cleaning efficiency. 
Because of this, woven fabrics are unsuitable for use in these devices and felt-type 
fabrics are used instead. With felt filters, although the bulk of the dust still is removed, 
an adequate level of dust collection is provided by the fabric until the dust layer 
reforms. 

Cleaning System 

As discussed in the preceding section, filter bags must be cleaned periodically to 
prevent excessive buildup of dust and to maintain an acceptable pressure drop across 
the filters. Two of the three designs discussed, reverse-flow and reverse-pulse, 
depend on an adequate supply of clean air or gas to provide this periodic cleaning. 
Two factors are critical in these systems: the clean-gas supply and the proper clean- 
ing frequency. 

Clean-Gas Supply Most applications that use the reverse-flow cleaning system use 
ambient air as the primary supply of clean gas. A large fan or blower draws ambient 
air into the clean side of the filter bags. However, unless the air is properly condi- 
tioned by inlet filters, it may contain excessive dirt loads that can affect the bag life 
and efficiency of the dust-collection system. 

In reverse-pulse applications, most plants rely on plant-air systems as the source for 
the high-velocity pulses required for cleaning. In many cases, however, the plant-air 
system is insufficient for this purpose. Although the pulses required are short (i.e., 100 
milliseconds or less), the number and frequency can deplete the supply. Therefore, 
care must be taken to ensure that both sufficient volume and pressure are available to 
achieve proper cleaning. 

Cleaning Frequency Proper operation of a baghouse, regardless of design, depends 
on frequent cleaning of the filter media. The system is designed to operate within a 
specific range of pressure drops that defines clean and fully loaded filter media. The 
cleaning frequency must assure that the maximum recommended pressure drop is not 
exceeded. 
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This can be a real problem for baghouses that rely on automatic timers to control 
cleaning frequency. The use of a timing function to control cleaning frequency is not 
recommended unless the dust load is known to be consistent. A better approach is to 
use differential-pressure gauges to physically measure the pressure drop across the fil- 
ter media to trigger the cleaning process based on preset limits. 

Fan or Blower 

All baghouse designs use some form of fan, blower, or centrifugal compressor to pro- 
vide the dirty-air flow required for proper operation. In most cases, these units are 
installed on the clean side of the baghouse to draw the dirty air through the filter media. 

Since these units provide the motive power required to transport and collect the dust- 
laden air, their operating condition is critical to the baghouse system. The type and 
size of air-moving unit varies with the baghouse type and design. Refer to the O&M 
manuals, as well as Chapters 8 (Fans, Blowers, and Fluidizers) and 10 (Compressors) 
for specific design criteria for these critical units. 

Performance 

The primary measure of baghouse-system performance is its ability to consistently 
remove dust and other particulate matter from the dirty airstream. Pressure drop and 
collection efficiency determine the effectiveness of these systems. 

Pressure Drop 

The filtration, or superficial face, velocities used in fabric filters generally are in the 
range of 1-10 ft per minute, depending on the type of fabric, fabric supports, and 
cleaning methods used. In this range, pressure drops conform to Darcy’s law for 
streamline flow in porous media, which states that the pressure drop is directly pro- 
portional to the flow rate. The pressure drop across the fabric media and the dust layer 
may be expressed by 

where 

Ap = pressure drop (in. of water); 
V’ = superficial velocity through filter (ft/min); 
o = dust loading on filter (lbdft’); 
K ,  = resistance coefficient for conditioned fabric (inches of water/foot/ 

K2 = resistance coefficient for dust layer (in. of water/lbdft/min). 
minute) ; 

Conditioned fabric maintains a relatively consistent dust-load deposit following a 
number of filtration and cleaning cycles. K ,  may be more than ten times the value of 
the resistance coefficient for the original clean fabric. If the depth of the dust layer on 
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the fabric is greater than about g6 in. (which corresponds to a fabric dust loading on 
the order of 0.1 Ibrdft’), the pressure drop across the fabric, including the dust in the 
pores, usually is negligible relative to that across the dust layer alone. 

In practice, K, and K2 are measured directly in filtration experiments. These values 
can be corrected for temperature by multiplying the ratio of the gas viscosity at the 
desired condition to the gas viscosity at the original experimental condition. 

Collection Eficiency 

Under controlled conditions (e.g., in the laboratory), the inherent collection efficiency 
of fabric filters approaches 100 percent. In actual operation, it is determined by sev- 
eral variables, in particular the properties of the dust to be removed, choice of filter 
fabric, gas velocity, method of cleaning, and cleaning cycle. Inefficiency usually 
results from bags that are poorly installed, tom, or stretched from excessive dust load- 
ing and excessive pressure drop. 

Installation 

Most baghouse systems are provided as complete assemblies by the vendor. While the 
unit may require some field assembly, the vendor generally provides the structural 
supports, which in most cases are adequate. The only controllable installation factors 
that may affect performance are the foundation and connections to pneumatic convey- 
ors and other supply systems. 

Foundation 

The foundation must support the weight of the baghouse. In addition, it must absorb 
the vibrations generated by the cleaning system. This is especially true when using 
the shaker-cleaning method, which can generate vibrations that can adversely affect 
the structural supports, foundation, and adjacent plant systems. 

Connections 

Efficiency and effectiveness depend on leak-free connections throughout the system. 
Leaks reduce the system’s ability to convey dust-laden air to the baghouse. One 
potential source for leaks is improperly installed filter bags. Because installation var- 
ies with the type of bag and baghouse design, consult the vendor’s O&M manual for 
specific instructions. 

Operating Methods 

The guidelines provided in the vendor’s 0 & M  manual should be the primary refer- 
ence for proper baghouse operation. Vendor-provided information should be used 
because there are few common operating guidelines among the various configura- 
tions. The only general guidelines applicable to most designs are cleaning frequency 
and inspection and replacement of filter media. 
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Cleaning 

As previously indicated, most bag-type filters require a precoating of particulates 
before they can effectively remove airborne contaminates. However, particles can 
completely block airflow if the filter material becomes overloaded. Therefore, the pri- 
mary operating criterion is to maintain the efficiency of the filter media by controlling 
the cleaning frequency. 

Most systems use a time-sequence to control the cleaning frequency. If the particulate 
load entering the baghouse is constant, this approach would be valid. However, the 
incoming load generally changes constantly. As a result, the straight time-sequence 
methodology does not provide the most efficient mode of operation. 

Operators should monitor the differential-pressure gauges that measure the total pres- 
sure drop across the filter media. When the differential pressure reaches the maximum 
recommended level (data provided by the vendor), the operator should override any 
automatic timer controls and initiate the cleaning sequence. 

Inspecting and Replacing Filter Media 

Filter media used in dust-collection systems are prone to damage and abrasive wear. 
Therefore, regular inspection and replacement is needed to ensure continuous, long- 
term performance. Any damaged, tom, or improperly sealed bags should be removed 
and replaced. 

A common problem associated with baghouses is improper installation of filter 
media. Therefore, it is important to follow the instructions provided by the vendor. If 
the filter bags are not properly installed and sealed, overall efficiency and effective- 
ness are significantly reduced. 

CYCLONE SEPARATORS 

A widely used type of dust-collection equipment is the cyclone separator. A “cyclone” 
essentially is a settling chamber in which gravitational acceleration is replaced by cen- 
trifugal acceleration. Dust-laden air or gas enters a cylindrical or conical chamber tan- 
gentially at one or more points and leaves through a central opening. The dust 
particles, by virtue of their inertia, tend to move toward the outside separator wall from 
which they are led into a receiver. Under common operating conditions, the centrifugal 
separating force or acceleration may range from five times gravity in very large diame- 
ter, low-resistance cyclones to 2,500 times gravity in very small, high-resistance units. 

Within the range of their performance capabilities, cyclones are one of the least expen- 
sive dust-collection systems. Their major limitation is that, unless very small units are 
used, efficiency is low for particles smaller than five microns. Although cyclones may 
be used to collect particles larger than 200 microns, gravity-settling chambers or sim- 
ple inertial separators usually are satisfactory and less subject to abrasion. 
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Configuration 

The internal configuration of a cyclone separator is relatively simple. Figure 12-2 
illustrates a typical cross-section of a cyclone separator, which consists of the follow- 
ing segments: 

Inlet area that causes the gas to flow tangentially, 
Cylindrical transition area, 
Decreasing taper that increases the air velocity as the diameter decreases, 
Central return tube to direct the dust-free air out the discharge port. 

Particulate material is forced to the outside of the tapered segment and collected in a 
drop-leg located at the dust outlet. Most cyclones have a rotor-lock valve affixed to 
the bottom of the drop-leg. This is a motor-driven valve that collects the particulate 
material and discharges it into a disposal container. 

performance 

Performance of a cyclone separator is determined by flow pattern, pressure drop, and 
collection efficiency. 

L O w f  outlet 

Figure 12-2 Flow pattern through a lypical cyclone separator (Perry and Green 1984). 
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Flow Pattern 

The path the gas takes in a cyclone is through a double vortex that spirals the gas 
downward at the outside and upward at the inside. When the gas enters the cyclone, 
the tangential component of its velocity, V,,, increases with the decreasing radius as 
expressed by 

In this equation, r is the cyclone radius and n is dependent on the coefficient of fric- 
tion. Theoretically, in the absence of wall friction, n should equal 1.0. Actual mea- 
surements, however, indicate that n ranges from 0.5 to 0.7 over a large portion of the 
cyclone radius. The spiral velocity in a cyclone may reach a value several times the 
average inlet-gas velocity. 

Pressure Drop 

The pressure drop and the friction loss through a cyclone are most conveniently 
expressed in terms of the velocity head based on the immediate inlet area. The inlet 
velocity head, h,,, which is expressed in inches of water, is related to the average 
inlet-gas velocity and density by 

h, ,  = 0.0030r V,' 

where 

h,,, = inlet-velocity head (in. of water); 
r = gas density (Ib/ft'); 
V, = average inlet-gas velocity (ft/sec). 

The cyclone friction loss, F,,, is a direct measure of the static pressure and power that 
a fan must develop. It is related to the pressure drop by 

where 

F,,, 
Ap,, = pressure drop through the cyclone (inlet-velocity heads); 
A, 
D, 

= friction loss (inlet-velocity heads); 

= area of the cyclone (ft2); 
= diameter of the gas exit (ft). 

The friction loss through cyclones may range from 1 to 20 inlet-velocity heads, 
depending on its geometric proportions. For a cyclone of specific geometric propor- 
tions, F,, and Ap,,? essentially are constant and independent of the actual cyclone size. 
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Collection Ejiciency 

Since cyclones rely on centrifugal force to separate particulates from the air or gas 
stream, particle mass is the dominant factor that controls efficiency. For particulates 
with high densities (e.g., ferrous oxides), cyclones can achieve 99 percent or better 
removal efficiencies, regardless of particle size. Lighter particles (e.g., tow or flake) 
dramatically reduce cyclone efficiency. 

These devices generally are designed to meet specific pressure-drop limitations. For 
ordinary installations operating at approximately atmospheric pressure, fan limita- 
tions dictate a maximum allowable pressure drop corresponding to a cyclone inlet 
velocity in the range of 20-70 ft per second. Consequently, cyclones usually are 
designed for an inlet velocity of 50 ft per second. 

Varying operating conditions change dust-collection efficiency by only a small 
amount. The primary design factor that controls collection efficiency is cyclone diam- 
eter. A small-diameter unit operating at a fixed pressure drop has a higher efficiency 
than a large-diameter unit. Reducing the gas-outlet duct diameter also increases the 
collection efficiency. 

Installation 

As in any other pneumatic-conveyor system, special attention must be given to the 
piping or ductwork used to convey the dust-laden air or gas. The inside surfaces must 
be smooth and free of protrusions that affect the flow pattern. All bends should be 
gradual and provide a laminar-flow path for the gas. See the appropriate section in 
Chapter 9 for specific installation information on pneumatic conveyors. 

Cyclones are designed for continuous operation and must be protected from plugging. 
In intermittent applications, the operating practices must include specific steps to 
purge the entire system of particulates prior to shutdown. 

Pressure drop is the only factor that can be effectively controlled by an operator. 
Using the fan dampers, the operator can increase or decrease the cyclone’s load by 
varying the velocity of the entering dirty air. 



PROCESS ROLLS 

Many types of process rolls are used in industrial applications. However, all share 
common design, installation, and operating criteria, and this chapter provides a practi- 
cal review of their design and application. In general, rolls can be divided into two 
major classifications: working and conveying. 

Working rolls change the product being processed through the production system. 
Included in this classification are printing rolls, which transfer a pattern to the prod- 
uct; corrugating rolls used to impart a profile to the product; bridle rolls, which pro- 
vide torsional power to drive the product through the process; and work rolls used by 
the metal-processing industry to change product thickness and shape. 

Conveying rolls transport the product from one point to another. This type of roll 
ranges from small-diameter, nondriven rolls used in simple conveyors to large-diame- 
ter, driven rolls used to transport steel, paper, and a variety of other products through 
continuous-process lines. 

CONFIGURATION 

All process rolls are composed of the following parts: body, face, neck, and bearing- 
support shafts. Figure 13-1 illustrates a typical process roll used in continuous-pro- 
cess lines. 

Body 

Depending on the specific application, the roll body may be constructed of a variety 
of materials. Typically, cast iron or steel is used, but more exotic materials, such as 
Monel, stainless steel, or bronze, may be used for certain applications. 

164 
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Roll 

Figure 13-1 Typical process roll. 

Conveying-roll bodies normally are cylindrical, but work-roll bodies may have a vari- 
ety of shapes or profiles. In many of these applications, the roll body will have a spe- 
cific profile, commonly referred to as a crown, that enhances the work performed by 
the roll. The profiles range from convex to concave, which determines the force trans- 
mission the roll provides. 

Face 

The roll face is the surface of the roll body. This is the area that performs work. Typi- 
cally, the roll face is ground and polished to provide a smooth surface that does not 
affect the product when it is in contact with the roll. 

A variety of finishing techniques are used to prepare the roll face. In work-roll appli- 
cations, the face may be chrome plated, rubber coated, etched, or corrugated. The fin- 
ishing method is determined by the specific application and the work to be performed. 
For example, coatings such as rubber commonly are used to increase friction between 
the roll face and the transported product. A corrugated surface is used to impart a pat- 
tern to the product (e.g., paper towels). 

Neck 

The neck is the transition area on both ends of the roll body that reduces the roll’s 
diameter to that of the bearing-support shafts. The design methodology used for roll- 
neck construction varies with the intended function of the roll. For example, rolls used 
in a cold-reduction mill have a cast-steel body and neck. Because the roll must bend 
in normal operation, the necks are not hardened, to facilitate bending. 

Neck design is critical to roll reliability, and many failures can be directly attributed to 
poor design. On large-diameter rolls, the reduction in diameter from the body to the 
final shaft size should be in steps rather than as a single reduction. Each step down 
should have stress-relief cuts at the transition points to prevent stress failure. Smaller- 
diameter rolls can be reduced in a single step, but they also must have stress relief by 
undercutting to prevent failure. 
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Bearing-Support Shafts 

Many roll failures can be directly attributed to poor shaft design. In these cases, the 
total span from the roll body to the bearing-support point is too long for the shaft 
diameter. As a result, the bending moment imparted by the roll during normal opera- 
tion creates an alternating compression-tension stress on the shafts. The typical failure 
point is where the shaft diameter changes. 

Both the total bearing span from inboard to outboard bearing and the cantilevered 
spans from the roll body to the bearing-support point must be carefully considered 
when designing a process roll. The design must withstand the total forces generated in 
both normal and abnormal operation. 

The fact that roll necks generally are relatively long and use multiple shaft-diameter 
reductions causes two problems. First, the long span and reduced diameter weaken 
the shaft, increasing the probability of excessive bending and the potential for prema- 
ture failure. The second problem is the 90" corner created by the diameter reduction. 
This comer creates stress points that work harden when the roll is subjected to bend- 
ing moments and strip tension. 

A good design limits the number of shaft-diameter reductions and eliminates the 90" 
comers by filleting these transition points. This approach removes the stress points 
created by sharp corners and increases the strength of the shaft. Figure 13-2 illus- 
trates the proper way to reduce a shaft's diameter using a stress-relief radius. 

It is important to visually inspect process rolls. Poorly designed rolls and those used 
in improperly monitored applications are highly susceptible to premature failure. 
Rolls with multiple shaft reductions with or without 90" corners at these reductions 
warrant special attention in a predictive-maintenance program. It is important to care- 
fully monitor strip tension, the amount of roll deflection or bending, and any other 
load that may be present. 

Figure 13-2 Diameter reduction of a s h f l  using a stress-relief radius. 
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Figure 13-3 Load zones determined by wrap. 

PERFORMANCE 

Process rolls are subjected to variable loads induced by tension, tracking, and other 
process variables. Figure 13-3 illustrates the wrap of the strip as it passes over a series 
of rolls in a continuous process line. The load zones are indicated by arrows. In a nor- 
mal operation, the force or load induced by the strip is uniformly applied across the 
roll’s entire face or body, as illustrated in Figure 13-4. 

The width of the product or belt in contact with the roll has a direct effect on loading 
and how the load is transmitted to the roll and its bearing-support structures. 
Figure 13-5 illustrates a narrow strip that is tracking properly. Note that, with a narrow 
strip, the load is concentrated more in the center of the roll and not uniformly trans- 
ferred across the entire roll face. This tends to bend the roll, with the degree of deflec- 
tion depending on three factors: roll diameter, roll construction, and strip tension. 

Figure 13-4 Strip uniformly loads roll. 
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Figure 13-5 Narrow strip concentrates load toward the center of the roll. 

INSTALLATION 

The proper installation of process rolls is critical. As with all other machines, align- 
ment and proper bolting techniques are extremely important. Misalignment can cause 
poor quality, reduced capacity, and premature failure. 

Single Rolls 

With the exception of steering rolls, all single rolls in a continuous-process line or 
conveyor system must be perpendicular to the centerline of the belt, strip, or conveyed 
product (i.e., passline) and have the same elevation on both the operator and drive 
sides. Any misalignment, either horizontal or vertical, influences the tracking of the 
belt, strip, and conveyed product. 

Figure 13-6 illustrates a roll that has uneven elevation, or is vertically misaligned. 
With this type of misalignment, the strip will have greater tension on the side of the 
roll with the higher elevation, forcing it to move toward the lower end. In effect, the 
roll becomes a steering roll, forcing the strip, belt, or product to one side of the center- 
line of travel. 

Paired Rolls 

Rolls designed to work in pairs (e.g., scrubber, corrugator, or printing rolls) must be 
perpendicular and level to the passline. In addition, they must be parallel to each 
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Figure 13-6 A roll with uneven elevation becomes a steering roll. 

other. Figure 13-7 illustrates a paired set of scrubber rolls in which the strip is cap- 
tured between the two rolls and the counter-rotating brush roll cleans the strip surface. 

The design of some roll pairs makes it difficult to keep them parallel. Many have a 
single pivot point to fix one end of the roll and a pneumatic cylinder to index the 
opposite end. Others use two cylinders, one attached to each end of the roll. In this 
design, the two cylinders are not mechanically linked and the rolls do not maintain 
their parallel relationship. 

Backup Roll 1 7 
Figure 13-7 Scrubber roll set. 
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Figure 13-8 Result of misalignment (Le., nonpamllel operation). 

Nonparallel operation of paired rolls reduces their life. For example, the scrubber/ 
backup roll set should provide extended service life. However, the brush rolls some- 
times have a life of only a few weeks. The brush roll wear profile shown in 
Figure 13-8 is clear evidence of nonparallel operation. After a very short service life, 
the brush rolls become conical in shape, much like a bottle brush. This wear pattern is 
visual conformation that the brush roll and its mating rubber-coated backup roll are 
not parallel. 

Poor alignment has another negative affect on rolls. It changes the load zone so that 
one of the rolls must absorb more of the load than the other. In conveying applica- 
tions, this may not seriously affect roll life or cause catastrophic failure. However, in 
applications where the roll must support extreme loads or impart large forces, like 
comgators or rolling mills, this shift in the load zone can result in catastrophic roll 
failure. 

OPERATING METHODS 
Abnormal induced loads is the most serious operator-controlled variable that affects 
roll performance. Operating methods should ensure that proper tension, product 
tracking, and torsional loads are maintained at all times. 

In particular, operators should look for torsional-load variations caused by speed and 
load changes. In most cases, roll damage occurs when they are subjected to momen- 
tary radical changes in torsional load. These transients normally occur during startup, 
process-speed changes, and shutdown. Operating procedures should be developed and 
followed to minimize such transients. 

Abnormal loading caused by improper tension or tracking of the product, belt, or 
other media carried by the rolls also will reduce the performance and useful life of 
process rolls. The load induced by the carried media should be equally and uniformly 
distributed across the entire roll face. If the load is concentrated off-center, it will 
cause premature wear and possible failure of the bearing, roll neck, and shaft. Operat- 
ing procedures should provide positive methods that monitor and correct abnormal 
tension or tracking. 
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A gear is a disk or wheel with teeth around its periphery, either on the inside edge 
(Le., internal gear) or on the outside edge (Le., external gear). A gear provides a posi- 
tive means of power transmission, which is effected by the teeth on one gear meshing 
with the teeth on another gear or rack (Le., straight-line gear). 

Gear drives are packaged units used for a wide range of power-transmission applica- 
tions. They are used to transmit power to a driven piece of machinery and to change or 
modify the power that is transmitted. Modifications include reducing speed and 
increasing output torque, increasing speed, changing the direction of shaft rotation, or 
changing the angle of shaft operation. 

CONFIGURATION 

Several different types of gears are used in industry. Many are complex in design and 
manufacture and several have evolved directly from the spur gear, referred to as the 
basic gear. Types of gears are spur, helical, bevel, and worm. Table 14-1 summarizes 
the characteristics of each gear type. 

Spur 

The spur gear is the least expensive of all gears to manufacture and the one most com- 
monly used. It can be manufactured to close tolerances and is used to connect parallel 
shafts that rotate in opposite directions. The spur gear gives excellent results at mod- 
erate peripheral speeds, and the tooth load produces no axial thrust. Because contact 
is simultaneous across the entire width of the meshing teeth, it tends to be noisy at 
high speeds. However, noise and wear can be minimized with proper lubrication. 
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Table 1 6 1  Gear Characteristics Overview 

Gear Type Characteristics 

AttributedPositives Negatives 

Spur, external 

Spur, internal 

Helical, external 

Helical, double 
(also referred to 
as herringbone) 

Helical, cross 

Bevel 

Connects parallel shafts that rotate in opposite 
directions, inexpensive to manufacture to close 
tolerances, moderate peripheral speeds, no 
axial thrust, high mechanical efficiency 

Noisy at high speeds 

Compact drive mechanism for parallel shafts 
rotating in same direction 

Connects parallel and nonparallel shafts; supe- 
rior to spur gears in load-carrying capacity, qui- 

Higher friction than 
spur gears, high end 
thrust etness, and smoothness; high efficiency 

Connects parallel shafts, overcomes high-end 
thrust present in single-helical gears, compact, 
quiet and smooth operation at higher speeds 
(1,OOO to 12,000 fpm or higher), high 
efficiencies 

Light loads with low power transmission 
demands 

Connects angular or intersecting shafts 

Bevel, straight Peripheral speeds up to 1,OOO fpm in applica- 
tions where quietness and maximum smooth- 
ness not important, high efficiency 

Bevel, zero1 Same ratings as straight bevel gears and uses 
same mountings, permits slight errors in assem- 
bly, permits some displacement due to deflec- 
tion under load, highly accurate, hardened due 
to grinding 

Bevel, spiral Smoother and quieter than straight bevel gears 
at speeds greater than 1,000 fpm or 1 ,OOO rpm, 
evenly distributed tooth loads, carry more load 
without surface fatigue, high efficiency, reduces 
size of installation for large reduction ratios, 
speed-reducing and speed-increasing drive 

Narrow range of appli- 
cations, requires 
extensive lubrication 

Gears overhang sup- 
porting shafts result- 
ing in shaft deflection 
and gear mis- 
alignment 

Thrust load causes 
gear pair to separate 

Limited to speeds less 
than 1,000 fpm due to 
noise 

High tooth pressure, 
thrust loading depends 
on rotation and spiral 
angle 
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Table 1 6 1  Gear Characteristics Overview (continued) 

Gear Type Characteristics 

Attributes/Positives Negatives 
~~~~~~~~~ ~ ~ ~ 

Bevel, miter Same number of teeth in both gears, operate on 
shafts at 90" 

Bevel, hypoid Connects nonintersecting shafts, high pinion 
strength, allows the use of compact straddle 
mounting on the gear and pinion, recommended 
when maximum smoothness required, compact 
system even with large reduction ratios, speed- 
reducing and speed-increasing drive 

Planetary or 
epicyclic 

Worm. 
cylindrical 

Compact transmission with driving and driven 
shafts in line, large speed reduction when 
required 

Provide high-ratio speed reduction over wide 
range of speed ratios (60: 1 and higher from a 
single reduction, can go as high as 500: l ) ,  quiet 
transmission of power between shafts at 90". 
reversible unit available. low wear, can be self- 
locking 

Worm, double- Increased load capacity 
enveloping 

Lower efficiency, dif- 
ficult to lubricate due 
to high tooth-contact 
pressures, materials of 
construction (steel) 
require use of 
extreme-pressure 
lubricants 

Lower efficiency; heat 
removal difficult, 
which restricts use to 
low-speed applica- 
tions 

Lower efficiencies 

Source: Integrated Systems. Inc. 

There are three main classes of spur gears: external tooth, internal tooth, and rack- 
and-pinion. The external tooth variety shown in Figure 14-1 is the most common. 
Figure 14-2 illustrates an internal gear. and Figure 14-3 shows a rack or straight-line 
spur gear. 

The spur gear is cylindrical and has straight teeth cut parallel to its rotational axis. The 
tooth size of spur gears is established by the diametrical pitch. Spur-gear design 
accommodates mostly rolling, rather than sliding, contact of the tooth surfaces and 
tooth contact occurs along a line parallel to the axis. Such rolling contact produces 
less heat and yields high mechanical efficiency, often up to 99 percent. 

An internal spur gear, in combination with a standard spur-gear pinion. provides a 
compact drive mechanism for transmitting motion between parallel shafts that rotate 
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Figure l&I Example of a spurgear (Neale 1993). 

in the same direction. The internal gear is a wheel that has teeth cut on the inside of its 
rim and the pinion is housed inside the wheel. The driving and driven members rotate 
in the same direction at relative speeds inversely proportional to the number of teeth. 

Hekal 

Helical gears, shown in Figure 14-4, are formed by cutters that produce an angle that 
allows several teeth to mesh simultaneously. Helical gears are superior to spur gears 
in their load-canying capacity, quietness, and smoothness of operation, which results 

Figure 14-2 Example of an internal spur gear (Neale 1993). 
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Fiere  14-3 Rack or straight-line gear (Neale 1993). 

from the sliding contact of the meshing teeth. A disadvantage, however, is the higher 
friction and wear that accompanies this sliding action. 

Single helical gears are manufactured with the same equipment as spur gears, but the 
teeth are cut at an angle to the axis of the gear and follow a spiral path. The angle at 
which the gear teeth are cut is called the helix angle, which is illustrated in 
Figure 14-5. This angle causes the position of tooth contact with the mating gear to 
vary at each section. Figure 14-6 shows the parts of a helical gear. 

Figure 14-4 Qpical set of helical gears (Neale 1993). 
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+ HELIX, 
ANGLE 

Figure 14-5 Illustrating the angle at which the teeth are cut (Neale 1993). 

It is very important to note that the helix angle may be on either side of the gear’s cen- 
ter line. Or, if compared to the helix angle of a thread, it may be either a “right-hand’ 
or “left-hand” helix. Figure 14-7 illustrates a helical gear as viewed from opposite 
sides. A pair of helical gears must have the same pitch and helix angle but be of oppo- 
site hand (one right hand and one left hand). 

Figure 14-6 Helical gear and its parts (95/96 Product Guide). 
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HUB ON HUB ION 
LFFT S I  DE RIGHTSIDE 

Figure 147 The helix angle of the teeth must be the same no matter from which side the 
gear is viewed (Neale 1993). 

Herringbone 

The double-helical gear, also referred to as the herringbone gear (Figure 14-S), is 
used for transmitting power between parallel shafts. It was developed to overcome the 
disadvantage of the high-end thrust present with single-helical gears. 

The herringbone gear consists of two sets of gear teeth on the same gear, one right 
hand and one left hand. Having both hands of gear teeth causes the thrust of one set to 
cancel out the thrust of the other. Therefore, another advantage of this gear type is 
quiet, smooth operation at higher speeds. 

Bevel 

Bevel gears are used most frequently for 90" drives, but other angles can be accom- 
modated. The most typical application is driving a vertical pump with a horizontal 
driver. 

Figure 14-8 Herringbone gear (Neale 1993). 



178 Root Cause Failure Analysis 

Figure 1 4 9  Basic cone shape of bevel gears (Neale 1993). 

Two major differences between bevel gears and spur gears are their shape and the 
relation of the shafts on which they are mounted. A bevel gear is conical in shape, 
while a spur gear is essentially cylindrical. The diagram in Figure 14-9 illustrates the 
bevel gear’s basic shape. Bevel gears transmit motion between angular or intersecting 
shafts, while spur gears transmit motion between parallel shafts. 

Figure 14-10 shows a typical pair of bevel gears. As with other gears, the term pinion 
and gear refers to the members with the smaller and larger numbers of teeth in the 

Figure 1410  Typical set of bevel gears (Neale 1993). 
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pair, respectively. Special bevel gears can be manufactured to operate at any desired 
shaft angle, as shown in Figure 14-1 1. 

As with spur gears, the tooth size of bevel gears is established by the diametrical 
pitch. Because the tooth size varies along its length, measurements must be taken at a 
specific point. Note that, because each gear in a bevel-gear set must have the same 
pressure angle, tooth length, and diametrical pitch, they are manufactured and distrib- 
uted only as mated pairs. Like spur gears, bevel gears are available in pressure angles 
of 14.5" and 20". 

Because there generally is no room to support bevel gears at both ends due to the 
intersecting shafts, one or both gears overhang their supporting shafts. This, referred 
to as an overhung load, may result in shaft deflection and gear misalignment, causing 
poor tooth contact and accelerated wear. 

Straight or Plain 

Straight-bevel gears, also known as plain beipels, are the most commonly used and 
simplest type of bevel gear (Figure 14-12). They have teeth cut straight across the 
face of the gear. These gears are recommended for peripheral speeds up to 1 ,OOO ft per 
minute in cases where quietness and maximum smoothness are not crucial. This gear 
type produces thrust loads in a direction that tends to cause the pair to separate. 

Zero1 

Zerol-bevel gears are similar to straight-bevel gears, carry the same ratings, and can 
be used in the same mountings. These gears, which should be considered spiral-bevel 
gears having a spiral angle of zero, have curved teeth that lie in the same general 

Figure 1611 

I 
' angle, which can be at any degree (Neale 1993). 
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Figure 14-12 Straight or plain bevel gear (Neale 1993). 

direction as straight-bevel gears. This type of gear permits slight errors in assembly 
and some displacement due to deflection under load. Zero1 gears should he used at 
speeds less than 1,000 ft per minute because of excessive noise at higher speeds. 

Spiral 

Spiral-bevel gears (Figure 14-1 3) have curved oblique teeth that contact each other 
gradually and smoothly from one end of the tooth to the other, meshing with a rolling 
contact similar to helical gears. Spiral-bevel gears are smoother and quieter in opera- 
tion than straight-bevel gears, primarily due to a design that incorporates two or more 
contacting teeth. Their design, however, results in high tooth pressure. 

This type of gear is beginning to supersede straight-bevel gears in many applications. 
They have the advantage of ensuring evenly distributed tooth loads and carry more 
load without surface fatigue. Thrust loading depends on the direction of rotation and 
whether the spiral angle of the teeth is positive or negative. 

Figure 14-13 Spiral bevel gear (Neale 1993). 
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Figure 1614  Miter gear shaft angle (Neale 1993). 

Miter 

Miter gears are bevel gears with the same number of teeth in both gears, operating on 
shafts at right angles, or 90°, as shown in Figure 14-14. Their primary use is to 
change direction in a mechanical drive assembly. Since both the pinion and gear have 
the same number of teeth, no mechanical advantage is generated by this type of gear. 

Hvpoid 

Hypoid-bevel gears are a cross between a spiral-bevel gear and a worm gear 
(Figure 14-15). The axes of a pair of hypoid-bevel gears are nonintersecting and the 
distance between the axes is referred to as the offset. This configuration allows both 
shafts to be supported at both ends and provides high strength and rigidity. 

Although stronger and more rigid than most other types of gears, they are less efficient 
and extremely difficult to lubricate because of high tooth-contact pressures. Further 

Figure 1415  Hypoid bevel gear (Neale 1993). 
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increasing the demands on the lubricant is the material of construction, as both the 
driven and driving gears are made of steel. This requires the use of special extreme- 
pressure lubricants that have both oiliness and antiweld properties that can withstand 
the high contact pressures and rubbing speeds. 

Despite its demand for special lubrication, this gear type is in widespread use in 
industrial and automotive applications. It is used extensively in rear axles of automo- 
biles having rear-wheel drives and increasingly is being used in industrial machinery. 

Worm 

The worm and gear, which are illustrated in Figure 14-16, are used to transmit motion 
and power when a high-ratio speed reduction is required. They accommodate a wide 
range of speed ratios (60: 1 and higher can be obtained from a single reduction and can 
go as high as 500:l). In most worm-gear sets, the worm is the driver and the gear the 
driven member. They provide a steady, quiet transmission of power between shafts at 
right angles and can be self-locking. Thus, torque on the gear will not cause the worm 
to rotate. 

The contact surface of the screw on the worm slides along the gear teeth. Because of 
the high level of rubbing between the worm and wheel teeth, however, slightly less 
efficiency is obtained than with precision spur gears. Note that large helix angles on 
the gear teeth produce higher efficiencies. Another problem with this gear type is heat 
removal, a limitation that restricts their use to low-speed applications. 

Figure 14-16 Worm gear (Nelson 1986). 
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A major advantage of the worm gear is low wear, due mostly to a full-fluid lubricant 
film. In addition, friction can be further reduced through the use of metals having low 
coefficients of friction. For example, the wheel typically is made of bronze and the 
worm of a highly finished hardened steel. 

Most worms are cylindrical in shape with a uniform pitch diameter. However, a vari- 
able pitch diameter is used in the double-enveloping worm. This configuration is used 
when increased load capacity is required. 

PERFORMANCE 

With few exceptions, gears are one-directional power transmission devices. Unless a 
special, bidirectional gear set is specified, gears have a specific direction of rotation 
and will not provide smooth, trouble-free power transmission when the direction is 
reversed. The reason for this one-directional limitation is that gear manufacturers do 
not finish the nonpower side of the tooth profile. This is primarily a cost-savings issue 
and should not affect gear operation. 

The primary performance criteria for gear sets include efficiency, brake horsepower. 
speed transients, startup, backlash, and ratios. 

Efficiency 

Gear efficiency varies with the type of gear used and the specific application. 
Table 14-2 provides a comparison of the approximate efficiency range of various gear 
types. The table assumes normal operation, where torsional loads are within the gear 
set’s designed horsepower range. It also assumes that startup and speed change 
torques are acceptable. 

Table 1&2 Gear Efiiencies 

Gear Type Efficiency Range (%) 

Bevel gear, hypoid 
Bevel gear, miter 
Bevel gear, spiral 
Bevel gear, straight 
Bevel gear, zero1 
Helical gear, external 
Helical gear-double, external (herringbone) 
Spur gear, external 
Worm, cylindrical 
Worm, double-enveloping 

90-98 
Not available 

97-99 
97-99 

Not available 
97-99 
97-99 
97-99 
50-99 
50-98 

Source: Adapted by Integrated Systems, Inc., from “Gears and Gear Drives.” 1996 Power Trunsmissiow 
Design (Penton Publishing Inc.. 1996), pp. A199-A211. 
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Brake Horsepower 

All gear sets have a recommended and maximum horsepower rating. The rating varies 
with the type of gear set but must be carefully considered when evaluating a gearbox 
problem. The maximum installed motor horsepower should never exceed the maxi- 
mum recommended horsepower of the gearbox. This is especially true of worm gear 
sets. The soft material used for these gears is damaged easily when excess torsional 
load is applied. 

The procurement specifications or the vendor’s engineering catalog will provide all 
the recommended horsepower ratings needed for an analysis. These recommendations 
assume normal operation and must be adjusted for the actual operating conditions in a 
specific application. 

Speed Transients 

Applications that require frequent speed changes can have a severe, negative impact 
on gearbox reliability. The change in torsional load caused by acceleration and decel- 
eration of a gearbox may exceed its maximum allowable horsepower rating. This 
problem can be minimized by decreasing the ramp speed and amount of braking 
applied to the gear set. The vendor’s O&M manual or technical specifications should 
provide detailed recommendations that define the limits to use in speed-change appli- 
cations. 

Startup 

Start-stop operation of a gearbox can accelerate both gear and bearing wear and may 
cause reliability problems. In applications like the bottom discharge of storage silos, 
where a gear set drives a chain or screw conveyor system and startup torque is exces- 
sive, care must be taken to prevent overloading the gear set. 

Backlash 

Gear backlash is the play between teeth measured at the pitch circle. It is the distance 
between the involutes of the mating gear teeth as illustrated in Figure 14-17. 

Backlash is necessary to provide the running clearance needed to prevent binding of 
the mating gears, which can result in heat generation, noise, abnormal wear, overload, 
andlor failure of the drive. In addition to the need to prevent binding, some backlash 
occurs in gear systems because of the dimensional tolerances needed for cost-effec- 
tive manufacturing. 

During the gear-manufacturing process, backlash is achieved by cutting each gear 
tooth thinner by an amount equal to one half the backlash dimension required for the 
application. When two gears made in this manner are run together (i.e., mate), their 
allowances combine to provide the full amount of backlash. 
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BACKLASH 

Figure 14-17 Backlash (Neale 1993). 

The increase in backlash that results from tooth wear does not adversely affect opera- 
tion with nonreversing drives or drives with a continuous load in one direction. How- 
ever, for reversing drives and drives where timing is critical, excessive backlash that 
results from wear usually cannot be tolerated. 

Ratios 

Gears are defined and specified using the gear-tooth ratio, contact ratio, and hunting 
ratio. The gear-tooth ratio is the ratio of the larger to the smaller number of teeth in a 
pair of gears. The contact ratio is a measure of overlapping tooth action, which is nec- 
essary to assure smooth, continuous action. For example, as one pair of teeth passes 
out of action, a succeeding pair of teeth already must have started action. The hunting 
ratio is the ratio of the number of gear and pinion teeth. It is a means of ensuring that 
every tooth in the pinion contacts every tooth in the gear before it contacts any gear 
tooth a second time. 

INSTALLATION 

Installation guidelines provided in the vendor’s O&M manual should be followed for 
proper installation of the gearbox housing and alignment to its mating machine-train 
components. 

Gearboxes must be installed on a rigid base that prevents flexing of its housing and 
the input and output shafts. Both the input and output shaft must be properly aligned. 
within 0.002 in., to their respective mating shafts. Both shafts should be free of any 
induced axial forces that may be generated by the driver or driven units. 

Internal alignment also is important. Internal alignment and clearance of new gear- 
boxes should be within the vendor’s acceptable limits, but there is no guarantee that 
this will be true. All internal clearance (e.g., backlash and center-to-center distances) 
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and the parallel relationship of the pinion and gear shafts should be verified for any 
gearbox that is being investigated. 

OPERATING METHODS 

Two primary operating parameters govern effective operation of gear sets or gear- 
boxes: maximum torsional power rating and transitional torsional requirements. 

Each gear set has a specific maximum horsepower rating. This is the maximum tor- 
sional power that the gear set can generate without excessive wear or gear damage. 
Operating procedures should ensure that the maximum horsepower is not exceeded 
throughout the entire operating envelope. If the gear set was properly designed for the 
application, its maximum horsepower rating should be suitable for steady-state opera- 
tion at any point within the design operating envelope. As a result, it should be able to 
provide sufficient torsional power at any set point within the envelope. 

Two factors may cause overload on a gear set: excessive load or speed transients. 
Many processes are subjected to radical changes in the process or production loads. 
These changes can have a serious effect on gear-set performance and reliability. 

Operating procedures should establish boundaries that limit the maximum load varia- 
tions that can be used in normal operation. These limits should be well within the 
acceptable load rating of the gear set. 

The second factor, speed transients, is a leading cause of gear-reliability problems. 
The momentary change in torsional load created by rapid changes in speed can have a 
dramatic, negative impact on gear sets. These transients often exceed the maximum 
horsepower rating of the gears and may result in failure. Operating procedures should 
ensure that torsional power requirements during startup, process-speed changes, and 
shutdown do not exceed the recommended horsepower rating of the gear set. 



STEAM TRAPS 

Steam-supply systems commonly are used in industrial facilities as a general heat 
source as well aq a heat source in pipe and vessel tracing lines used to prevent freeze- 
up in nonflow situations. Inherent with the use of steam is the problem of condensa- 
tion and the accumulation of noncondensable gases in the system. 

Steam traps must be used to automatically purge condensable and noncondensable 
gases, such as air, from the steam system. However, a steam trap should never dis- 
charge live steam. Such discharges are dangerous as well as costly. 

CONFIGURATION 

Five major types of steam traps commonly are used in industrial applications: 
inverted bucket, float and thermostatic, thermodynamic, bimetallic, and thermostatic. 
Each type of steam trap uses a different method to determine when and how to purge 
the system. As a result, each has a different configuration. 

Inverted Bucket 

The inverted-bucket trap, shown in Figure 15-1, is a mechanically actuated steam trap 
that uses an upside down, or inverted, bucket as a float. The bucket is connected to the 
outlet valve through a mechanical link. The bucket sinks when condensate fills the 
steam trap, which opens the outlet valve and drains the bucket. It floats when steam 
enters the trap and closes the valve. 

As a group, inverted-bucket traps can handle a wide range of steam pressures and con- 
densate capacities. They are an economical solution for low- to medium-pressure and 
medium-capacity applications, such as plant heating and light processes. When used 
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Figure 15-Z Inverted-bucket trap. 

for higher-pressure and higher-capacity applications, these traps become large, expen- 
sive. and difficult to handle. 

Each specific steam trap has a finite, relatively narrow range that it can handle effec- 
tively. For example, an inverted-bucket trap designed for up to 15-psi service will fail 
to operate at pressures above that value. An inverted-bucket trap designed for 125-psi 
service will operate at lower pressure, but its capacity is so diminished that it may 
back up the system with unvented condensate. Therefore, it is critical to select a steam 
trap designed to handle the application’s pressure, capacity, and size requirements. 

Float and Thermostatic 

The float-and-thermostatic trap shown in Figure 15-2 is a hybrid. A float similar to 
that found in a toilet tank operates the valve. As condensate collects in the trap, it lifts 
the float and opens the discharge or purge valve. This design opens the discharge only 
as much as necessary. Once the built-in thermostatic element purges noncondensable 
gases, it closes tightly when steam enters the trap. The advantage of this type of trap is 
that it drains condensate continuously. 

Like the inverted-bucket trap, float-and-thermostatic traps as a group handle a wide 
range of steam pressures and condensate loads. However, each individual trap has a 
very narrow range of pressures and capacities. This makes it critical to select a trap 
that can handle the specific pressure, capacity, and size requirements of the system. 

The key advantage of float-and-thermostatic traps is their ability for quick steam-sys- 
tem startup because they continuously purge the system of air and other noncondens- 
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Figure 15-2 Float-ad-thermostatic trap. 

able gases. One disadvantage is the sensitivity of the float ball to damage by hydraulic 
hammer. 

Float-and-thermostatic traps are an economical solution for lighter condensate loads 
and lower pressures. However, when the pressure and capacity requirements increase, 
the physical size of the unit increases and its cost rises. It also becomes more difficult 
to handle. 

Thermodynamic or Disk Type 

Thermodynamic, or disk-type, steam traps use a flat disk that moves between a cap 
and seat (see Figure 15-3). On startup, condensate flow raises the disk and opens the 
discharge port. Steam or very hot condensate entering the trap seats the disk. It 
remains seated, closing the discharge port, as long as pressure is maintained above it. 
Heat radiates out through the cap, thus diminishing the pressure over the disk, open- 
ing the trap to discharge condensate. 

Wear and dirt are particular problems with a disk-type trap. Because of the large, flat 
seating surfaces, any particulate contamination, such as dirt or sand, will lodge 
between the disk and the valve seat. This prevents the valve from sealing and permits 
live steam to flow through the discharge port. If pressure is not maintained above the 
disk, the trap will cycle frequently. This wastes steam and can cause the device to fail 
prematurely. 

The key advantage of these traps is that one trap can handle a complete range of 
pressures. In addition, they are relatively compact for the amount of condensate 
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Figure 15-3 Thermodynamic steam trap. 

they discharge. The chief disadvantage is difficulty in handling air and other noncon- 
densable gases. 

Bimetallic 

A bimetallic steam trap, shown in Figure 15-4, operates on the same principle as a 
residential-heating thermostat. A bimetallic strip, or wafer, connected to a valve disk 
bends or distorts when subjected to a change in temperature. When properly cali- 

+ 
Figure 15-4 Bimetal trap. 
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brated, the disk closes tightly against a seat when steam is present and opens when 
condensate, air, and other gases are present. 

Two key advantages of bimetallic traps are their compact size relative to their conden- 
sate load-handling capabilities and immunity to hydraulic-hammer damage. 

Their biggest disadvantage is the need for constant adjustment or calibration, which 
usually is done at the factory for the intended steam operating pressure. If the trap is 
used at a lower pressure, it may discharge live steam. If used at a higher pressure, con- 
densate may back up into the steam system. 

Thermostatic or Thermal Element 

Thermostatic, or thermal-element, traps are thermally actuated using an assembly 
constructed of high-strength, corrosion-resistant stainless steel plates seam-welded 
together. Figure 15-5 shows this type of trap. 

On startup, the thermal element is positioned to open the valve and purge condensate, 
air, and other gases. As the system warms up, heat generates pressure in the thermal 
element, causing it to expand and throttle the flow of hot condensate through the dis- 
charge valve. The steam that follows the hot condensate into the trap expands the ther- 
mal element with great force, which causes the trap to close. Condensate that enters 
the trap during system operation cools the element. As the thermal element cools, it 
lifts the valve off the seat and allows the condensate to discharge quickly. 

Figure 15-5 Thermostatic trap. 
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Thermal elements can be designed to operate at any steam temperature. In steam-trac- 
ing applications, it may be desirable to allow controlled amounts of condensate to 
back up in the lines in order to extract more heat from the condensate. In other appli- 
cations, any hint of condensate in the system is undesirable. The thermostatic trap can 
handle either condition, but the thermal element must be properly selected to accom- 
modate the specific temperature range of the application. 

Thermostatic traps are compact, and a given trap operates over a wide range of pres- 
sures and capacities. However, they are not recommended for condensate loads over 
15,000 lb per hour. 

PERFORMANCE 

When properly selected, installed, and maintained, steam traps are relatively trouble 
free and highly efficient. The critical factors that affect efficiency include capacity and 
pressure ratings, steam quality, mechanical damage, and calibration. 

Capacity Rating 

Each type and size of steam trap has a specified capacity for the amount of condensate 
and noncompressible gas that it can handle. Care must be taken to ensure that the 
proper steam trap is selected to meet the application’s capacity needs. 

Pressure Rating 

As discussed previously, each type of steam trap has a range of steam pressures that it 
can handle effectively. Therefore, each application must be carefully evaluated to 
determine the normal and maximum pressures that will be generated by the steam 
system. Traps must be selected for a worst-case scenario. 

Steam Quality 

Steam quality determines the amount of condensate to be handled by the steam trap. 
In addition to an increased volume of condensate, poor steam quality may increase the 
amount of particulate matter present in the condensate. High concentrations of solids 
directly affect the performance of steam traps. If particulate matter is trapped between 
the purge valve and its seat, the steam trap may not properly shut off the discharge 
port. This will result in live steam being continuously exhausted through the trap. 

Mechanical Damage 

Inverted-bucket and float-type steam traps are highly susceptible to mechanical dam- 
age. If the level arms or mechanical links are damaged or distorted, the trap cannot 
operate properly. Regular inspection and maintenance of these types of traps are 
essential. 



Steam Raps 193 

Calibration 

Steam traps, such as the bimetallic type, must be periodically recalibrated to ensure 
proper operation. All steam traps should be adjusted on a regular schedule. 

INSTALLATION 

Installation of steam traps is relatively straightforward. As long as they are properly 
sized, the only installation imperative is that they be plumb. If the trap is tilted or 
cocked, the bucket, float, or thermal valve will not operate properly. In addition, a 
nonplumb installation may prevent the condensate chamber from fully discharging 
accumulated liquids. 

OPERATING METHODS 

Steam traps are designed for a relatively constant volume, pressure, and condensate 
load. Operating practices should attempt to maintain these parameters as much as 
possible. Actual operating practices are determined by the process system, rather than 
the trap selected for a specific system. 

The operator should periodically inspect them to ensure proper operation. Special 
attention should be given to the drain line to ensure that the trap is properly seated 
when not in the bleed or vent position. 

A common failure mode of steam traps is failure of the sealing device (Le., plunger, 
disk, or valve) to return to a leak-tight seat when in its normal operating mode. Leak- 
age during normal operation may lead to abnormal operating costs or degradation of 
the process system. A single V4-in. steam trap that fails to seat properly can increase 
operating costs by $40,000 to $50,000 per year. Traps that fail to seat properly or are 
constantly in an unloading position should be repaired or replaced as quickly as possi- 
ble. Regular inspection and adjustment programs should be included in the standard 
operating procedures. 
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INVERTERS 

Inverters control the output speed of alternating current (AC) motors. While the basic 
function of all inverters is the same, the approach varies with the type of inverter. 

CONFIGURATION 

Two basic types of inverters commonly are used in industrial applications: voltshertz 
and vector control. 

Vo/ts/Hertz Control 

Traditionally, a voltshertz speed-control device uses a volts-per-hertz (V/Hz) control- 
ler, which uses a mechanical-reference command taken from a shaft encoder, or 
resolver, to vary the voltage and frequency applied to the motor. By maintaining a 
constant V/Hz ratio, the inverter drive controls the speed of the connected motor. 
Figure 16-1 shows how this type of controller limits current frequency to the motor. 

Inside the drive shown in Figure 16-1, a current-limit block monitors motor current and 
alters the frequency command when the motor current exceeds a predetermined value. 
Early V/Hz inverters were sensitive to variations in applied load and could not maintain 
consistent speed control in applications subjected to frequency-load variations. 

The introduction of slip compensation, a feature added to later V/Hz models, altered 
the frequency reference to keep the actual motor speed close to the desired speed dur- 
ing load changes. The slip-compensation module compares the deviation between 
actual and no-load speed of the motor and enters a correction factor to the inverter 
drive. This factor compensates for the variation in speed, or slip, caused by load 
changes. 
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Volts-per-hertz technology works well in general-purpose, moderate-speed applica- 
tions. However, it is unsuitable for applications that require high dynamic response 
and torque control or when the motor is running at very low speeds. 

Vector Control 

Vector-control technology was developed to provide the ability to accurately control 
the output speed of alternating-current motors in both high-torque and low-speed 
applications. Alternating-current vector controls refer to the drive’s ability to control 
the vector sum of flux and torque in the controlled motor, which provides precise 
speed and torque performance. These capabilities enable the drive to maintain tension 
when a machine stops or to quickly return to full speed when a heavy load variation is 
imposed on the driven machine. 

Three basic types of vector drives commonly are used in these applications: flux-vector, 
voltage-vector, and stator-flux-vector controls. All these control technologies may retain 
the volts-per-hertz core logic, but add other control blocks to improve drive perfor- 
mance. These additional control blocks include a current resolver that estimates the flux- 
and torque-producing currents in the motor and enters a correction factor to the V/Hz 
primary-control logic. Where more accurate speed control is required, a current regulator 
may be used to replace the standard V/Hz current-limit block. In this configuration, 
shown in Figure 16-2, the output of the current regulator is still a frequency reference. 

PERFORMANCE 

Inverter performance is measured by the response characteristics of the motor. In 
most cases, these characteristics include torque response, impact-load response, and 
acceleration control. 

Torque Response 

Figure 16-3 illustrates the normal torque-response characteristics of a V/Hz inverter. 
Note that the ability of the drive to maintain high torque output at low speeds drops 
off significantly below 3 Hz. For this reason, the operating range of a V/Hz inverter is 
usually less than 20 to 1 (i.e., 20: 1). 

A flux-vector control improves the drive’s dynamic response and may be able to con- 
trol both the output torque and speed. Figure 1 6 4  provides a typical torque-speed 
response curve of a flux-vector inverter. 

Impact-Load Response 

Inverter drives must compensate for variations in load. Figure 16-5 compares the 
impact-load response of a standard V/Hz and a sensorless flux-vector-type inverter. In 
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Per unit 
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667 83.3 
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Figure 16-3 V/Hz drive cannot apply full torque as speed approaches zero. 

most cases, the flux-vector inverter will have better response characteristics than the 
V/Hz inverter. The feedback logic used in flux-vector inverters provide a more posi- 
tive means for both detection and compensation for load variations. 

Acceleration Control 

Inverters must provide positive speed and torque control over the full operating range 
of the controlled motor and system. Inverter speed-control characteristics, especially 
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Figure 1 6 4  Flux vector has limited ability to supply full torque at low speeds. 
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Figure 1 6 5  Impact load-response comparison for V/Hz and sensorless, jlm-vector-type 
inverters. 

during rapid acceleration, are important performance measurements. Figure 16-6 
shows the response characteristics of a flux-vector-type inverter, which can supply 
three times full torque in less than 1 sec. The ability to maintain full torque, as well as 
the ramp or acceleration rate of the motor, is essential in critical applications. 
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Figure I66 Flux-vector inverter response charaeteristks. 
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INSTALLATION 

Inverters must be installed in a reasonably clean, air-conditioned environment. In crit- 
ical applications, an extra cooling fan may be required to ensure adequate temperature 
control. Wiring from an inverter to a motor, including starter, plugsets, and fuse dis- 
connections, must be new or in good working condition. 

Motors 

Motors to be controlled by an inverter must be of the three-phase, AC type. More than 
one motor can be controlled by one inverter, but each motor must have its own set of 
three fuses. A positive disconnection must be installed upstream of the dedicated 
motor-fuse set. 

Short-circuit Protection 

Short-circuit fuse coordination is required in all multimotor inverter systems. In the 
case of a short circuit in one motor, the individual fuse set will clear without caus- 
ing the inverter’s overcurrent-protection system (fuses, electronic trips, etc.) to 
operate. 

Ground-Fault Protection 

Ground-fault fuse coordination is required with multimotor inverter systems for the 
same reason as short-circuit fuse coordination. Including ground-fault protection for 
each motor will prevent shutting down the inverter should one or more motors trip. 

Transformers 

Transformers may be required when a different input or output voltage is required for 
proper operation. Input transformers are required when the available input voltage is 
different than that required by the inverter system or motor. Input isolation transform- 
ers also can be used to prevent the electrical noise generated in the inverters from 
feeding into other equipment. 

An output transformer can be used to match the motor’s load to the inverter. For 
example, if the inverter is capable of producing a 480-V output and the motor requires 
only 290 V at maximum speed, an output transformer can be used to step down the 
inverter’s output voltage. 

lns frumentation 

Proper operation and maintenance of an inverter system requires adequate feedback to 
monitor and troubleshoot the system. As a minimum, inverter systems should have 
digital oscillators and a fault-indication system. 
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Digital Oscillators 

Most inverter systems incorporate a digital oscillator. The feedback provided by this 
device is essential for applications where speed stability is required. 

Fault-Indication System 

A multimotor inverter system should have sufficient diagnostic capability to detect 
and display the reason for an unplanned system shutdown. It is desirable for the 
inverter to display the first fault that occurred. 

Other Instrumentation 

It is necessary to have voltage, frequency, and current readouts or meters on the front 
panel of the inverter. Most new inverters have digital displays, which allow the output 
to be displayed in series or simultaneously. 

OPERATING METHODS 

Proper operation of an inverter system varies with the type of inverter and the specific 
application. However, all systems have some common operating parameters, such as 
startup and braking. 

Startup 

Motors controlled by inverters must be started across the line, which refers to con- 
necting them across the inverter output while the inverter is operating at running fre- 
quency. The inverter must be capable of handling a motor’s starting current in-rush 
without affecting the other motors controlled by the inverter. 

Braking 

If the application requires the motors to be slowed down faster than they would nor- 
mally coast to a stop, then dynamic braking is required. This can be achieved with a 
multimotor inverter system in several ways. When a motor is removed from the 
inverter output, direct current (DC) from a separate power supply can be connected 
through one phase of the motor being stopped. Controls must be designed to shut off 
the DC power when the motor comes to a complete stop. If not, the motor’s windings 
will be damaged. 

Another method of braking uses a 60-Hz utility power supply connected to the motor. 
This 60-Hz power is connected in opposite-phase rotation from the normal direction 
of the motor. This reverse power provides the braking required to stop the motor. 
Again, provisions must be made to shut off this power supply as soon as the motor 
comes to a complete stop. 



CONTROL VALVES 

Control valves can be broken into two major classifications: process and fluid power. 
Process valves control the flow of gases and liquids through a process system. Fluid- 
power valves control pneumatic or hydraulic systems. 

PROCESS 

Process-control valves are available in a variety of sizes, configurations, and materials 
of construction. Generally, this type of valve is classified by its internal configuration. 

Configuration 

The device used to control flow through a valve varies with its intended function. The 
more common types are ball, gate, butterfly, and globe valves. 

Ball 

Ball valves (see Figure 17-1) are simple shutoff devices that use a ball to stop and 
start the flow of fluid downstream of the valve. As the valve stem turns to the open 
position, the ball rotates to a point where part or all of the hole machined through the 
ball is in line with the valve-body inlet and outlet. This allows fluid to pass through 
the valve. When the ball rotates so that the hole is perpendicular to the flow path, the 
flow stops. 

Most ball valves are quick-acting and require a 90" turn of the actuator lever to fully 
open or close the valve. This feature, coupled with the turbulent flow generated when 
the ball opening is only partially open, limits the use of the ball valve. Use should be 
limited to strictly an ordoff control function (Le., fully open or fully closed) because 
of the turbulent flow condition and severe friction loss when in the partially open 
position. These valves should not be used for throttling or flow control. 

202 
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Figure 17-1 Ball valve. 

Ball valves used in process applications may incorporate a variety of actuators to pro- 
vide direct or remote control of the valve. Actuators commonly are either manual or 
motor operated. Manual values have a handwheel or lever attached directly or through 
a gearbox to the valve stem. The valve is opened or closed by moving the valve stem 
through a 90" arc. Motor-controlled valves replace the handwheel with a fractional 
horsepower motor that can be controlled remotely. The motor-operated valve operates 
in exactly the same way as the manually operated valve. 

Gate 

Gate valves are used when straight-line, laminar fluid flow and minimum restrictions 
are needed. These valves use a wedge-shaped sliding plate in the valve body to stop, 
throttle, or permit full flow of fluids through the valve. When the valve is wide open, 
the gate is completely inside the valve bonnet. This leaves the flow passage through 
the valve fully open, with no flow restrictions, allowing little or no pressure drop 
through the valve. 

Gate valves are not suitable for throttling the flow volume unless specifically autho- 
rized for this application by the manufacturer. They generally are not suitable because 
the flow of fluid through a partially open gate can cause extensive damage to the 
valve. 

Gate valves are classified as either rising stem or non-rising stem. In the non-rising- 
stem valve, shown in Figure 17-2, the stem is threaded into the gate. As the hand- 
wheel on the stem is rotated, the gate travels up or down the stem on the threads, 
while the stem remains vertically stationary. This type of valve almost always will 
have a pointer indicator threaded onto the upper end of the stem to indicate the posi- 
tion of the gate. 
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Figure 17-2 Non-rising-stem gate valve (source unknown). 

Valves with rising stems (see Figure 17-3) are used when it is important to know by 
immediate inspection if the valve is open or closed or when the threads exposed to the 
fluid could become damaged by fluid contamination. In this valve, the stem rises out 
of the valve bonnet when the valve is opened. 

Butte fly 

The butterfly valve has a disk-shaped element that rotates about a central shaft or 
stem. When the valve is closed, the disk face is across the pipe and blocks the flow. 
Depending on the type of butterfly valve, the seat may consist of a bonded resilient 

Figure 17-3 Rising stem gate valve. 
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liner, a mechanically fastened resilient liner, an insert-type reinforced resilient liner, 
or an integral metal seat with an O-ring inserted around the edge of the disk. 

As shown in Figure 1 7 4 ,  both the fully open and the throttled positions permit 
almost unrestricted flow. Therefore, this valve does not induce turbulent flow in the 
partially closed position. While the design does not permit exact flow control, a but- 
terfly valve can be used for throttling flow through the valve. In addition, these valves 
have the lowest pressure drop of all the conventional types. For such reasons, they 
commonly are used in process-control applications. 

Globe 

The globe valve gets its name from the shape of the valve body, although other types 
of valves also may have globular bodies. Figure 17-5 shows three configurations of 
this type of valve: straight flow, angle flow and cross flow. 

A disk attached to the valve stem controls flow in a globe valve. Turning the valve 
stem until the disk is seated, illustrated in View A of Figure 17-6, closes the valve. 
The edge of the disk and the seat are very accurately machined to form a tight seal. It 
is important for globe valves to be installed with the pressure against the disk face to 
protect the stem packing from system pressure when the valve is shut. 

While this type of valve commonly is used in the fully open or fully closed position, it 
also may be used for throttling. However, since the seating surface is a relatively large 
area, it is not suitable for throttling applications where fine adjustments are required. 

When the valve is open, as illustrated in View B of Figure 17-6, the fluid flows through 
the space between the edge of the disk and the seat. Since the fluid flow is equal on all 
sides of the center of support when the valve is open, no unbalanced pressure is placed 

Figure 17-4 Buttefly valves provide almost unreshictedjlow (Higgins and Mobley 1995). 
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Straight - flow Angle - flow 

Cross - flow 

Figure 17-5 Three globe valve configurations: straightjlow, angle flow, and cross &w. 

on the disk to cause uneven wear. The rate at which fluid flows through the valve is reg- 
ulated by the position of the disk in relation to the valve seat. 

The globe valve should never be jammed in the open position. After a valve is fully 
opened, the handwheel or actuating handle should be closed approximately one-half 
turn. If this is not done, the valve may seize in the open position making it difficult, if 
not impossible, to close the valve. Many valves are damaged in the manner. Another 
reason to partially close a globe valve is because it can be difficult to tell if the valve is 
open or closed. If jammed in the open position, the stem can be damaged or broken by 
someone who thinks the valve is closed. 

Performance 

Process-control valves have few measurable criteria that can be used to determine 
their performance. Obviously, the valve must provide a positive seal when closed. 

View A View B 

Figure 17-6 Globe valve. 
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In addition, it must provide a relatively laminar flow with minimum pressure drop 
in the fully open position. When evaluating valves, the following criteria should be 
considered: capacity rating, flow characteristics, pressure drop, and response char- 
acteristics. 

Capacity Rating 

The primary selection criteria of a control valve is its capacity rating. Each type of 
valve is available in a variety of sizes to handle most typical process-flow rates. How- 
ever, proper size selection is critical to the performance characteristics of the valve 
and the system where it is installed. A valve’s capacity must accommodate variations 
in viscosity, temperature, flow rates, and upstream pressure. 

Flow Characteristics 

The internal design of process-control valves has a direct impact on the flow charac- 
teristics of the gas or liquid flowing through the valve. A fully open butterfly or gate 
valve provides a relatively straight, obstruction-free flow path. As a result, the product 
should not be affected. Refer to the previous section on valve configuration for a dis- 
cussion of the flow characteristics by valve type. 

Pressure Drop 

The control-valve configuration affects the resistance to flow through the valve. The 
amount of resistance, or pressure drop, will vary greatly, depending on type, size, and 
position of the valve’s flow-control device (i.e., ball, gate, or disk). Pressure-drop for- 
mulas can be obtained for all common valve types from several sources. 

Response Characteristics 

With the exception of simple, manually controlled shutoff valves, process-control 
valves generally are used to control the volume and pressure of gases or liquids within 
a process system. In most applications, valves are controlled from a remote location 
through the use of pneumatic, hydraulic, or electronic actuators. Actuators are used to 
position the gate, ball, or disk that starts, stops, directs, or proportions the flow of gas 
or liquid through the valve. Therefore, the response characteristics of a valve are 
determined, in part, by the actuator. Three factors critical to proper valve operation are 
response time, length of travel, and repeatability. 

Response Time Response time is the total time required for a valve to open or close 
to a specific set-point position. These positions are fully open, fully closed, and any 
position in between. The selection and maintenance of the actuator used to control 
process-control valves have a major impact on response time. 

Length ofTravel The valve’s flow-control device (Le., gate, ball, or disk) must 
travel some distance when going from one set point to another. With a manually oper- 
ated valve, this is a relatively simple operation. The operator moves the stem lever or 
handwheel until the desired position is reached. The only reasons why a manually 
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controlled valve will not position properly are mechanical wear or looseness between 
the lever or handwheel and the disk, ball, or gate. 

For remotely controlled valves, however, other variables have a direct impact on valve 
travel. These variables depend on the type of actuator used. There are three major 
types of actuators: pneumatic, hydraulic, and electronic. 

Pneumatic actuators, including diaphragms, air motors, and cylinders, are suitable for 
simple odoff  valve applications. As long as there is enough air volume and pressure 
to activate the actuator, the valve can be repositioned over its full length of travel. 
However, when the air supply required to power the actuator is inadequate or the pro- 
cess-system pressure is too great, the actuator’s ability to operate the valve properly is 
severely reduced. 

A pneumatic (Le., compressed-air driven) actuator is shown in Figure 17-7. This type 
is not suited for precision flow-control applications, because the compressibility of air 
prevents it from providing smooth, accurate valve positioning. 

Hydraulic (Le., fluid-driven) actuators, also illustrated in Figure 17-7, can provide a 
positive means of controlling process valves in most applications. Properly installed 
and maintained, this type of actuator can provide accurate, repeatable positioning of 
the control valve over its full range of travel. 

Some control valves use high-torque electric motors as their actuator (see 
Figure 17-8). If the motors are properly sized and their control circuits maintained, 
this type of actuator can provide reliable, positive control over the full range of travel. 

Figure 17-7 Pneumatic or hydraulic cylinders are used as actuators (Higgins and Mobley 
1995). 
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Motor 
Actuator 

Figure 
1995). 

17-8 High-torque electric motors can be used as actuators (Higgins and Mobley 

Repeatability Repeatability, perhaps, is the most important performance criteria of 
a process-control valve. This is especially true in applications where precise flow or 
pressure control is needed for optimum performance of the process system. 

New process-control valves generally provide the repeatability required. However, 
proper maintenance and periodic calibration of the valves and their actuators are 
required to ensure long-term performance. This is especially true for valves that use 
mechanical linkages as part of the actuator assembly. 

Installation 

Process-control valves cannot tolerate solids, especially abrasives, in the gas or liq- 
uid stream. In applications where high concentrations of particulates are present, 
valves tend to experience chronic leakage or seal problems because the particulate 
matter prevents the ball, disk, or gate from completely closing against the stationary 
surface. 
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Simply installing a valve with the same inlet and discharge size as the piping used in 
the process is not acceptable. In most cases, the valve must be larger than the piping to 
compensate for flow restrictions within the valve. 

Operafing Methods 

Operating methods for control valves, which are designed to control or direct gas and 
liquid flow through process systems or fluid-power circuits, range from manual to 
remote, automatic operation. The key parameters that govern the operation of valves 
are the speed of the control movement and the impact of speed on the system. This is 
especially important in process systems. 

Hydraulic hammer, the shock wave generated by the rapid change in the flow rate of 
liquids within a pipe or vessel, has a serious, negative impact on all components of the 
process system. For example, instantaneously closing a large flow-control valve may 
generate in excess of 3 million foot-pounds of force on the entire system upstream of 
the valve. This shock wave can cause catastrophic failure of upstream valves, pumps, 
welds, and other system components. 

Changes in flow rate, pressure, direction, and other controllable variables must be 
gradual enough to permit a smooth transition. Abrupt changes in valve position should 
be avoided. Neither the valve installation nor the control mechanism should permit 
complete shutoff, referred to as deadheading, of any circuit in a process system. 

Restricted flow forces system components, such as pumps, to operate outside of their 
performance envelope. This reduces equipment reliability and sets the stage for cata- 
strophic failure or abnormal system performance. In applications where radical changes 
in flow are required for normal system operation, control valves should be configured to 
provide an adequate bypass for surplus flow in order to protect the system. 

For example, systems that must have close control of flow should use two proportion- 
ing valves that act in tandem to maintain a balanced hydraulic or aerodynamic system. 
The primary, or master, valve should control flow to the downstream process. The sec- 
ond valve, slaved to the master, should divert excess flow to a bypass loop. This mas- 
ter-slave approach ensures that the pumps and other upstream system components are 
permitted to operate well within their operating envelope. 

FLUID POWER 

Fluid power control valves are used on pneumatic and hydraulic systems or circuits. 

Configuration 

The configuration of fluid power control valves varies with their intended application. 
The more common configurations include one way, two way, three way, and four way. 
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One Way 

One-way valves typically are used for flow and pressure control in fluid-power cir- 
cuits (see Figure 17-9). Flow-control valves regulate the flow of hydraulic fluid or 
gases in these systems. Pressure-control valves, in the form of regulators or relief 
valves, control the amount of pressure transmitted downstream from the valve. In 
most cases, the types of valves used for flow control are smaller versions of the types 
of valves used in process control. The major types of process-control valves were dis- 
cussed previously. These include ball, gate, globe, and butterfly valves. 

Pressure-control valves have a third port to vent excess pressure and prevent it from 
affecting the downstream piping. The bypass, or exhaust, port has an internal flow- 
control device, such as a diaphragm or piston, that opens at predetermined set points 
to permit the excess pressure to bypass the valve’s primary discharge. In pneumatic 
circuits, the bypass port vents to the atmosphere. In hydraulic circuits, it must be con- 
nected to a piping system that returns to the hydraulic reservoir. 

Two Way 

A two-way valve has two functional flow-control ports. A two-way, sliding spool 
directional control valve is shown in Figure 17-10. As the spool moves back and 
forth, it either allows fluid to flow through the valve or prevents it from flowing. In the 
open position, the fluid enters the inlet port, flows around the shaft of the spool, and 
through the outlet port. Because the forces in the cylinder are equal when open, the 
spool cannot move back and forth. In the closed position, one of the spool’s pistons 
simply blocks the inlet port, which prevents flow through the valve. 

/SPRING 

NO FLOW 
BODY / 

IN OUT 

FREE FLOW 

Figure 17-9 One-way, fluidpower valve. 
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Figure 17-10 Two-way, fluid-power valve (Nelson 1986). 

A number of features common to most sliding-spool valves are shown in 
Figure 17-10. The small ports at either end of the valve housing provide a path for 
fluid that leaks past the spool to flow to the reservoir. This prevents pressure from 
building up against the ends of the pistons, which would hinder the movement of the 
spool. When these valves become worn, they may lose balance because of greater 
leakage on one side of the spool than on the other. This can cause the spool to stick as 
it attempts to move back and forth. Therefore, small grooves are machined around the 
sliding surface of the piston. In hydraulic valves, leaking liquid encircles the piston, 
keeping the contacting surfaces lubricated and centered. 

Three Way 

Three-way valves contain a pressure port, cylinder port, and return or exhaust port 
(see Figure 17-1 1). The three-way directional control valve is designed to operate an 

I 1  

12 B Y3 

i l  

Figure 17-11 Three-way, fluid-power valve (Nelson 1986). 
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actuating unit in one direction. It is returned to its original position either by a spring 
or the load on the actuating unit. 

Four Way 

Most actuating devices require system pressure in order to operate in two directions. 
The four-way directional control valve, which contains four ports, is used to control 
the operation of such devices (see Figure 17-12). The four-way valve also is used in 
some systems to control the operation of other valves. It is one of the most widely 
used directional-control valves in fluid-power systems. 

The typical four-way directional control valve has four ports: a pressure port, a return 
port, and two cylinder or work (output) ports. The pressure port is connected to the 
main system-pressure line and the return port is connected to the reservoir return line. 
The two outputs are connected to the actuating unit. 

Performance 

The criteria that determines performance of fluid-power valves are similar to those for 
process-control valves as discussed previously. As with process-control valves, fluid- 
power valves must be selected based on their intended application and function. 

Installation 

When installing fluid power control valves, piping connections are made either 
directly to the valve body or to a manifold attached to the valve’s base. Care should be 
taken to ensure that the piping is connected to the proper valve port. The schematic 
diagram affixed to the valve body will indicate the proper piping arrangement, as well 

AIR INTRODUCED THROUGH CENTERING SPRINGS PUSH AGAINST 
THIS PASSAGE PUSHES 
AGAINST THE PISTON 
WHICH SHIFTS THE 
SPOOL TO THE RIGHT 

\ 

WASHERS CENTERING WASHERS TO n CENTER THE SPOOL WHEN 

\ 
NO AIR IS APPLIED 

PISTONS SEAL THE 
AIR CHAMBER FROM 
THE HYDRAULIC CHAMBER 

\ 
Figure 17-12 Four-way,jiuid-power valves. 
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as the designed operation of the valve. In addition, the ports on most fluid-power 
valves generally are clearly marked to indicate their intended function. 

In hydraulic circuits, the return or common ports should be connected to a return line 
that directly connects the valve to the reservoir tank. This return line should not need 
a pressure-control device but should have a check valve to prevent reverse flow of the 
hydraulic fluid. 

Pneumatic circuits may be vented directly to atmosphere. A return line can be used to 
reduce noise or any adverse effect that locally vented compressed air might have on 
the area. 

Operating Methods 

The function and proper operation of a fluid-power valve are relatively simple. Most 
of these valves have a schematic diagram affixed to the body that clearly explains how 
to operate the valve. 

Backup Valves 

Figure 17-13 is a schematic of a two-position, cam-operated valve. The primary actu- 
ator, or cam, is positioned on the left of the schematic and any secondary actuators are 
on the right. In this example, the secondary actuator consists of a spring-return and a 
spring-compensated limit switch. The schematic indicates that, when the valve is in 
the neutral position (right box), flow is directed from the inlet (Pj to work port A. 
When the cam is depressed, the flow momentarily shifts to work port B. The second- 
ary actuator, or spring, automatically returns the valve to its neutral position when the 
cam returns to its extended position. In these schematics, T indicates the return con- 
nection to the reservoir. 

Figure 17-14 illustrates a typical schematic of a two-position and three-position 
directional control valve. The boxes contain flow direction arrows that indicate the 
flow path in each position. The schematics do not include the actuators used to acti- 
vate or shift the valves between positions. 

In a two-position valve, the flow path is always directed to one of the work ports (A or 
B). In a three-position valve, a third or neutral position is added. In this figure, a Type 
2 center position is used. In the neutral position, all ports are blocked and no flow 
through the valve is possible. 

Figure 17-15 is the schematic for the center or neutral position of three-position 
directional control valves. Special attention should be given to the type of center posi- 
tion that is used in a hydraulic control valve. When Type 2, 3, and 6 (see 
Figure 17-15) are used, the upstream side of the valve must have a relief or bypass 
valve installed. Since the pressure port is blocked, the valve cannot relieve pressure on 
the upstream side of the valve. The Type 4 center position, called a motor spool, per- 
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Figure 17-13 Schematic for a cam-operated, two-position valve. 
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Figure 17-14 Schematic of two-position and three-position valves. 
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Figure 17-15 Schematic for center or neutral configurations of three-position valves. 

mits the full pressure and volume on the upstream side of the valve to flow directly to 
the return line and storage reservoir. This is the recommended center position for most 
hydraulic circuits. 

The schematic affixed to the valve includes the primary and secondary actuators used 
to control the valve. Figure 17-16 provides the schematics for three actuator-con- 
trolled valves: 

1. Double-solenoid, spring-centered, three-position valve; 
2. Solenoid-operated, spring-return, two-position valve; 
3. Double-solenoid, detented, two-position valve. 

The top schematic represents a double-solenoid, spring-centered, three-position 
valve. When neither of the two solenoids is energized, the double springs ensure that 
the valve is in its center or neutral position. In this example, a Type 0 (see 
Figure 17-1 5) configuration is used. This neutral-position configuration equalizes the 
pressure through the valve. Since the pressure port is open to both work ports and the 
return line, pressure is equalized throughout the system. When the left or primary 
solenoid is energized, the valve shifts to the left-hand position and directs pressure to 
work port B. In this position, fluid in the A side of the circuit returns to the reservoir. 
As soon as the solenoid is de-energized, the valve shifts back to the neutral or center 
position. When the secondary (Le., right) solenoid is energized, the valve redirects 
flow to port A and port B returns fluid to the reservoir. 

The middle schematic represents a solenoid-operated, spring-return, two-position 
valve. Unless the solenoid is energized, the pressure port (P) is connected to work port 
A. While the solenoid is energized, flow is redirected to work port B. The spring 
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Figure 17-1 6 Actuator-controlled valve schematics. 

return ensures that the valve is in its neutral (i.e., right) position when the solenoid is 
de-energized. 

The bottom schematic represents a double-solenoid, detented, two-position valve. 
The solenoids are used to shift the valve between its two positions. A secondary 
device, called a detent, is used to hold the valve in its last position until the alternate 
solenoid is energized. Detent configuration varies with the valve type and manufac- 
turer. However, all configurations prevent the valve’s control device from moving 
until a strong force, such as that provided by the solenoid, overcomes its locking 
force. 

Actuators 

As with process-control valves, actuators used to control fluid-power valves have a 
fundamental influence on performance. The actuators must provide positive, real-time 
response to control inputs. The primary types of actuators used to control fluid-power 
valves are mechanical, pilot, and solenoid. 

Mechanical The use of manually controlled mechanical valves is limited in both 
pneumatic and hydraulic circuits. Generally, this type of actuator is used only on 
isolation valves that are activated when the circuit or fluid-power system is shut 
down for repair or when direct operator input is required to operate one of the sys- 
tem components. 
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Manual control devices (e.g., levers, cams, or palm buttons) can be used as the pri- 
mary actuator on most fluid power control valves. Normally, these actuators are used 
in conjunction with a secondary actuator, such as a spring return or detent, to ensure 
proper operation of the control valve and its circuit. 

Spring returns are used in applications where the valve is designed to stay open or 
shut only when the operator holds the manual actuator in a particular position. When 
the operator releases the manual control, the spring returns the valve to the neutral 
position. 

Valves with a detented secondary actuator are designed to remain in the last position 
selected by the operator until manually moved to another position. A detent actuator is 
simply a notched device that locks the valve in one of several preselected positions. 
When the operator applies force to the primary actuator, the valve shifts out of the 
detent and moves freely until the next detent is reached. 

Pilot Although a variety of pilot actuators is used to control fluid-power valves, they 
all work on the same basic principle. A secondary source of fluid or gas pressure is 
applied to one side of a sealing device, such as a piston or diaphragm. As long as this 
secondary pressure remains within preselected limits, the sealing device prevents the 
control valve’s flow-control mechanism (i.e., spool or poppet) from moving. How- 
ever, if the pressure falls outside the preselected window, the actuator shifts and forces 
the valve’s primary mechanism to move to another position. 

This type of actuator can be used to sequence the operation of several control valves 
or operations performed by the fluid-power circuit. For example, a pilot-operated 
valve is used to sequence the retraction of an airplane’s landing gear. The doors that 
conceal the landing gear when retracted cannot close until the gear is fully retracted. 
A pilot-operated valve senses the hydraulic pressure in the gear-retraction circuit. 
When the hydraulic pressure reaches a preselected point that indicates the gear is fully 
retracted, the pilot-actuated valve triggers the closure circuit for the wheel-well doors. 

Solenoid Solenoid valves are widely used as actuators for fluid-power systems. This 
type of actuator consists of a coil that generates an electric field when energized. The 
magnetic forces generated by this field force a plunger attached to the main valve’s 
control mechanism to move within the coil. This movement changes the position of 
the main valve. 

In some applications, the mechanical force generated by the solenoid coil is not suffi- 
cient to move the main valve’s control mechanism. When this occurs, the solenoid 
actuator is used in conjunction with a pilot actuator. The solenoid coil opens the pilot 
port, which uses system pressure to shift the main valve. 

Solenoid actuators always are used with a secondary actuator to provide positive con- 
trol of the main valve. Because of heat buildup, solenoid actuators must be limited to 
short-duration activation. A brief burst of electrical energy is transmitted to the sole- 
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noid’s coil and the actuation triggers a movement of the main valve’s control mecha- 
nism. As soon as the main valve’s position is changed, the energy to the solenoid coil 
is shut off. 

This operating characteristic of solenoid actuators is important. For example, a nor- 
mally closed valve that uses a solenoid actuation can be open only when the solenoid 
is energized. As soon as the electrical energy is removed from the solenoid’s coil, the 
valve returns to the closed position. The reverse is true of a normally open valve. The 
main valve remains open, except when the solenoid is energized. 

The combination of primary and secondary actuators varies with the specific applica- 
tion. Secondary actuators can be another solenoid or any of the other actuator types 
that have been previously discussed. 



SEALS AND PACKING 

All machines that handle liquids or gases, such as pumps and compressors, must be 
sealed around their shafts to prevent fluid from leaking. To accomplish this, the 
machine design must include seals located at various points to prevent leakage 
between the shaft and housing. This chapter discusses sealing requirements and com- 
mon seals. 

CONFIGURATION 

The two primary types of sealing devices used to seal around rotating shafts are 
packed-stuffing boxes and simple mechanical seals. 

Packed-Stuffing Boxes 

A soft, pliable packing material placed in a box and compressed into rings encircling 
the drive shaft commonly is used to prevent leakage. Packing rings between the pump 
housing and the drive shaft, compressed by tightening the gland-stuffing follower, 
forms an effective seal. Figure 18-1 shows a typical packed-stuffing box seal. 

Simple Mechanical Seal 

A mechanical seal is used on centrifugal pumps and other types of fluid-handling 
equipment where shaft sealing is critical and no leakage can be tolerated, Toxic chem- 
icals and other hazardous materials are primary examples of applications where 
mechanical seals are used. These seals also are referred to asfriction drives, or single- 
coil spring seals, and positive drives. 

Figure 18-2 shows the components of a simple mechanical seal, which is made up of 
a coil spring, O-ring shaft packing, and a seal ring. The seal ring fits over the shaft and 
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Figure 18-1 Typical packed-stuflng box seal (Bearings Znc. catalogue). 
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Figure 18-2 Simple mechanical seal (Bearings Znc. catalogue). 
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rotates with it. The spring must be made from a material compatible with the fluid 
being pumped so that it will withstand corrosion. Likewise, the same care must be 
taken with material selection for the 0 ring and seal materials. A carbon graphite 
insertion ring provides a good bearing surface for the seal ring to rotate against. It also 
is resistant to attack by corrosive chemicals over a wide range of temperatures. 

Figure 18-3 shows a simple seal that has been installed in the pump’s stuffing box. 
Note how the coil spring sits against the back of the pump’s impeller, pushing the 
packing 0 ring against the seal ring. By doing so, it remains in constant contact with 
the stationary insert ring. 

As the shaft rotates, the packing rotates with it, due to friction. There also is friction 
between the spring, the impeller, and the compressed 0 ring. Thus, the whole assem- 
bly rotates together when the pump’s shaft rotates. The stationary insert ring is located 
within the gland bore. The gland itself is bolted to the face of the stuffing box. This 
part is held stationary by the friction between the 0 ring insert mounting and the 
inside diameter (I.D.) of the gland bore as the shaft rotates within the bore of the 
insert. In more complex mechanical seals, the shaft packing element can be secured to 
the rotating shaft by Allen screws. 

Having discussed how a simple mechanical seal is assembled in the stuffing box, we 
must now consider how the pumped fluid is prevented from leaking out to the atmo- 
sphere. In Figure 18-3, the path of the fluid along the drive shaft is blocked by the 0 
ring shaft packing at Point A. Any fluid attempting to pass through the seal ring is 
stopped by the 0 ring shaft packing at Point B. Any further attempt by the fluid to 
pass through the seal ring to the atmospheric side of the pump is prevented by the 
gland gasket at Point C and the O-ring insert at Point D. The only other place where 
fluid can escape is the joint surface around Point E, which is between the rotating car- 

Figure 18-3 Pump s t u m g  box containing a simple mechanical seal (Bearings Inc. catalogue}. 
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bon ring and the stationary insert. Note that the surface areas of both rings must be 
machined-lapped perfectly flat, measured in angstroms with tolerances of one-mil- 
lionth of an inch. 

PERFORMANCE 

Performance of a packed-stuffing box seal depends primarily on the presence of a 
small quantity of fluid through the box. This flow is needed to provide both lubrica- 
tion and cooling of the packing. 

A mechanical seal’s performance depends on the operating condition of the equip- 
ment on which it is installed. Its efficiency depends on the condition of the sealing- 
area surfaces, which are friction-bearing surfaces that remain in contact with each 
other for the effective working life of the seal. 

This type of seal is more reliable than compressed packing seals. Because the spring 
in a mechanical seal exerts constant pressure on the seal ring, it automatically adjusts 
for wear at the faces. Therefore, the need for manual adjustment is eliminated. Addi- 
tionally, because the bearing surface is between the rotating and stationary compo- 
nents of the seal, the shaft or shaft sleeve does not become worn. Although the seal 
eventually will wear out and need replacing, the shaft will not experience wear. 

INSTALLATION 

This section describes the installation procedures for packed-stuffing boxes and 
mechanical seals. 

Packe&Suffing Box 

The following sections provide detailed instructions on how to repack centrifugal 
pump packed-stuffing boxes or glands. The methodology described here applies to 
other gland-sealed units, such as valves and reciprocating machinery. 

Tool List 

The following list specifies the tools needed to repack a centrifugal pump gland: 

Approved packing for specific equipment, 
Mandrel sized to shaft diameter, 
Packing ring extractor tool, 
Packing board, 
Sharp knife, 
Approved cleaning solvent, 
Lint-free cleaning rags. 
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Precautions 

The following precautions should be taken when repacking a packed-stuffing box: 

Coordinate with operations control. 
Observe site and area safety precautions at all times. 
Ensure that equipment has been electrically isolated and suitably locked out 
and tagged. 

Ensure machine is isolated and depressurized with suction and discharge valves 
chained and locked shut. 

Installation 

The following steps are followed when installing a gland: 

1. 
2. 

3. 

4. 
5 .  

6. 

7. 

Loosen and remove nuts from the gland bolts. 
Examine threads on bolts and nuts for stretching or damage; replace if 
defective. 
Remove the gland follower from the stuffing box and slide it along the 
shaft to provide access to the packing area. 
Use a packing extraction tool to carefully remove packing from the gland. 
Keep the packing rings in the order they are removed from the gland box. 
This is important in evaluating wear characteristics. Look for rub marks 
and any other unusual markings that would identify operational problems. 
Carefully remove the lantern ring. This is a grooved, bobbinlike spool situ- 
ated exactly on the centerline of the seal water inlet connection to the gland 
(Figure 18-4). NOTE: It is most important to place the lantern ring under 
the seal water inlet connection to ensure that the water is properly distrib- 
uted within the gland to perform its cooling and lubricating functions. 
Examine the lantern ring for scoring and possible signs of crushing. Make 
sure the lantern ring’s outside diameter (O.D.) provides a sliding fit with 
the gland box’s internal dimension. Check that the lantern ring’s I.D. is a 
free fit along the pump’s shaft sleeve. If the lantern ring does not meet this 
simple criterion, replace it with a new one. 

Figure 18-4 Lantern ring or seal cage (95/96 Product Guide). 
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8. Continue to remove the rest of the packing rings as previously described. 
Keep each ring and note the sequence that it was removed. 

9. Do not discard packing rings until they have been thoroughly examined for 
potential problems. 

10. Turn on the gland seal cooling water slightly to ensure there is no blockage 
in the line. Shut the valve when good flow conditions are established. 

11. Repeat Steps 1 through 10 with the other gland box. 
12. Carefully clean out the gland-stuffing boxes with a solvent-soaked rag to 

ensure that no debris is left behind. 
13. Examine the shaft sleeve in both gland areas for excessive wear caused by 

poorly lubricated or overtightened packing. NOTE: If the shaft sleeve is 
ridged or badly scratched in any way, the split housing of the pump may 
have to be taken apart and the impeller removed for the sleeve to be 
replaced. This is caused by badly installed and maintained packing. 

14. Check total indicated runout (TIR) of the pump shaft by placing a mag- 
netic base-mounted dial indicator on the pump housing and a dial stem on 
the shaft. Turn the dial to 0 and rotate the pump shaft one full turn. Record 
the reading (see Figure 18-5). NOTE: If the TIR is greater than k0. 002 
in., the pump shaft should be straightened. 

15. Determine the correct packing size before installing using the following 
method: Referring to Figure 18-6, measure the I.D. of the stuffing box, 
which is the O.D. at the packing (B), and the diameter of the shaft (A). 
With this data, the packing cross-section size is calculated by 

B-A Packing Cross-Section = - 
2 

The packing length (PL) is determined by calculating the circumference of 
the packing within the stuffing box. The centerline diameter is calculated 

I I 

1 

Figure 18-5 Dial indicator check for runout (Bearings Inc. cataIogue). 
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Figure 18-6 Selecting correct packing size (Bearings Znc. catalogue). 

by adding the diameter of the shaft to the packing cross-section that was 
calculated in the preceding formula. For example, a stuffing box with a 4-in. 
I.D. and a shaft with a 2-in. diameter will require a packing cross-section of 
1 in. The centerline of the packing then would be 3 in. Therefore, the 
approximate length of each piece of packing would be 

PL = Centerline diameter x 3.1416 = 3.0 x 3.1416 = 9.43 in. 

The packing should be cut approximately v4 in. longer than the calculated 
length so the end can be bevel cut. 

16. Controlled leakage rates easily can be achieved with the correct size of 
packing. 

17. Cut the packing rings to size on a wooden mandrel that is the same diameter 
as the pump shaft. Rings can be cut either square (butt cut) or diagonally at 
approximately 30". NOTE Leave at least a g6-in. gap between the butts 
regardless of the type of cut used. This permits the packing rings to move 
under compression or temperature without binding on the shaft surface. 

18. Ensure that the gland area is perfectly clean and not scratched in any way 
before installing the packing rings. 

19. Lubricate each ring lightly before installing in the stuffing box. NOTE: 
When putting packing rings around the shaft, use an S twist. Do not bend 
open. See Figure 18-7. 

20. Use a split bushing to install each ring, ensuring that the ring bottoms out 
inside the stuffing box. An offset tamping stick may be used if a split bush- 
ing is not available. Do not use a screwdriver. 
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Figure 18-7 Proper and improper instahtion of packing (Bearings Inc. catalogue). 

21. 

22. 

Stagger the butt joints, placing the first ring butt at 12 o’clock; the second 
at 6 o’clock; the third at 3 o’clock; the fourth at 9 o’clock; and so forth, 
until the packing box is filled (Figure 18-8). NOTE: When the last ring has 
been installed, there should be enough room to insert the gland follower ‘L8 
to q6 in. into the stuffing box (Figure 18-9). 
Install the lantern ring in its correct location within the gland. Do not force 
the lantern ring into position (Figure 18-10). 

Figure 18-8 Stagger butt joints (Bearings Inc. cntalogue). 

J 
Figure 18-9 Proper gland follower clearance (Bearings Inc. catalogue). 
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Figure 18-10 Proper lantern ring installation (Bearings Inc. catalogue). 

23. 

24. 

25. 

26. 

27. 

28. 
29. 

Tighten up the gland bolts with a wrench to seat and form the packing to 
the stuffing box and shaft. 
Loosen the gland nuts one complete turn and rotate the shaft by hand to get 
running clearance. 
Retighten the nuts finger tight only. Again, rotate the shaft by hand to make 
sure the packing is not too tight. 
Have the operator start the pump and allow the stuffing box to leak freely. 
Tighten the gland bolts one flat at a time until the desired leakage is 
obtained and the pump runs cool. 
Clean up the work area and account for all tools before returning them to 
the tool crib. 
Inform operations of project status and complete all paperwork. 
After the pump is in operation, periodically inspect the gland to check its 
performance. If it tends to leak more than the allowable amount, tighten by 
turning the nuts one flat at a time. Give the packing enough time to adjust 
before tightening it more, If the gland is tightened too much at one time, 
the packing can be compressed excessively, which can cause unnecessary 
friction and subsequent packing burnout. 

Mechanical Seals 

Much more precision and attention to detail must be given to the installation of 
mechanical seals than to packing. Nevertheless, it is not unusual for mechanical seals 
to remain in service for many thousands of operational hours if they have been prop- 
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erly installed and maintained. Inspection of the equipment before seal installation can 
prevent potential seal failure and reduce overall maintenance expenses. 

Equipment Checkpoints 

The preinstallation equipment inspection should include the following: stuffing-box 
space, lateral or axial shaft movement (end play), radial shaft movement (whip or 
deflection), shaft runout (bent shaft), stuffing box face squareness. stuffing box bore 
concentricity, driver alignment, and pipe strain. 

Stuffing-Box Space To properly receive the seal, the radial space and depth of the 
stuffing box must be the same as the dimensions shown on the seal’s assembly drawing. 

End Play A mechanical seal cannot work properly with a large amount of end play 
or lateral movement. If the hydraulic condition changes (as frequently happens), the 
shaft could “float,” resulting in sealing problems. Minimum end play is a desirable 
condition for the following reasons: 

Excessive end play can cause pitting, fretting, or wear at the point of contact 
between the shaft packing in the mechanical seal and the shaft or sleeve 
O.D. As the mechanical seal driving element is locked to the shaft or sleeve, 
any excessive end play will result in either overloading or underloading the 
springs, causing excessive wear or leaks. 
Excessive end play as a result of defective thrust bearings can reduce seal 
performance by disturbing both the established wear pattern and the lubri- 
cating film. 
A floating shaft can cause chattering, which results in seal-face chipping. 
especially the carbon element. Ideal mechanical seal performance requires a 
uniform wear pattern and a liquid film between the mating contact faces. 

Measure end play by installing a dial indicator with the stem against the shoulder of 
the shaft. Use a soft hammer or mallet to lightly tap the shaft on one end and then on 
the other. Total indicated end play should be between 0.001 and 0.004 in. 

Whip or Deflection Install the dial indicator as close to the radial bearing as possi- 
ble. Lift the shaft or exert light pressure at the impeller end. If more than 0.002 to 0.003 
in. of radial movement occurs, investigate bearings for radial bearing fit (especially the 
bore). An oversized radial bearing bore caused by wear, improper machining, or corro- 
sion will cause excessive radial shaft movement, resulting in shaft whip and deflection. 
Minimum radial shaft movement is important for the following reasons: 

Excessive radial movement can cause wear, fretting, or pitting of the shaft 
packing or secondary sealing element at the point of contact between the 
shaft packing and the shaft or sleeve O.D. 
Extreme wear at the mating contact faces will occur when excessive shaft 
whip or deflection is present due to defective radial bearings or bearing fits. 
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The contact area of the mating faces will be increased, resulting in 
increased wear and the elimination or reduction of the lubricating film 
between the faces, further shortening seal life. 

Shaft Runout Shaft runour refers to a bent shaft, which can lead to vibration and 
poor sealing. Bearing life is greatly reduced, and the operating conditions of both 
radial and thrust bearings can be affected. 

Measure the shaft runout at two or more points on the O.D. of the impeller end of the 
shaft by clamping the dial indicator to the pump housing. Also measure the shaft 
runout at the coupling end of the shaft. If the measurement exceeds 0.002 in., 
straighten or replace the shaft. 

Face Squareness With the stuffing-box cover bolted down, clamp the dial indicator 
to the shaft with the stem against the face of the box. The total indicator runout should 
not exceed 0.003 in. When the face of the stuffing box is “out of square,” not perpen- 
dicular to the shaft axis, the result can be serious malfunction of a mechanical seal for 
the following reasons: 

The stationary gland plate that holds the stationary insert or seat in position 
is bolted to the face of the stuffing box. Misalignment will cause the gland 
to cock, causing the stationary element to cock. This results in seal wobble 
or operation in an elliptical pattern. This condition is a major factor in fret- 
ting, pitting, and wearing of the mechanical seal shaft packing at the point 
of contact with the shaft or sleeve. 
A seal that wobbles on the shaft can cause wear on the drive pins. Erratic 
wear on the face contact results in poor seal performance. 

Bore Concentricity With the dial indicator set up as described previously, place the 
indicator stem well into the bore of the stuffing box, which should be concentric to the 
shaft axis to within a 0.005 in. total indicator reading. Eccentricity alters the hydraulic 
loading of the seal faces, reducing seal life and performance. If the shaft is eccentric to 
the box bore, check the slop, or looseness, in the pump-bracket fits. Rust, atmospheric 
corrosion, or corrosion from leaking gaskets can cause damage to these fits, making it 
impossible to ensure that a stuffing box is concentric with the shaft. A possible remedy 
for this condition is welding the corroded area and remachining it to proper dimensions. 

Driver Alignment and Pipe Strain Driver alignment is extremely important, and 
periodic checks should be performed. Pipe strain also can damage pumps, bearings, 
and seals. In most plants, it is customary to blind the suction and discharge flanges of 
inactive pumps. These blinds should be removed before pump-driver alignment is per- 
formed or the job is incomplete. 

After the blinds have been removed and as the flanges on the suction and discharge 
are being connected to the piping, check the dial-indicator reading on the O.D. of the 
coupling half. Observe movement of the indicator dial as the flanges are being 
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secured. Deviation indicates pipe strain. If severe strain exists, corrective measures 
should be taken or damage to the pump and unsatisfactory seal service can result. 

Seal Checkpoints 

The following are important seal checkpoints: 

Ensure that all parts are kept clean, especially the running faces of the seal 
ring and insert. 
Check the seal rotary unit and make sure the drive pins and spring pins are 
free in the pin holes or slots. 
Check the set screws in the rotary unit collar to see that they are free in the 
threads. Set screws should be replaced after each use. 
Check the thickness of all gaskets against the dimensions shown on the 
assembly drawing. Improper gasket thickness will affect the seal setting and 
the spring load imposed on the seal. 
Check the fit of the gland ring to the equipment. Make sure there are no 
obstructions or binding with the studs or bolts. Be sure the gland-ring pilot, if 
any, enters the bore with a reasonable guiding fit for proper seal alignment. 
Make sure all rotary-unit parts of the seal fit over the shaft freely. 
Check both running faces of the seal (seal ring and insert) and be sure there 
are no nicks or scratches. Imperfections of any kind on either of these faces 
will cause leaks. 

Installation of the Seal 

The following steps should be taken when installing a seal: 

Instruction booklets and a copy of the assembly drawing are generally 
shipped with each seal. Read the instructions and study the drawing before 
starting installation. 
Remove all burrs and sharp edges from the shaft or shaft sleeve, including 
sharp edges of keyways and threads. Worn shafts or sleeves should be 
replaced. 
Check the stuffing-box bore and face to ensure they are clean and free of 
burrs. 
Lightly oil the shaft or sleeve before assembling the seal to allow the parts 
to move freely over it. This is especially desirable when assembling the seal 
collar because its bore usually has only a few thousandths of an inch clear- 
ance. Take care to avoid cocking the collar. 
Install the rotary-unit parts on the shaft or sleeve in the proper order. 
Be careful when passing the insert and gland ring over the shaft. Do not 
bring the insert against the shaft because it might chip away small pieces 
from the edge of the running face. 
Wipe the seal faces clean and apply a clean oil film before completing the 
equipment assembly. A clean finger, which does not leave lint, is best for the 
final wipe of the seal face. 
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Complete the equipment assembly, taking care when compressing the seal 
into the stuffing box. 
Seat the gland ring and gasket to the face of the stuffing box by tightening 
the nuts and bolts evenly and firmly. Be sure the gland ring is not cocked. 
Tighten the nuts and bolts only enough to form a seal at the gland ring gas- 
ket, usually finger tight and one half to three quarters of a turn with a 
wrench. Excessively tightening the gland ring nuts and bolts will cause dis- 
tortion that will be transmitted to the running face, resulting in leaks. 
If the seal’s assembly drawing is not available, the proper setting dimension 
for inside seals can be determined as follows: 
- Establish a reference mark on the shaft or sleeve flush with the face of the 

stuffing box. 
- Determine how far the face of the insert will extend into the stuffing-box 

bore. Take this dimension from the face of the gasket. 
- Determine the compressed length of the rotary unit by compressing it to 

the proper spring gap. 
- This dimension, added to the distance the insert extends into the stuffing 

box, gives the seal-setting dimension from the reference mark on the 
shaft or sleeve to the back of the seal collar. 

- Outside seals are set with the spring gap equal to the dimension stamped 
on the seal collar. 

Cartridge seals are set at the factory and installed as complete assemblies. 
These assemblies contain spacers that must be removed after being bolted 
into position and the sleeve collar is in place. 

Installation of Environmental Controls 

Mechanical seals often are chosen and designed to operate with environmental con- 
trols. If this is the case, check the seal’s assembly drawing or the equipment’s drawing 
to ensure that all environmental-control piping is properly installed. 

Seal Startup Procedures 

Before equipment startup, all heating and cooling lines should be operating. These 
lines also should remain in operation for a short period after equipment shutdown. On 
double-seal installations, be sure the liquid lines are connected, the pressure-control 
valves are properly adjusted, and the sealing-liquid system is operating before starting 
the equipment. 

Before startup, all systems should be properly vented. This is especially important on 
vertical installations where the stuffing box is the uppermost portion of the pressure- 
containing part of the equipment. The stuffing-box area must be properly vented to 
avoid a vapor lock in the seal area that would cause it to run dry. 

When starting equipment with mechanical seals, make sure the seal faces are 
immersed in liquid from the beginning so they will not be damaged from dry opera- 
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tion. The following recommendations for seal startup apply to most types of seal 
installations and will improve their life if followed: 

Caution the electrician not to run the equipment dry while checking motor 
rotation. A slight turnover will not hurt the seal, but operating at full speed 
for several minutes under dry conditions will destroy or severely damage 
the rubbing faces. 
The stuffing box always should be vented before startup, especially with 
centrifugal pumps. Even if the pump has a flooded suction, it is still possible 
that air may be trapped in the top of the stuffing box after the pump’s initial 
liquid purge. 
Where cooling or bypass recirculation taps are incorporated in the seal 
gland, piping must be connected to or from these taps before startup. These 
specific environmental-control features must be used to protect the organic 
materials in the seal and to ensure proper performance. 
Cooling lines should be left open at all times. This is especially true when 
hot product passes through off-line standby equipment, commonly done so 
that additional product volume or equipment change can be achieved easily. 
often by simply pushing a button. 
At the end of each day when hot operational equipment is shut down, it is 
best to leave the cooling water on long enough for the seal area to cool 
below the temperature limits of the organic materials in the seal. 
Before startup, face-lubricated seals must be connected from the source of 
lubrication to the tap openings in the seal gland. For double seals, it is nec- 
essary for the lubrication feed lines to be connected to the proper ports 
before startup for both circulatory and dead-end systems. This is very 
important because all types of double seals depend on the controlled pres- 
sure and flow of the sealing fluid to function properly. Even before the shaft 
is rotated, the sealing liquid pressure must exceed the product pressure 
opposing the seal. Be sure a vapor trap does not prevent the lubricant from 
promptly reaching the seal face. 
Thorough warm-up procedures include a check of all steam piping arrange- 
ments to be sure that all are connected and functioning. Products that solid- 
ify when cool must be fully melted before startup. It is advisable to leave all 
heat sources on while the system is shut down to ensure that the product 
remains in the liquid state. This facilitates quick startups and equipment 
switchovers that may be required during a production cycle. 
Thorough chilling procedures are necessary for some applications; for 
example, applications involving liquefied petroleum gas (LPG). LPG 
always must be kept in a liquid state in the seal area, and startup usually is 
the most critical time. Even during operation, the recirculation line piped to 
the stuffing box might need to be run through a cooler to overcome fric- 
tional heat generated at the seal faces. LEG requires a stuffing-box pressure 
greater than the vapor pressure of the product at pumping temperature. A 25 
to 50 psi differential is generally desired. 
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OPERATING METHODS 

This section discusses operating methods for packed-stuffing boxes and simple 
mechanical seals. 

Packed-Stuffing Boxes 

Packed-stuffing boxes commonly are used on slow- to moderate-speed machinery 
where a slight amount of leakage is permissible. If the packing is allowed to operate 
against the shaft without adequate lubrication and cooling, frictional heat eventually 
will build up to the point of total packing destruction and damage to the drive shaft. 
Therefore, all packed boxes must have a means of lubrication and cooling. 

Lubrication and cooling can be accomplished by allowing a small amount of leakage 
of fluid from the machine or by providing an external source of fluid. When leakage 
from the machine is used, leaking fluid is captured in collection basins built into the 
machine housing or baseplate. Note that periodic maintenance to recompress the 
packing must be carried out when leakage becomes excessive. 

Packed boxes must be protected against ingress of dirt and air, which can result in loss 
of resilience and lubricity. When this occurs, packing will act like a grinding stone, 
effectively destroying the shaft’s sacrificial sleeve and causing the gland to leak 
excessively. When the sacrificial sleeve on the drive shaft becomes ridged and worn, it 
should be replaced as soon as possible. In effect, this is a continuing maintenance pro- 
gram that readily can be measured in terms of dollars and time. 

Uneven pressure can be exerted on the drive shaft due to irregularities in the packing 
rings, resulting in irregular contact with the shaft. This causes uneven distribution of 
lubrication at certain locations, producing acute wear and packed-box leakage. The 
only effective solution to this problem is to replace the shaft sleeve or drive shaft at 
the earliest opportunity. 

Simple Mechanical Seal 

As with compressed packing glands, lubrication must be provided in mechanical 
seals. The sealing-area surfaces should be lubricated and cooled with pumped fluid (if 
it is clean enough) or another source of clean fluid. However, much less lubrication is 
required with this type of seal because the frictional surface area is smaller than that 
of a compressed-packing gland and the contact pressure is equally distributed 
throughout the interface. As a result, a smaller amount of lubrication passes between 
the seal faces to exit as leakage. 

Most packing glands have a measurable flow of lubrication fluid between the packing 
rings and the shaft. With mechanical seals, the faces ride on a microscopic film of 
fluid that migrates between them and results in leakage. However, leakage is so slight 
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that, if the temperature of the fluid is above its saturation point at atmospheric pres- 
sure, it flashes off to vapor before it can be visually detected. 

Friction Drive or Single-Coil Spring Seal 

The seal shown back in Figure 18-2 is a typical friction drive, or single-coil spring 
seal unit. This design is limited in use to nonlubricating fluids (e.g., water) because it 
relies on friction to turn the rotary unit. For use with liquids that have natural lubricat- 
ing properties. the seal must be mechanically locked to the drive shaft. 

Two drawbacks must be considered for this type of seal. Both are related to the use of 
a coil spring that fits over the drive shaft. Nevertheless, the simple and reliable coil 
spring seal has proven itself in the pumping industry and often is specified despite its 
drawbacks. In regulated industries, this type of seal design far exceeds the capabilities 
of a compressed packing ring seal. 

One drawback of the spring seal is the need for relatively low shaft speeds. The com- 
ponents have a tendency to distort at high surface speeds. This makes the spring push 
harder on one side of the seal than the other, resulting in an uneven liquid film 
between the faces, which causes excessive leakage and wear at the seal. 

The other drawback is simply one of economics. Because pumps come in a variety of 
shaft sizes and speeds, the use of this type of seal requires several sizes of spare 
springs be kept in inventory. 

Positive Drive 

There are two methods of converting a simple seal to positive drive. Both methods, 
which use collars secured to the drive shaft by set screws, are shown in Figure 18-1 1. 
In the Figure on the left, the end tabs of the spring are bent at 90" to the natural curve 
of the spring. These end tabs fit into notches in both the collar and the seal ring. This 
design transmits rotational drive from the collar to the seal ring by the spring. In the 
right drawing of Figure 18-1 1, two horizontally mounted pins extend over the spring 
from the collar to the seal ring. 

Figure 18-11 Conversion of a simple seal to positive drive (Roberts 1978). 





Part I11 
EQUIPMENT 
TROUBLESHOOTING GUIDE 

Most machine trains are prone to certain kinds of abnormal behavior and generally 
exhibit a finite number of recumng failure modes. In most cases, failures result from 
improper maintenance and operating practices that do not abide by design limits and 
restrictions. 

This part provides an overview of the more common failure modes for machinery 
found in integrated process plants. Troubleshooting guides are provided for: pumps. 
fans, blowers, fluidizers, conveyors, compressors, mixers, agitators, dust collectors. 
process rolls, gearboxes/reducers, steam traps, inverters, control valves. seals, and 
packing. 





19 
PUMPS 

Design, installation, and operation are the dominant factors that affect a pump’s mode 
of failure. This chapter identifies common modes of failure for centrifugal and posi- 
tive-displacement pumps. 

CENTRIFUGAL 

Centrifugal pumps are especially sensitive to variations in liquid condition (i.e., vis- 
cosity, specific gravity, and temperature); suction variations, such as pressure and 
availability of a continuous volume of fluid; and variations in demand. Table 19-1 
lists common failure modes for centrifugal pumps and their causes. 

Mechanical failure may occur for a number of reasons. Some failures are induced by 
cavitation, hydraulic instability, or other system-related problems. Others are the 
direct result of improper maintenance. Maintenance-related problems include 
improper lubrication, misalignment, imbalance, seal leakage, and a variety of other 
situations that periodically affect machine reliability. 

Cavitation 

Cavitation in a centrifugal pump, which has a significant, negative effect on perfor- 
mance, is the most common failure mode. Cavitation not only degrades a pump’s per- 
formance but also greatly accelerates the wear on its internal components. 

Causes 

Three causes of cavitation in centrifugal pumps are change of phase, entrained air or 
gas, and turbulent flow. 
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Table 19-1 Common Failure Modes of Centrifugal Pumps 
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Change of Phase The formation or collapse of vapor bubbles in either the suction 
piping or inside the pump is one cause of cavitation. This failure mode normally 
occurs in applications, such as boiler feed, where the incoming liquid is at a tempera- 
ture near its saturation point. In this situation, a slight change in suction pressure can 
cause the liquid to flash into its gaseous state. In the boiler-feed example, the water 
flashes into steam. The reverse process also can occur. A slight increase in suction 
pressure can force the entrained vapor to change phase to a liquid. 
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Cavitation due to phase change seriously damages the pump’s internal components. 
Visual evidence of operation with phase-change cavitation is an impeller surface fin- 
ish like an orange peel. Prolonged operation causes small pits or holes on both the 
impeller shroud and vanes. 

Entrained Air or Gas Pumps are designed to handle gas-free liquids. If a centrifu- 
gal pump’s suction supply contains any appreciable quantity of gas, the pump will 
cavitate. In the example of cavitation due to entrainment, the liquid is reasonably sta- 
ble, unlike with the change of phase described in the preceding section. Nevertheless, 
the entrained gas has a negative effect on pump performance. While this form of cavi- 
tation does not seriously affect the pump’s internal components, it severely restricts 
its output and efficiency. 

The primary causes of cavitation due to entrained gas include two-phase suction sup- 
ply, inadequate available net positive suction head (NPSH,), and leakage in the suc- 
tion-supply system. In some applications, the incoming liquid may contain moderate 
to high concentrations of air or gas. This may result from aeration or mixing the liquid 
prior to reaching the pump or inadequate liquid levels in the supply reservoir. Regard- 
less of the reason, the pump is forced to handle two-phase flow, which was not 
intended in its design. 

nrbulent Flow The effects of turbulent flow (not a true form of cavitation) on 
pump performance are almost identical to those described for entrained air or gas in 
the preceding section. Pumps are not designed to handle incoming liquids that have 
no stable, laminar flow pattern. Therefore, if the flow is unstable, or turbulent, the 
symptoms are the same as for cavitation. 

Symptoms 

Noise (e.g., like a can of marbles being shaken) is one indication that a centrifugal 
pump is cavitating. Other indications are fluctuations of the pressure gauges, flow 
rate, and motor current, as well as changes in the vibration profile. 

Solutions 

Several design or operational changes may be necessary to stop centrifugal-pump 
cavitation. Increasing the available net positive suction head (NPSH,) above that 
required (NPSHR) is one way to stop it. The NPSH required to prevent cavitation is 
determined through testing by the pump manufacturer. It depends on several factors, 
including type of impeller inlet, impeller design, impeller rotational speed, pump flow 
rate, and the type of liquid being pumped. The manufacturer typically supplies curves 
of NPSH, as a function of flow rate for a particular liquid (usually water) in the 
pump’s manual. 

One way to increase the NPSH, is to increase the pump’s suction pressure. If a pump is 
fed from an enclosed tank, suction pressure can be increased by either raising the level 
of the liquid in the tank or increasing the pressure in the gas space above the liquid. 
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The NPSHA also can be increased by decreasing the temperature of the liquid being 
pumped. This decreases the saturation pressure, which increases the NPSH,. 

If the head losses in the suction piping can be reduced, the NPSHA will be increased. 
Methods for reducing head losses include increasing the pipe diameter; reducing the 
number of elbows, valves, and fittings in the pipe; and decreasing the pipe length. 

It also may be possible to stop cavitation by reducing the pump’s NPSHR, which is 
not a constant for a given pump under all conditions. Typically, the NPSHR increases 
significantly as the pump’s flow rate increases. Therefore, reducing the flow rate by 
throttling a discharge valve decreases NPSHR. In addition to flow rate, NPSH, 
depends on pump speed. The faster the pump’s impeller rotates, the greater is the 
NPSHR. Therefore, if the speed of a variable-speed centrifugal pump is reduced, the 
NPSHR of the pump is decreased. 

Variations in the Total System Head 

Centrifugal-pump performance follows its hydraulic curve (i.e., head versus flow 
rate). Therefore, any variation in the total back pressure of the system causes a change 
in the pump’s flow or output. Because pumps are designed to operate at their best effi- 
ciency point (BEP), they become more and more unstable as they are forced to oper- 
ate at any other point because of changes in total system pressure, or head (TSH). 
This instability has a direct impact on centrifugal-pump performance, reliability, 
operating costs, and required maintenance. 

Symptoms 

The symptoms of failure due to variations in TSH include changes in motor speed and 
flow rate. 

Motor Speed The brake horsepower of the motor that drives a pump is load depen- 
dent. As the pump’s operating point deviates from BEP, the amount of horsepower 
required also changes. This causes a change in the pump’s rotating speed, which 
either increases or decreases depending on the amount of work that the pump must 
perform. 

Flow Rate The volume of liquid delivered by the pump varies with changes in TSH. 
An increase in the total system back pressure results in a decreased flow, while a back 
pressure reduction increases the pump’s output. 

Solutions 

The best solution to problems caused by TSH variations is to prevent the variations. 
While it is not possible to completely eliminate them, the operating practices for cen- 
trifugal pumps should limit operation to an acceptable range of system demand for 
flow and pressure. If system demand exceeds the pump’s capabilities, it may be nec- 



essary to change the pump, the system requirements, or both. In many applications, 
the pump is either too small or too large. In these instances, it is necessary to replace 
the pump with one that is properly sized. 

For the application where the TSH is too low and the pump is operating in runout con- 
dition (i.e., maximum flow and minimum discharge pressure), the system demand can 
be corrected by restricting the discharge flow of the pump. This approach, calledfulsv 
head, changes the system’s head by partially closing a discharge valve to increase the 
back pressure on the pump. Because the pump must follow its hydraulic curve, this 
forces the pump’s performance back toward its BEP. 

When the TSH is too great, there are two options: replace the pump or lower the sys- 
tem’s back pressure by eliminating line resistance due to elbows, extra valves, and the 
like. 

POSITIVE DISPLACEMENT 

Positive-displacement pumps are more tolerant to variations in system demands and 
pressures than centrifugal pumps. However, they still are subject to a variety of com- 
mon failure modes caused directly or indirectly by the process. 

ROt8V TVpe 

Rotary-type, positive-displacement pumps share many failure modes with centrifugal 
pumps. Both types of pumps are subject to process-induced failure caused by 
demands that exceed the pump’s capabilities. Process-induced failure also is caused 
by operating methods that either result in radical changes in their operating envelope 
or instability in the process system. 

Table 19-2 lists common failure modes for rotary-type, positive-displacement pumps. 
The most common failure modes of these pumps generally are attributed to problems 
with the suction supply. The pumps must have a constant volume of clean liquid to 
function properly. 

Reciprocating 

Table 19-3 lists the common failure modes for reciprocating-type, positive-displace- 
ment pumps. Reciprocating pumps generally can withstand more abuse and variations 
in system demand than any other type. However, they must have a consistent supply 
of relatively clean liquid to function properly. 

The weak links in the reciprocating pump’s design are the inlet and discharge valves 
used to control pumping action. These valves are the most frequent source of failure. In 
most cases, valve failure is due to fatigue. The only positive way to prevent or minimize 
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Table 19-2 Common Failure Modes of Rohry-Type, Positive-Displacement Pumps 

Source: Integrated Systems, Inc. 

such failure is to ensure that proper maintenance is performed regularly on these com- 
ponents. It is important to follow the manufacturer’s recommendations for valve mainte- 
nance and replacement. 

Because of the close tolerances between the pistons and the cylinder walls, reciprocat- 
ing pumps cannot tolerate contaminated liquid in their suction-supply system. Many 
of the failure modes associated with this type of pump are caused by contamination 
(e.g., dirt, grit, and other solids) that enter the suction side of the pump. This problem 
can be prevented by the use of well-maintained inlet strainers or filters. 
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Table 19-3 Common FQilure Modes of Reciprocating Positive-Displacement Pumps 
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FANS, BLOWERS, AND FLUIDIZERS 

Tables 20-1 and 20-2 list the common failure modes for fans, blowers, and fluidizers. 
vpical  problems with these devices include output below rating, vibration and noise, 
and overloaded driver bearings. 

CENTRIFUGAL FANS 

Centrifugal fans are extremely sensitive to variations in either suction or discharge 
conditions. In addition to variations in ambient conditions (Le., temperature, humid- 
ity, etc.), control variables can have a direct effect on fan performance and reliability. 

Most problems that limit fan performance and reliability are caused, either directly or 
indirectly, by improper application, installation, operation, or maintenance. However, 
the majority are caused by misapplication or poor operating practices. Table 20-1 lists 
failure modes of centrifugal fans and their causes. Some of the more common failures 
are aerodynamic instability, plate-out, speed changes, and lateral flexibility. 

Aerodynamic Instability 

Generally, the control range of centrifugal fans is about 15 percent above and below 
its BEP. Fans operated outside this range tend to become progressively more unstable, 
which causes the fan’s rotor assembly and shaft to deflect from their true centerline. 
This deflection increases the vibration energy of the fan and accelerates the wear on 
bearings and other drive-train components. 

Plate Out 

Dirt, moisture, and other contaminates tend to adhere to the fan’s rotating element. 
This buildup, called plate our, increases the mass of the rotor assembly and decreases 
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Table 20-1 Common Failure Modes of Cenhifugal Fans 
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its critical speed, the point where the phenomenon referred to as resonance occurs. 
This occurs because the additional mass affects the rotor’s natural frequency. Even if 
the fan’s speed does not change, the change in natural frequency may cause its critical 
speed (note that machines may have more than one) to coincide with the actual rotor 
speed. If this occurs, the fan will resonate, or experience severe vibration, and may 
fail catastrophically. The symptoms of plate out often are confused with those of 
mechanical imbalance because both dramatically increase the vibration associated 
with the fan’s running speed. 

The problem of plate out can be resolved by regularly cleaning the fan’s rotating ele- 
ment and internal components. Removal of buildup lowers the rotor’s mass and 
returns its natural frequency to the initial, or design, point. In extremely dirty or dusty 
environments, it may be advisable to install an automatic cleaning system that uses 
high-pressure air or water to periodically remove any buildup that forms. 

Speed Changes 

In applications where a measurable fan-speed change can occur (Le., V-belt or vari- 
able-speed drives), care must be taken to ensure that the selected speed does not coin- 
cide with any of the fan’s critical speeds. For general-purpose fans, the actual running 
speed is designed to be between 10 and 15 percent below the first critical speed of the 
rotating element. If the sheave ratio of a V-belt drive or the actual running speed is 
increased above the design value, it may coincide with a critical speed. 

Some fans are designed to operate between critical speeds. In these applications, the 
fan must make a transition through the first critical speed to reach its operating speed. 
Such transitions must be made as quickly as possible to prevent damage. If the fan’s 
speed remains at or near the critical speed for any extended period of time, serious 
damage can occur. 

Lateral Flexibility 

By design, the structural support of most general-purpose fans lacks the mass and 
rigidity needed to prevent flexing of the fan’s housing and rotating assembly. This 
problem is more pronounced in the horizontal plane but also present in the vertical 
direction. If support-structure flexing is found to be the root cause or a major contrib- 
uting factor to the problem, it can be corrected by increasing the stiffness or mass of 
the structure. However, do not fill the structure with concrete. As it dries, concrete 
pulls away from the structure and does little to improve its rigidity. 

BLOWERS OR POSITIVE-DISPLACEMENT FANS 

Blowers, or positive-displacement fans, have the same common failure modes as 
rotary pumps and compressors. Table 20-2 (also see Tables 19-2 and 22-2), lists the 
failure modes that most often affect blowers and fluidizers. In particular, blower fail- 
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Table 20-2 Common Failure Modes of Blowers and Fluidizers 
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Source: Integrated Systems, Inc. 

ures occur due to process instability, caused by stadstop operation and demand varia- 
tions, and mechanical failures due to close tolerances. 

Process Instability 

Blowers are very sensitive to variations in their operating envelope. As little as a 1 
psig change in downstream pressure can cause the blower to become extremely unsta- 
ble. The probability of catastrophic failure or severe damage to blower components 
increases in direct proportion to the amount and speed of the variation in demand or 
downstream pressure. 

StartLStop Operation 

The transients caused by frequent start/stop operation also have a negative effect on 
blower reliability. Conversely, blowers that operate constantly in a stable environment 
rarely exhibit problems. The major reason is the severe axial thrusting caused by the 
frequent variations in suction or discharge pressure caused by the stadstop operation. 
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Demand Variations 

Variations in pressure and volume demands have a serious impact on blower reliabil- 
ity. Since blowers are positive-displacement devices, they generate a constant volume 
and a variable pressure that is dependent on the downstream system’s back pressure. 
If demand decreases, the blower’s discharge pressure continues to increase until (1) a 
downstream component fails and reduces the back pressure or (2) the brake horse- 
power required to drive the blower is greater than the motor’s locked rotor rating. 
Either of these result in failure of the blower system. The former may result in a 
reportable release, while the latter will cause the motor to trip or bum out. 

Frequent variations in demand greatly accelerate the wear on the thrust bearings in the 
blower. This can be directly attributed to the constant, instantaneous axial thrusting 
caused by variations in the discharge pressure required by the downstream system. 

Mechanical Failures 

Because of the extremely close clearances that must exist within the blower, the 
potential for serious mechanical damage or catastrophic failure is higher than with 
other rotating machinery. The primary failure points include thrust bearing, timing 
gears, and rotor assemblies. 

In many cases, these mechanical failures are caused by the instability discussed in the 
preceding sections, but poor maintenance practices are another major cause. See the 
troubleshooting guide Table 22-2 for rotary-type, positive-displacement compressors 
for more information. 
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CONVEYORS 

Conveyor failure modes vary, depending on the type of system. Two common types of 
conveyor systems used in chemical plants are pneumatic and chain-type mechanical. 

PNEUMATIC 

Table 2 1-1 lists common failure modes associated with pneumatic-conveyor systems. 
However, most common problems can be attributed to either conveyor piping plug- 
ging or problems with the prime mover (Le., fan or fluidizer). For a centrifugal fan 
troubleshooting guide, refer to Table 20-1. For fluidizer and blower guides, refer to 
Table 20-2. 

CHAIN-TYPE MECHANICAL 

The Hefler-type chain conveyor is a very common type of mechanical conveyor used 
in integrated chemical plants. Table 21-2 provides the more common failure modes of 
this type of conveyor. Most of the failure modes defined in the table can be attributed 
directly to operating practices, changes in incoming product quality (Le., density or 
contamination), or maintenance practices. 
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Table 21-1 Common Failure Modes of Pneumatic Conveyors 
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Table 21-2 Common Failure Modes of Hefler-Type Chain Conveyors 
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COMPRESSORS 

Compressors can be divided into three classifications: centrifugal, rotary, and recipro- 
cating. This section identifies the common failure modes for each. 

CENTRIFUGAL 

The operating dynamics of centrifugal compressors are the same as for other centrifugal 
machine trains. The dominant forces and vibration profiles typically are identical to 
pumps or fans. However, the effects of variable load and other process variables (e.g., 
temperatures, inleddischarge pressure) are more pronounced than in other rotating 
machines. Table 22-1 identifies the common failure modes for centrifugal compressors. 

Aerodynamic instability is the most common failure mode for centrifugal compres- 
sors. Variable demand and restrictions of the inlet airflow are common sources of this 
instability. Even slight variations can cause dramatic changes in the operating stability 
of the compressor. 

The operating life also can be affected by entrained liquids and solids. When dirty air 
must be handled, open-type impellers should be used. An open design provides the 
ability to handle a moderate amount of dirt or other solids in the inlet-air supply. 
However, inlet filters are recommended for all applications and controlled liquid 
injection for cleaning and cooling should be considered during the design process. 

ROTARY, POSITIVE DISPLACEMENT 

Table 22-2 lists the common failure modes of rotary-type, positive-displacement 
compressors. This type of compressor can be grouped into two types: sliding vane and 
rotary screw. 
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Table 22-1 Common Failure Modes o j  Centrqugal Compressors 
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Table 22-2 Common Failure Modes of Rotary, Positive-Displacement Compressors 

1 

Sliding Vane 

Sliding-vane compressors have the same failure modes as vane-type pumps. The 
dominant components in their vibration profile are running speed, vane-pass fre- 
quency, and bearing-rotation frequency. In normal operation, the dominant energy is 
at the shaft’s running speed. The other frequency components are at much lower 
energy levels. Common failures of this type of compressor occur with shaft seals, 
vanes, and bearings. 

Shaft Seals 

Leakage through the shaft’s seals should be checked visually once a week or as part of 
every data-acquisition route. Leakage may not be apparent from the outside of the 
gland. If the fluid is removed through a vent, the discharge should be configured for 
easy inspection. Generally, more leakage than normal is the signal to replace a seal. 
Under good conditions, the seals have a normal life of 10,000 to 15,000 hours and 
should be replaced routinely when this service life has been reached. 



Compressors 257 

Vanes 

Vanes wear continuously on their outer edges and, to some degree, on the faces that 
slide in and out of the slots. The vane material is affected somewhat by prolonged 
heat, which causes gradual deterioration. The typical life expectancy of vanes in 100 
psig service is about 16,000 hours of operation. For low-pressure applications, life- 
times may reach 32,000 hours. 

Replacing vanes before they break is extremely important. Breakage during operation 
can severely damage the compressor, which requires a complete overhaul and realign- 
ment of heads and clearances. 

Bearings 

In normal service, bearings have a relatively long life. Replacement after about six 
years of operation generally is recommended. Bearing defects usually are displayed 
in the same manner in a vibration profile as for any rotating machine train. Inner and 
outer race defects are the dominant failure modes, but roller spin also may contribute 
to the failure. 

Rotary Screw 

The most common reason for compressor failure or component damage is process 
instability. Rotary-screw compressors are designed to deliver a constant volume 
and pressure of air or gas. These units are extremely susceptible to any change in 
either inlet or discharge conditions. A slight variation in pressure, temperature, or 
volume can result in instantaneous failure. The following are used as indices of 
instability and potential problems: rotor mesh, axial movement, thrust bearings, and 
gear mesh. 

Rotor Mesh 

In normal operation, the vibration energy generated by male and female rotor mesh- 
ing is very low. As the process becomes unstable, the energy due to the rotor-meshing 
frequency increases, with both the amplitude of the meshing frequency and the width 
of the peak increasing. In addition, the noise floor surrounding the meshing frequency 
becomes more pronounced. This white noise is similar to that observed in a cavitating 
pump or unstable fan. 

Axial Movement 

The normal tendency of the rotors and helical timing gears is to generate axial shaft 
movement, or thrusting. However, the extremely tight clearances between the male 
and female rotors do not tolerate any excessive axial movement, and therefore, axial 
movement should be a primary monitoring parameter. Axial measurements are 
needed from both rotor assemblies. If there is any increase in the vibration amplitude 
of these measurements, it is highly probable that the compressor will fail. 
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Thrust Bearings 

While process instability can affect both the fixed and floating bearings, the thrust bear- 
ing is more likely to show early degradation as a result of process instability or abnor- 
mal compressor dynamics. Therefore, these bearings should be monitored closely, and 
any degradation or hint of excessive axial clearance should be corrected immediately. 

Gear Mesh 

The gear mesh vibration profile also provides an indication of prolonged compressor 
instability. Deflection of the rotor shafts changes the wear pattern on the helical gear 
sets. This change in pattern increases the backlash in the gear mesh, results in higher 
vibration levels, and increases thrusting. 

RECIPROCATING, POSITIVE DISPLACEMENT 

Reciprocating compressors have a history of chronic failures that include valves, 
lubrication system, pulsation, and imbalance. Table 22-3 identifies common failure 
modes and causes for this type of compressor. 

Like all reciprocating machines, reciprocating compressors normally generate higher lev- 
els of vibration than centrifugal machines. In part, the increased level of vibration is due 

Table 22-3a Common Failure Modes of Reciprocating, Positive-Displacement Compressors 
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Table 22-33 Common Failure Modes of Reciprocating, Positive-Displacement Compressors 

Table 22-3c Common Failure Modes of Reciprocating, Positive-Displacement Compressors 
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Table 22-3d Common Failure Modes of Reciprocating, Positive-Displacement Compressors 
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THE CAUSES 

Table 22-3e Common Failure Modes of Reciprocating, Positive-Displacement Compressors 
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to the impact as each piston reaches the top and bottom dead-center of its stroke. The 
energy levels also are influenced by the unbalanced forces generated by nonopposed pis- 
tons and looseness in the piston rads, wrist pins, and journals of the compressor. In most 
cases, the dominant vibration frequency is the second harmonic (2X) of the main crank- 
shaft's rotating speed. Again, this results from the impact that occurs when each piston 
changes direction (i.e., two impacts occur during one complete crankshaft rotation). 

Valves 

Valve failure is the dominant failure mode for reciprocating compressors. Because of 
their high cyclic rate, which exceeds 80 million cycles per year, inlet and discharge 
valves tend to work harden and crack. 

Lubrication System 

Poor maintenance of lubrication-system components, such as filters and strainers, typ- 
ically causes premature failure. Such maintenance is crucial to reciprocating compres- 
sors because they rely on the lubrication system to provide a uniform oil film between 
closely fitting parts (e.g., piston rings and the cylinder wall). Partial or complete fail- 
ure of the lube system results in catastrophic failure of the compressor. 

Pulsation 

Reciprocating compressors generate pulses of compressed air or gas that are dis- 
charged into the piping that transports the air or gas to its point(s) of use. This pulsa- 
tion often generates resonance in the piping system, and pulse impact (i.e., standing 
waves) can severely damage other machinery connected to the compressed-air sys- 
tem. While this behavior does not cause the compressor to fail, it must be prevented to 
protect other plant equipment. Note, however, that most compressed-air systems do 
not use pulsation dampers. 

Each time the compressor discharges compressed air, the air tends to act like a compres- 
sion spring. Because it rapidly expands to fill the discharge piping's available volume, 
the pulse of high-pressure air can cause serious damage. The pulsation wavelength, h, 
from a compressor having a double-acting piston design can be determined by 

60a 34,050 A = - = -  
2n n 

where 

h = wavelength, ft; 
a = speed of sound = 1,135 Wsec; 
n = compressor speed, revolutions/min. 

For a double-acting piston design, a compressor running at 1,200 rpm will generate a 
standing wave of 28.4 ft. In other words, a shock load equivalent to the discharge 
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pressure will be transmitted to any piping or machine connected to the discharge pip- 
ing and located within 28 ft of the compressor. Note that, for a single-acting cylinder, 
the wavelength will be twice as long. 

Imbalance 

Compressor inertial forces may have two effects on the operating dynamics of a recipro- 
cating compressor, affecting its balance characteristics. The first is a force in the direc- 
tion of the piston movement, which is displayed as impacts in a vibration profile as the 
piston reaches top and bottom dead-center of its stroke. The second effect is a couple, or 
moment, caused by an offset between the axes of two or more pistons on a common 
crankshaft. The interrelationship and magnitude of these two effects depend on such 
factors as number of cranks, longitudinal and angular arrangement, cylinder arrange- 
ment, and amount of counterbalancing possible. Two significant vibration periods 
result, the primary at the compressor’s rotation speed (X) and the secondary at 2X. 

Although the forces developed are sinusoidal, only the maximum (Le., the amplitude) 
is considered in the analysis. Figure 22-1 shows relative values of the inertial forces 
for various compressor arrangements. 
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Figure 22-1 Unbalanced inertial forces and couples for various reciprocating compressors 
(Gibbs 1971). 
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MIXERS AND AGITATORS 

Table 23-1 identifies common failure modes and their causes for mixers and agitators. 
Most of the problems that affect performance and reliability are caused by improper 
installation or variations in the product’s physical properties. 

Proper installation of mixers and agitators is critical. The physical location of the 
vanes or propellers within the vessel is the dominant factor to consider. If the vanes 
are set too close to the side, corner, or bottom of the vessel, a stagnant zone will 
develop that causes both loss of mixing quality and premature damage to the equip- 
ment. If the vanes are set too close to the liquid level, vortexing can develop. This also 
will cause a loss of efficiency and accelerated component wear. 

Variations in the product’s physical properties, such as viscosity, will cause loss of 
mixing efficiency and premature wear of mixer components. Although the initial 
selection of the mixer or agitator may have addressed the full range of physical prop- 
erties expected to be encountered, applications sometimes change. Such a change 
may result in the use of improper equipment for a particular application. 
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Table 23-1 Common Failure Modes of Mixers and Agitators 

Source: Integrated Systems, Inc. 



DUST COLLECTORS 

This chapter identifies common problems and their causes for baghouse and cyclonic 
separator dust-collection systems. 

BAGHOUSES 

Table 24-1 lists the common failure modes for baghouses. This guide may be used for 
all such units that use fabric filter bags as the primary dust-collection media. 

CYCLONIC SEPARATORS 

Table 24-2 identifies the failure modes and their causes for cyclonic separators. Since 
cyclonic separators have no moving parts, most of the problems associated with this 
type of system can be attributed to variations in process parameters, such as flow rate, 
dust load, dust composition (Le., density, size, etc.), and ambient conditions (Le., tem- 
perature, humidity, etc.). 

266 



Dust Collectors 267 

Table 24-1 Common Failure Modes of Baghouses 
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Table 24-2 Common Failure Modes of Cyclonic Separators 

THE I 
I 

Source: Integrated Systems, Inc. 



PROCESS ROLLS 

Most failures that cause reliability problems with process rolls can be attributed to 
either improper installation or abnormal induced loads. Table 25-1 identifies the com- 
mon failure modes of process rolls and their causes. 

Installation problems normally result from misalignment, where the roll is not per- 
pendicular to the travel path of the belt or transported product. If process rolls are mis -  
aligned, either vertically or horizontally, the load imparted by the belt or the carried 
product is not spread uniformly across the roll face or to the support bearings. As a 
result, both the roll face and bearings are subjected to abnormal wear and may fail 
prematurely. 

Operating methods may cause induced loads that are outside the acceptable design 
limits of the roll or its support structure. Operating variables, such as belt or strip ten- 
sion or tracking, may be the source of chronic reliability problems. As with misalign- 
ment, these variables apply an unequal load distribution across the roll face and 
bearing-support structure. These abnormal loads accelerate wear and may result in 
premature failure of the bearings or roll. 
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Table 25-1 Common Failure Modes of Process Rolls 

~~ 

Source: Integrated Systems, Inc. 



26 
GEARBOXES OR REDUCERS 

This chapter identifies common gearbox (also called reducer) problems and their 
causes. Table 26-1 lists the more common gearbox failure modes. A primary cause of 
failure is that, with few exceptions, gear sets are designed for operation in one direc- 
tion only. Failure often is caused by inappropriate bidirectional operation of the gear- 
box or backward installation of the gear set. Unless specifically manufactured for 
bidirectional operation, the “nonpower” side of the gear’s teeth is not finished. There- 
fore, this side is rougher and does not provide the same tolerance as the finished 
“power” side. 

Note that it has become standard practice in some plants to reverse the pinion or 
bullgear in an effort to extend the gear set’s useful life. While this practice permits 
longer operation times, the torsional power generated by a reversed gear set is not as 
uniform and consistent as when the gears are properly installed. 

Gear overload is another leading cause of failure. In some instances, the overload is 
constant, which is an indication that the gearbox is not suitable for the application. In 
other cases, the overload is intermittent and occurs only when the speed changes or 
specific production demands cause a momentary spike in the torsional load require- 
ment of the gearbox. 

Misalignment, both real and induced, is another primary root cause of gear failure. 
The only way to assure that gears are properly aligned is to hard blue the gears imme- 
diately following installation. After the gears have run for a short time, their wear pat- 
tern should be visually inspected. If the pattern does not conform to vendor’s 
specifications, the alignment should be adjusted. 
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Table 2 6 1  Common Failure Modes of Gearboxes and Gear Sets 

d 

0 
0 
0 

~ 

0 0  
0 0  

I 

Source: Integrated Systems, Inc. 

Poor maintenance practices are the primary source of real misalignment problems. 
Proper alignment of gear sets, especially large ones, is no easy task. Gearbox manu- 
facturers do not provide an easy, positive means to assure that shafts are parallel and 
that the proper center-to-center distance is maintained. 

Induced misalignment also is a common problem with gear drives. Most gearboxes 
are used to drive other system components, such as bridle or process rolls. If mis- 
alignment is present in the driven members (either real or process induced), it also 
will directly affect the gears. The change in load zone caused by the misaligned driven 
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component will induce misalignment in the gear set. The effect is identical to real 
misalignment within the gearbox or between the gearbox and mated (i.e., driver and 
driven) components. 

Visual inspection of gears provides a positive means to isolate the potential root cause 
of gear damage or failures. The wear pattern or deformation of gear teeth provide 
clues as to the most likely forcing function or cause. The following sections discuss 
the clues that can be obtained from visual inspection. 

NORMAL WEAR 

Figure 26-1 illustrates a gear that has a normal wear pattern. Note that the entire sur- 
face of each tooth is uniformly smooth above and below the pitch line. 

ABNORMAL WEAR 

Figures 26-2 through 26-4 illustrate common abnormal wear patterns found in gear 
sets. Each of these wear patterns suggests one or more potential failure modes for the 
gearbox. 

Abrasion 

Abrasion creates unique wear patterns on the teeth. The pattern varies, depending on 
the type of abrasion and its specific forcing function. Figure 2 6 2  illustrates severe 
abrasive wear caused by particulates in the lubricating oil. Note the score marks that 
run from the root to the tip of the gear teeth. 

Figure 2 6 1  Normal wear pattern. 
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Figure 26-2 Wearpattern caused by abrasives in lubricating oil. 

Chemical Attack or Corrosion 

Water and other foreign substances in the lubricating oil supply also cause gear degra- 
dation and premature failure. Figure 26-3 illustrates a typical wear pattern on gears 
caused by this failure mode. 

Figure 26-3 Pattern caused by corrosive attack on gear teeth. 
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Figure 2 6 4  Pitting caused by gear overloading. 

Over/oading 

The wear patterns generated by excessive gear loading vary, but all share similar com- 
ponents. Figure 26-4 illustrates pitting caused by excessive torsional loading. The pits 
are created by the implosion of lubricating oil. Other wear patterns, such as spalling and 
burning, also can help identify specific forcing functions or root causes of gear failure. 
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STEAM TRAPS 

Most of the failure modes that affect steam traps can be attributed to variations in 
operating parameters or improper maintenance. Table 27-1 lists the more common 
causes of steam trap failures. 

Operation outside the trap’s design envelope results in loss of efficiency and may 
cause premature failure. In many cases, changes in the condensate load, steam pres- 
sure or temperature, and other related parameters are the root cause of poor perfor- 
mance or reliability problems. Careful attention should be given to the actual versus 
design system parameters. Such deviations often are the root causes of problems 
under investigation. 

Poor maintenance practices or the lack of a regular inspection program may be the 
primary source of steam trap problems. It is important for steam traps to be routinely 
inspected and repaired to assure proper operation. 
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Table 27-1 Common Failure Modes of Steam Traps 
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Source: Integrated Systems, Inc. 
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INVERTERS 

Table 28-1 lists the common symptoms and causes of inverter problems. Most of 
these problems can be attributed to improper selection for a particular application. 
Others are caused by improper operation. 

When evaluating inverter problems, careful attention should be given to recommenda- 
tions found in the vendor’s operations and maintenance manual. These recommenda- 
tions often are extremely helpful in isolating the true root cause of a problem. 
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Table 28-1 Common Failure Modes of Inverters 

Source: Integrated Systems, Inc. 



CONTROL VALVES 

Although there are limited common control valve failure modes, the dominant prob- 
lems are usually related to leakage, speed of operation, or complete valve failure. 
Table 29-1 lists the more common causes of these failures. 

Special attention should be given to the valve actuator when conducting a root cause 
failure analysis. Many of the problems associated with both process and fluid-power 
control valves really are actuator problems. 

In particular, remotely controlled valves that use pneumatic, hydraulic, or electrical 
actuators are subject to actuator failure. In many cases, these failures are the reason a 
valve fails to properly open, close, or seal. Even with manually controlled valves, the 
true root cause can be traced to an actuator problem. For example, when a manually 
operated process-control valve is jammed open or closed, it may cause failure of the 
valve mechanism. This overtorquing of the valve’s sealing device may cause damage 
or failure of the seal, or it may freeze the valve stem. Either failure mode results in 
total valve failure. 

280 



Control Valves 

Table 29-1 Common Failure Modes of Control Valves 
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SEALS A 3D PACKING 

Failure modes that affect shaft seals normally are limited to excessive leakage and 
premature failure of the mechanical seal or packing. Table 30-1 lists the common fail- 
ure modes for both mechanical seals and packed boxes. As the table indicates, most of 
these failure modes can be attributed directly to misapplication, improper installation, 
or poor maintenance practices. 

MECHANICAL SEALS 

By design, mechanical seals are the weakest link in a machine train. If there is any 
misalignment or eccentric shaft rotation, the probability of a mechanical seal failure is 
extremely high. Most seal tolerances are limited to no more than 0.002 in. of total 
shaft deflection or misalignment. Any deviation outside this limited range will cause 
catastrophic seal failure. 

Misalignment 

Physical misalignment of a shaft will either cause seal damage and permit some leak- 
age through the seal or it will result in total seal failure. Therefore, it is imperative that 
good alignment practices be followed for all shafts that have an installed mechanical 
seal. 

Process- and machine-induced shaft instability also creates seal problems. Primary 
causes for this failure mode include aerodynamic or hydraulic instability, critical 
speeds, mechanical imbalance, process load changes, or radical speed changes. 
These can cause the shaft to deviate from its true centerline enough to result in seal 
damage. 
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Table 30-1 Common Failure Modes of Packing and Mechanical Seals 
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Source: Integrated Systems, Inc. 

Chemical Attack 

Chemical attack (i.e., corrosion or chemical reaction with the liquid being sealed) is 
another primary source of mechanical seal problems. Generally, two primary factors 
cause chemical attack: misapplication or improper flushing of the seal. 
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Misapplication 

Little attention generally is given to the selection of mechanical seals. Most plants 
rely on the vendor to provide a seal that is compatible with the application. Too often 
there is a serious breakdown in communications between the end user and the vendor 
on this subject. Either the procurement specification does not provide the vendor with 
appropriate information or the vendor does not offer the option of custom ordering the 
seals. Regardless of the reason, mechanical seals often are improperly selected and 
used in inappropriate applications. 

Seal Flushing 

When installed in corrosive chemical applications, mechanical seals must have a 
clear-water flush system to prevent chemical attack. The flushing system must provide 
a positive flow of clean liquid to the seal and also an enclosed drain line that removes 
the flushing liquid. The flow rate and pressure of the flushing liquid will vary, depend- 
ing on the specific type of seal, but must be enough to assure complete, continuous 
flushing. 

PACKED BOXES 

Packing is used to seal shafts in a variety of applications. In equipment where the 
shaft is not continuously rotating (e.g., valves), packed boxes can be used successfully 
with no leakage around the shaft. In rotating applications, such as pump shafts, the 
application must be able to tolerate some leakage around the shaft. 

Nonrotating Applications 

In nonrotating applications, packing can be installed tight enough to prevent leakage 
around the shaft. As long as the packing is properly installed and the stuffing-box 
gland is properly tightened, there is very little probability of seal failure. This type of 
application requires periodic maintenance to ensure that the stuffing-box gland is 
properly tightened or that the packing is replaced when required. 

Rotating Applications 

In applications where a shaft continuously rotates, packing cannot be tight enough to 
prevent leakage. In fact, some leakage is required to provide both flushing and cooling 
of the packing. Properly installed and maintained packed boxes should not fail or con- 
tribute to equipment reliability problems. Proper installation is relatively easy and 
routine maintenance is limited to periodic tightening of the stuffing-box gland. 
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OTHERS 

This chapter provides some general troubleshooting guides that may assist with a root 
cause failure analysis. 

The wear pattern or surface finish of parts may provide clues that will help the investiga- 
tor resolve a problem. Table 3 1-1 provides a guide to the meaning of these patterns. 

Bolting practices and bolted joints may be a contributor to equipment reliability prob- 
lems. Table 3 1-2 provides troubleshooting guidelines for this common machine-train 
component. 
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Table 31-1 Common Failure Modes of Wear Part Surfaces 

Source: Integrated Systems, Inc. 
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Table 31-2 Common Failure Modes of Bolted Joints 
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LIST OF ABBREVIATIONS 

AC 

BEP 

BHP 

cfm 

CA 

CERCLA 

CFR 

CWA 

DC 

DOT 

EPA 

EPCRA 

FC 

FMEA 

fPm 

gpm 

HAZWOPER 

Alternating current 

Best efficiency point 

Brake horsepower 

Cubic feet per minute 

Cellulose acetate 

Comprehensive Environmental Response, Com- 
pensation, and Liability Act 

Code of Federal Regulations 

Clean Water Act 

Direct current 

Department of Transportation 

Environmental Protection Act 

Emergency Planning and Community Right-to- 
Know Act 

Fan capacity 

Failure mode and effects analysis 

Feet per minute 

Gallons per minute 

Hazardous Waste Operations and Emergency 
Response 
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HMTA 

hP 

I.D. 

LEPC 

LPG 

ME 

MSDS 

NPS H 

NPSHA 

NPSHR 

NPSHA 

NRC 

O.D. 

O&M 

OSHA 

ov 
PL 

psi 

psia 

psid 

PSig 

PPE 

PSM 

PV 

PVT 

RCFA 

RCRA 

rpm 

rpm? 

rpm3 

Hazardous Materials Transportation Act 

Horsepower 

Inside diameter 

Local Emergency Planning Committee 

Liquified petroleum gas 

Mechanical efficiency 

Material safety data sheets 

Net positive suction head 

Net positive suction head, available 

Net positive suction head. required 

Actual net positive suction head 

National Response Center 

Outside diameter 

Operating and maintenance 

Occupational Safety and Health Act (or Agency) 

Outlet velocity 

Packing length 

Pounds per square inch 

Pounds per square inch, absolute 

Pounds per square inch, differential 

Pounds per square inch, gauge 

Personal protection equipment 

Process safety management 

Pressure-volume 

Pressure-volume-temperature 

Root cause failure analysis 

Resource Conservation and Recovery Act 

Rotating speed 

Rotating speed, squared 

Rotating speed, cubed 
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SARA 

SE 

SERC 

SMP 

SOP 

SP 

TDH 

TIR 

TP 

TS 

TSCA 

TSH 

v m  
VP 

x, 2x,. . 

Superfund Amendments and Reauthorization 

Static efficiency 

State Emergency Response Committee 

Standard maintenance procedures 

Standard operating procedures 

Static pressure 

Total dynamic head 

Total indicated runout 

Total pressure 

Tip speed 

Toxic Substances Control Act 

Total system head 

Volts per hertz 

Velocity pressure 

One times, two times, . . . 



GLOSSARY 

acoustic emissions 

actuate 

actuator 

aeration 

aerodynamic instability 

agitator 

ambient condition 

amplitude 

analytical 

Testing technique that can be used to determine 
the structural integrity of objects (e.g.. pressure 
vessels). 

To put into motion or mechanical action, as by 
an actuator. 

A mechanism to activate process-control 
equipment by use of pneumatic, hydraulic. or 
electronic signals. 

Exposing a liquid to air through bubbling. 

An unstable state caused by oscillations of a 
structure that are generated by spontaneous and 
more or less periodic fluctuations in the flow. 
particularly in the wake of the structure. 

A device for keeping liquids and solids in 
liquids in motion by mixing, stirring, or shalung. 

Surrounding condition, especially pertaining to 
temperature, pressure, humidity, and the like. 

The magnitude or size of a quantity such as 
velocity. displacement, or acceleration, 
measured by a vibration analyzer in conjunction 
with a displacement probe, velocity transducer. 
or accelerometer. 

Describes the process of breaking up a whole 
into its parts to find out their nature. 
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angstrom 
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annotation 

assumption 

axial 

backlash 

back pressure 

baghouse 

bearing 

blower 

boundary condition 

brake horsepower 

catastrophic failure 

cavitation 

centrifugal force 

A unit of length equal to 100 millionth (10-8) of 
a centimeter. 

An explanatory note. 

Describes unconfirmed or perceived factors that 
may have contributed to an event; used when 
confirmed qualifiers are unavailable. 

Of, on, around, or along an axis (straight line about 
which an object rotates) or center of rotation. 

Amount by which a gear tooth space exceeds the 
thickness of the engaging tooth on the operating 
pitch circles. 

Pressure due to a force that is operating in a 
direction opposite to that being considered, such 
as that of a fluid flow. 

The large chamber or room for holding bag 
filters used to filter gas streams. 

A machine element that supports a part, such as 
a shaft, that rotates, slides, or oscillates in or on 
it. Three major types are radial or journal, thrust, 
and guide bearings. 

A fan that operates where the resistance to gas 
flow is predominantly downstream of the fan. 

Any condition that marks or describes a limit or 
a bound. 

The horsepower developed by an engine as 
measured by the force applied to a friction brake 
or by an absorption dynamometer applied to the 
shaft or flywheel. 

A sudden failure without warning, as opposed to 
degradation failure, that generally prevents the 
satisfactory performance of an entire assembly 
or system. 

Formation of gas- or vapor-filled cavities within 
liquids. 

An outward pseudo-force in a reference frame 
that is rotating with respect to an inertial 
reference frame. The pseudo-force is equal and 
opposite to the centripetal force that acts on a 
particle stationary in the rotating frame. 
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centripetal force 

chronic 

chronology 

classification 

compressor 

concentricity 

condensate 

control valve 

conveyor 

corrosion 

critical speed 

current in-rush 

cyclone separator 

deadheading 

The radial force required to keep a particle or 
object moving in a circular path, which can be 
shown to be directed toward the center of the 
circle. 

Of continued duration. 

The arrangement of data in order of time of 
appearance. 

Sorting or categorizing by established criteria. 

A machine used to increase the pressure of a gas 
or vapor. 

When the smaller of two circular, cylindrical, or 
spherical shapes is centered within the larger 
one. 

The liquid product that forms from condensable 
gases or vapors when they are subjected to 
appropriately altered conditions of temperature 
or pressure. 

A valve that controls pressure, volume, or flow 
direction in a fluid transmission system. 

Any materials-handling machine designed to 
move individual articles, such as solids or free- 
flowing bulk materials, over a horizontal, 
inclined. declined, or vertical path of travel with 
continuous motion. 

Gradual destruction of a metal or alloy due to 
chemical processes such as oxidation or the 
action of a chemical agent. 

The angular speed at which a rotor becomes 
dynamically unstable with large lateral 
amplitudes due to resonance with the natural 
frequencies of lateral vibration of the rotor. 

Initial current surge that occurs on startup of a 
piece of equipment, such as a motor. 

A funnel-shaped device for removing particles 
from air or other fluids, steam from water, water 
from steam, and in certain applications to 
separate particles into two or more size classes. 

Pumping against a closed discharge valve. 
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deductive 

density 

detent 

deviation 

dial indicator 

digital 

disseminate 

divergent 

ductwork 

duplex cylinder 

dynamic pressure 

dynamic response 

dynamics, operating 

eccentric 

The process of deriving a statement from certain 
assumed statements by applying the rules of 
logic. 

The mass of a substance per unit of volume. 

A catch or lever in a mechanism that locks the 
movement of a part, especially in escapement 
mechanisms or ratchet devices that permit 
motion in one direction slowly. In a valve, a 
detent is used to hold the valve in its last 
position. 

The difference between the actual value of a 
controlled variable and the desired or average 
value. 

Meter or gauge with a calibrated circular face 
and a pivoted pointer to give readings. 

Data having discrete values, as contrasted with 
continuous analog data. Digital data recorders 
convert continuous electrical analog signals into 
numbered (digital) values and record these 
values. 

Distribute widely. 

Moving in different directions. 

A system of enclosed runways. 

Cylinders having overlapping bores. 

The pressure that a moving fluid would have if it 
were brought to rest by isentropic flow against a 
pressure gradient; also known as impact pressure, 
stagnation pressure, and total pressure. 

The response, measured over time, of a 
component or system to a forcing function. 

Deals with the motion of a system under the 
influence of forces, especially those forces that 
originate outside the system under 
consideration. 

The condition when a disk or wheel has its axis 
of revolution displaced from the center so that it 
is capable of imparting reciprocating motion. 
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eccentricity 

efficiency 

end play 

entrainment 

envelope, operating 

event 

expedite 

extrapolation 

facilitator 

fan 

fault event 

flange 

flash point 

fluidizer 

forcing function 

The distance of the geometric center of a 
revolving body from the axis of rotation. 

Ratio of useful energy provided by a dynamic 
system to the energy supplied to it during a 
specific period of operation. 

Lateral or axial shaft movement. 

Entrapment of tiny air bubbles in a fluid. 

Specifies the physical requirements, dimensions. 
and type of coupling needed in a specific 
application. Envelope information includes shaft 
sizes, orientation of shafts, required horsepower. 
full-range of operating torque, speed ramp rates, 
and any other data that directly or indirectly 
affect the coupling. 

A specific change that occurs at a specified time. 

To facilitate or speed up a progress. 

Making an estimate of an unknown quantity 
based on, but outside the range of. known data. 

Someone or something that makes it easier to 
accomplish a task. 

A device, usually consisting of a rotating paddle 
wheel or an airscrew, with or without a casing, 
for producing currents to circulate, exhaust, or 
deliver large volumes of air or gas. 

An abnormal system state. 

Projecting rim of a mechanical part. 

The lowest temperature at which vapors from a 
volatile liquid will ignite momentarily on the 
application of a small flame under specified 
conditions. 

Identical to single-stage, screw-type compressors 
or blowers. 

(1) A cause of an event. (2) The cause of each 
discrete frequency component in a machine 
train’s vibration signature. 
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fretting corrosion 

friction 

full-fluid film 

fuse 

gearbox 

gland 

hard blue 

head 

hydraulic 

hydraulic curve 

Surface damage usually in an air environment 
between two surfaces, one or both of which are 
metals, in close contact under pressure and 
subject to a slight relative motion; also known as 
chajng corrosion. 

Resistance to sliding, a property of the interface 
between two solid bodies in contact. Friction 
wastefully consumes energy and wear changes 
dimensions. 

The ideal state of lubrication where the film 
remains thick and prevents contact between the 
surface peaks, which is apparent in a 
microscopic examination of two surfaces; also 
referred to as thick-jilm lubrication. 

An expendable device for opening an electric 
circuit when the current therein becomes 
excessive. The device contains a section of 
conductor that melts when the current through it 
exceeds a rated value for a definite period of 
time. 

Disk or wheel with teeth around its periphery, 
either on the inside edge (i.e., internal gear) or 
on the outside edge (Le., external gear), used to 
provide a positive means of power transmission. 

The gearing system by which power is 
transmitted from the source to the rotating shaft 
or axle. 

A device for preventing leakage at a machine 
joint, as where a shaft emerges from a vessel 
containing a pressurized fluid; also referred to as 
a packed-stufJing box. 

A temporary coating used on mating parts to 
evaluate fit and wear patterns. 

The height of a column of fluid necessary to 
develop a specific pressure. 

Operated or effected by the action of water or 
other low-viscosity fluid. 

A plot with total dynamic head as the vertical 
axis and discharge volume or flow as the 
horizontal axis. 
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hydraulic hammer 

impeller 

incident 

incremental cost 

indices 

inductive 

inertia 

inverter 

involute tooth profile 

kinetic energy 

laminar 

lateral 

lift, dynamic 

lift, static 

lift. suction 

lift, vertical 

An instantaneous shock load created by rapidly 
closing a valve. A radical surge of back pressure 
is generated that can tear a pump or other 
equipment from its piping and foundation. 

Rotating member or rotor of a turbine, blower, 
fan, axial or centrifugal pump, or mixing 
apparatus that physically moves a fluid: also 
known as a rotor, 

Something that happens, an event. 

The difference between the costs of two 
alternative procedures or operating conditions. 

Indicators. 

The process of reasoning from particular facts to 
a general conclusion. 

The property of an object by which it remains at 
rest or in uniform motion in the same straight 
line unless acted on by some external force. 

A device for converting direct current into 
alternating current; it may be electromechanical 
or electronic; also known as a DC-to-AC 
converter. 

The profile most commonly used for gear teeth. 
It does not provide as good a rolling action as 
the cycloidal profile and, as a result, some 
sliding between teeth occurs. It is less sensitive 
to shaft alignment and gear spacing than the 
cycloidal profile. 

Energy associated with motion. 

Viscous streamline flow without turbulence. 

Of, at, on, or toward the side. 

The change in vertical distance that occurs when 
a system is in operation. 

The vertical distance present regardless of 
whether a system is operating or not. 

See Suction lift. 

The elevation change, measured from centerline 
to centerline. 
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longitudinal 

lubricity 

machine train 

mandrel 

manifold 

mechanical imbalance 

mechanism 

meggering 

meshing 

methodology 

mixer 

multichannel analysis 

noise, white 

normal event 

oblique 

Pertaining to the lengthwise dimension. 

The ability of a material to lubricate. 

A series of machines containing both driver and 
driven components. 

A shaft inserted through a hole in a component 
for support. 

Piping system that either gathers multiple-line 
fluid inputs into a single intake chamber 
(intake manifold) or divides a single fluid 
supply into several outlet streams (distribution 
manifold). 

A condition that can result from a mechanical or 
force imbalance. Mechanical imbalance occurs 
when there is more weight on one side of a 
centerline of a rotor than on the other. Force 
imbalance can result when there is an imbalance 
of the centripetal forces generated by rotation or 
when there is an imbalance between the lift 
generated by the rotor and gravity. 

Any physical or mental process by which a 
result is produced. 

Testing technique that can be used to measure 
the cause-and-effect relationship between 
variables in electric motors. 

Engagement or working contact of teeth of gears 
or of a gear and a rack. 

A system of methods. 

A device used to cause intermingling of 
different materials (liquid, gas, solid) to produce 
a homogeneous mixture. 

Analysis based on data acquired simultaneously 
from multiple measurement points. 

Random noise that has a constant energy per 
unit bandwidth at every frequency in the range 
of interest. 

An event that is expected to occur. 

Having a slanted direction or position at an 
angle that is neither a right angle nor a multiple 
of a right angle. 
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operating dynamics 

operating envelope 

orifice 

oscillator 

parameter 

peripheral 

pinion 

piston 

pitch 

pitch, diametrical 

Deals with the motion of a system under the 
influence of forces, especially those that originate 
outside the system under consideration. 

The physical requirements and dimensions of a 
specific application. 

An aperture or hole. 

An electronic circuit that converts energy from a 
direct-current source to a periodically varying 
electric output. 

A quantity that is constant under a given set of 
conditions but may be different under other 
conditions. 

Pertaining to or located at or near the surface of 
a part. 

The smaller of a pair of gear wheels or the 
smallest wheel of a gear train. 

A sliding metal cylinder that reciprocates in a 
tubular housing, either moving against or moved 
by fluid pressure. 

Distance between similar, equally spaced gear 
tooth surfaces along a given line or curve. 

A gear tooth design factor that is a measure of 
tooth size in the English system; expressed as 
the ratio of the number of teeth to the diameter 
of the pitch circle measured in inches. 

pneumatic 

positive displacement compressor 

Pertaining to or operated by air or other gas. 

A device that confines successive volumes of 
fluid within a closed space in which the pressure 
of the fluid is increased as the volume of the 
closed space is decreased. 

positive displacement pump 

predictive maintenance 

A device in which a measured quantity of liquid 
is entrapped in a space, its pressure is raised, and 
then it is delivered. 

The practice of using actual operating conditions 
of plant equipment and systems to optimize total 
plant operation. It relies on direct equipment 
monitoring to determine the actual mean-time-to- 
failure or loss of efficiency for each machine train 
and system in a plant. This technique is used in 
place of traditional run-to-failure programs. 
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primary event 

prime 

probability 

proportional 

pulsation damper 

qualifier 

quantifiable 

quantitative 

race (inner and outer) 

radial 

radius 

real-time 

real-time data 

reciprocation 

recur 

reducer 

A direct, although possibly not obvious, 
contributor to the top event in a fault-tree 
analysis. 

Add fluid to a pump to enable it to begin 
pumping. 

The probability of an event is the ratio of the 
number of times it occurs to the large number of 
trials that take place. 

The comparative relation between things in size, 
amount, etc. (i.e., ratio). 

A device installed in a fluid piping system (gas 
or liquid) to eliminate or even out the fluid-flow 
pulsations caused by reciprocating compressors, 
pumps, and such. 

A machine that draws a fluid into itself through 
an entrance port and forces the fluid out through 
an exhaust port. 

Statement that provides confirmed background 
or support data needed to accurately define an 
event or forcing function. 

Describes something that can be expressed as a 
quantity or a number. 

Having to do with quantity. 

Either of the concentric pair of steel rings of a 
ball or roller bearing. 

Radiating from or converging to a common 
center. 

A line segment joining the center and a point on 
the outside of a circle or sphere. 

Responses to an event are essentially 
simultaneous with the event itself. 

Responses to an event that essentially are 
simultaneous with the event itself. 

The action of moving back and forth alternately. 

To occur again or at intervals. 

See Gearbox. 
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regulatory compliance 

reliability engineering 

resonance 

roll 

roller spin 

Regulatory-compliance issues associated with 
work-related incidents generally fall into the 
domains of safety, which is regulated by OSHA, 
and the environment, which is regulated by the 
EPA and state and local governments. 

Discipline dealing with the probability that a 
component part, equipment, or system will 
satisfactorily perform its intended function under 
given circumstances, such as environmental 
conditions, limitations as to operating time, and 
frequency and thoroughness of maintenance for a 
specified period of time. 

A large amplitude vibration in a mechanical 
system caused by a small periodic stimulus of the 
same or nearly the same period as the natural 
vibration period of the system. Higher levels of 
input energy can result in catastrophic, near 
instantaneous failure of the machine or structure. 

A cylinder mounted in bearings used for such 
functions as shaping, crushing, moving, or 
printing work passing by it. 

The speed at which a bearing's roller turns in its 
races. 

root cause 

rotor 

The true source of a problem or event. 

Any rotating part of a machine. 

runout Axial or radial looseness. A measure of shaft 
wobble caused by being off center. 

saturation point or pressure The pressure of a thermodynamic system, at a 
given temperature, where the vapor of a 
substance is in equilibrium with that substance's 
pure liquid or solid phase. 

schematic diagram 

score marks 

seal 

seat 

A presentation of the element-by-element 
relationship of all parts of a system. 

Parallel scratches, lines, or grooves. 

A means of preventing migration of fluids, 
gases, or particles across a joint or opening. 

The fixed, pressure-containing portion of a valve 
that comes into contact with the moving portions 
of that valve. 
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shaft encoder 

shroud 

single-channel data 

sinusoidal function 

slip 

solenoid 

specific gravity 

stagnant 

static head 

static pressure 

steam trap 

suction lift 

A device that senses the true running speed of 
the shaft and sends a signal back to the speed- 
control mechanism; also referred to as a 
resolver. 

A protective covering, usually of metal plate or 
sheet. 

Acquired in series or one channel at a time. 

The real or complex function sin(u) or any 
function with analogous continuous periodic 
behavior. 

For a pump, it is the rate at which liquid leaks 
from the discharge side to the suction side. For a 
conveyor, it is the amount of material that 
bypasses the system. 

An electrically energized coil of insulated wire 
that produces a magnetic field within the coil. 

The ratio of a material’s density to the density of 
some standard material (i.e., water at 60°F or air 
at standard temperature and pressure); also 
known as relative density. 

Motionless. 

Pressure of a fluid due to the head of fluid above 
some reference point. 

The pressure exerted in a nonoperating system. 

A device that separates and removes condensate 
automatically from steam lines. 

The head, in feet, that a pump must provide on 
the inlet side to raise the liquid from the supply 
well to the level of the pump; also known as the 
suction head. 

synchronize 

three-phase alternating current Alternating current delivered through three 
wires, with each wire serving as the return for 
the other two and with the three current 
components differing in phase successively by 
one-third cycle, or 120 electrical degrees. 

Make to occur at the same time. 

throttle A choking device to regulate flow of a fluid. 
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thrust 

top event 

torque 

torsion 

total system head 

transformer 

transient 

turbulent flow 

ultrasonic analysis 

unloading 

vane 

variable 

Axial forces and vibration created by the 
mechanical or dynamic operation of machine 
trains or process systems. 

A system failure in a fault-tree analysis; it can he 
either a broad, all-encompassing failure or a 
failure of a particular component. 

A moment/force couple applied to a rotor such as 
a shaft to sustain acceleratiodload requirements. 
A twisting load imparted to shafts as the result of 
induced loadslspeeds. 

A straining action produced by couples that act 
normal to the axis of a member, identified by a 
twisting deformation. 

The total pressure required to overcome all 
downstream resistance at a given flow. 

An electrical component required when a 
different input or output voltage is needed for 
proper operation of equipment. 

An event such as an impact or change in speed 
or process parameter that varies in time. A 
temporary phenomenon occurring in a system 
prior to reaching a steady-state condition. 

Motion of fluids in which local velocities and 
pressures fluctuate irregularly, in a random 
manner. 

Testing technique that can be used to measure the 
cause-and-effect relationship between variables. 
It uses principles similar to those of vibration 
analysis to monitor the noise generated by plant 
machinery or systems to determine their actual 
operating condition. Ultrasonics is used to 
monitor the higher frequencies (i.e., ultrasound) 
that range between 20,OOO Hz and 100 kHz. 

Depressuring or emptying a process unit. 

Casting on the backside of the impeller that 
reduces the pressure acting on the fluid behind 
the impeller. 

Data item or symbol that can assume any of a set 
of values. 
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velocity head 

vibration analysis 

vibration profile 

vibration signature 

viscosity 

viscous fluid 

volute 

vortex 

The square of the speed of flow of a tluid 
divided by twice the acceleration of gravity. It is 
equal to the static pressure head corresponding 
to a pressure equal to the kinetic energy of the 
fluid per unit volume. 

Predictive-maintenance technique that monitors 
the noise or vibrations generated by plant 
machinery or systems to determine their actual 
operating condition. The normal monitoring 
range for vibration analysis is from less than 1 to 
20,000 Hz. 

Refers to either time-domain (also called time 
truce or wuvefunn) or frequency-domain 
vibration curves. 

Frequency-domain vibration curve, which is 
amplitude (displacement, velocity, or acceleration) 
versus frequency. Frequency-domain data are 
obtained by converting time-domain data using a 
mathematical technique referred to as fast Foiirier 
transform. Time-domain data are plotted as 
amplitude versus time. 

The resistance that a gaseous or liquid system 
offers to flow when subjected to a shear stress; 
also known asfiow resistance or internalffiction. 

A fluid whose viscosity is sufficiently large to 
make the viscous forces a significant part of the 
total force field in the fluid. 

Spiral part of a pump casing that accepts the 
fluid from the impeller and carries it to the 
outlet. 

Flow exhibiting rotary motion as in an eddy or 
whulpool. 
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Acceleration control, 198 
Accidents, 72 
Actuators, 217 
Aerodynamic instability, 246 
Agitators, 147, 264 
Application review, 30 
Axial fans, 98 

Backlash, 184 
Backup valves, 2 14 
Backward-curved blades, 99 
Baghouses, 153,266,267 
Ball valves, 202 
Best efficiency point, 85 
Bevel gears, 177 
Bimetallic steam trap, 190 
Blowers, 97, 11 I ,  248,249 
Boiler-feed applications, 83 
Brake horsepower, 83, 84, 150, 184 
Bullgear compressors, 126 
Butterfly valves, 204 

Capacity loss, 50,72 
Catastrophic failure, 3 
Cause-and-effect analysis, 9, IO, 72 
Cavitation, 83 
Centrifugal compressors, 123,254 
Centrifugal fans, 246, 247 
Centrifugal pump, 77,87,239 

performance, 79 
Chain conveyors, 114,253 
Communications, 44 

Compressors, 123, 254 
Control valves, 202,280 
Conveyor performance, 113 
Conveyors, 112,251 
Corrective actions, 47.49 
Cost avoidance, 53 
Cost-benefit analysis, 48, 52, 54 
Cut-flight conveyors, 118 
Cyclonic Separators, 160,266, 

268 

Dampers, 110 
Data gathering, 20 
Delivery slippage, 50 
Department of transportation, 7 1 
Design 

data, 27 
practices, 38, 39 
review, 19 

Discharge piping, 88 
Dust collectors, 153,266 

Economic performance, 26,73 
Emergency planning, 70 
Entrained air or gas, 82, 241 
Environmental conditions, 23 
Environmental release, 18 
Equipment damage, 28 

design, 18,22,23,38 
evaluation, 77 
failures, 28, 72 
nameplate data, 35 
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Failed components, 25 
Failure modes, 6, 7 

Fan, 97,246 
and effects analysis, 7, 8, 58 

capacity, 101 
installation, 105 
laws, 103 
performance, 10 I 
rating, 101. 106, 107, 108 
speed, 110 

Fatigue, 60 
Fault-tree analysis, 16 
Float-type steam trap, 188 
Flow-control devices, 109 
Fluidizers, 97. 1 I1 
Fluid power, 2 10 
Forward-curved blades. 100 
Four-way valves, 2 13 
Friction loss, 80. 88, 113 

Gate valves, 203 
Gear 

backlash. 184 
efficiency, I83 
ratios, 185 

Gearboxes, 171,269 
Globe valves, 205 
Ground-fault protection. 200 

Hazardous materials transportation, 7 1 
Helical gear pump, 93 
Helical gears, 174 
Herringbone gear pump, 93 
Herringbone gears, 177 
Human engineering, 44 
Hydraulic curve, 84 
Hydraulic slippage, 91 
Hypoid gears, 18 1 

Implementation costs, 5 1 
Incident classification, 17, 26 
Incident reports, 29, 55 
Incoming product, 30, 122 
Increased revenue, 53 
Inlet piping, 88 
Inlet-air conditions, 102 
Inline impellers. 78, 79 
Inspections, 46 
Installation, 20, 24, I 13, 12 1, 129 
Interviews, 36 

Inverted bucket steam trap. 187 
Inverters. 194,276 
Investigator, 57,69 

Life cycle costs, 39 
Liquid seal-ring compressors, 133 
Lobe pump, 95 
Lubrication system, 28 

Maintenance manuals, 25 
Maintenance records, 30,32 
Maintenance review, 35 
Management systems, 45 
Measurement devices. 33 
Measurements, 33 
Mechanical conveyors, 114 
Mechanical efficiency, fans. 102 
Mechanical seals, 220,228. 234, 282 
Miter gears, I8 I 
Mixers, 147, 264 

Natural frequency, 102 
Net positive suction head. 80 
NPSH. 80 

Observations, 27 
One-way valves, 2 I I 
Operating characteristics. 30.31, 38 
Operating envelope, 28 
Operating manuals, 19. 22 
Operating performance, 29.73 
Operating procedures, 40, 89.96 
Operations problems, 73 
Opposed impellers, 78. 79 
OSHA, 58,62.65 
OSHA reporting requirements, 65, 66, 67 
Outlet velocity, 101 
Output product, 14 

Packing, 220.234,282 
Perceived causes, 29 
Performed work. 25 
Personal problems, 60 
Physical evidence, 3 
Physical impairment. 60 
Plate-out in fans, 246 
Pneumatic conveyors, 112.252 
Positive displacement compressors, 254.256 
Positive displacement pumps, 90, 243 
Predictive maintenance. 14 
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Problems, 33 
Process 

instability, 249 
parameters, 38 
performance, 72 
rolls, 164, 267 

Procurement practices, 28,39 
Procurement specifications, 2 1 
Pumps 

in parallel, 8 1 
in series. 8 1 

Quality control, 46 
Questions to ask, 20 

Radial blade fans, 100 
Reciprocating compressors, 136,258 
Reciprocating pumps, 243,245 
Reducer gear drives, 17 1, 271 
Reduction in unit cost, 52 
Regulatory compliance, 14,62 
Repetition of tasks, 61 
Report preparation, 54 
Reporting problems, 37 
Resource conservation and recovery act, 71 
Roll face, 166 
Roll neck, 166 
Root cause, 4, 5, 14 
Root cause failure analysis, 19 
Rotary compressors, 130, 257 
Rotary pumps, 244 
Rotating speed, 96 

Safety, 10, 11, 12, 13, 23, 27,58 
Screw conveyors, 117 
Screw pump, 93 
Scrubber rolls, 169 
Seals, 220,280 
Sequence-of-events analysis, 3 1 
Setup procedures, 25, 32 
Short-circuit protection, 200 
Spill hazards, 62 
Spill prevention, 63 
Spill response, 63 
Spiral gears, 180 
Spur gear pump, 92 

Standard maintenance procedures, 25,3 1, 

Standard operating procedures, 14,38,40 
Startup procedures, 89 
Static efficiency, 101 
Static head, 80,99 
Static pressure, 101 
Steam traps, 187, 276 
Suction volume, 8 1 
Supervision, 42 
Symptoms and boundaries, 25 

32.38 

Thermodynamic laws, 127 
Thermodynamic steam trap, 189 
Thermostatic steam trap, 188 
Three-way valves, 212 
Tip speed, 101 
Total dynamic head, 84 
Total system head, 84, 242 
Training, 38,41,63 
Training records, 3 1 
Transient procedures, 28 
Two-way valves, 21 1 

Unloading frequency, 136 

Valve actuators, 2 17 
Vane pump, 94 
Vapor pressure, 80 
Vector control, 196 
Velocity head, 80, 102 
Velocity pressure, 102 
Vendor evaluation, 40 
Vendor specifications, 33 
Vibration analysis, 33 
Viscosity, 95, 152 
Visual inspection, 35 

Wear particles, 38 
Work environment, 45 
Worker responsibilities, 64 
Worker selection, 43 
Worker-machine interface, 44 
Worm gears, 182 

Zero1 gears.179 
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