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Abstract

In the last four years, the Oil and Gas industry has faced a crisis in the sector with a large amount
of oil supply, which resulted in an abrupt drop in the marketing price of the oil barrell. This trend has
forced many companies in this sector to look for solutions to keep their operations feasible, in such a way
that the production costs can be kept within acceptable limits. In this context, the complex of RAM
(Reliability, Availability and Maintainability factors constitute a strategic approach for integrating reli-
ability, availability and maintainability, by using methods, tools and engineering techniques (Mean Time
to Failure, Equipment down Time and System Availability values) to identify and quantify equipment
and system failures that prevent the achievement of the productive objectives

Thus, this paper deals with the application of Reliability, Availability and Maintainability (RAM)
Analysis to centrifugal gas compressors installed in an offshore Oil and Gas plant in collaboration with
a private company that, for privacy reasons, will not be named.

The results obtained in this analysis allowed to identify the Dry Gas Seal as the most critical
component, since the failures of this component had the greater impact in the several compressors
analyzed, and it was also possible to verify that the critical component presents a mean time to
failure lower than the expected, which means that failures occur unexpectedly, often translated into
unexpected costs. Through this analysis, it was in the same way possible to identify the reasons of the
excessive down time of the machines due to Dry Gas seals failures, which was the main reason for the
low value of availability in some compressors. Finally, some improvement actios were recommended in
order to improve reliability of the critical component and reduce the down time in the compressor, as
well as improve the availability of the compressors.
Keywords: RAM Analysis, Centrifugal Compressors, Reliability, Maintenance, Oil and Gas industry.

1. Introduction

With the globalization of the economy and the in-
crease of competition, companies have been com-
pelled, for some years, to integrate into their ob-
jectives not only economic ones that aim to maxi-
mize profit but also others of a more strategic and
vital nature for their survival. Some of these non-
economic objectives refer to social, safety and com-
fort needs of its employees, environmental ethics,
product quality, relations with suppliers and dis-
tributors, efficient management of the assets needed
for production, etc[1]. In the specific case of main-
tenance activities, companies are increasingly con-
cerned about integrating a set of specifications, in
addition to the usual technical specifications, in the
process of purchasing equipment, at the time of
drawing up the specifications, which translate the
acceptable limits of reliability, availability, main-
tainability and safety (people and environment).

In recent years, the Oil and Gas Industry has

faced a major crisis on the demand side, causing the
marketing price of the oil barrel to go into freefall
mode, going from values around 100 dollars to 20
dollars per barrel. A recent study in the Oil and Gas
research matter recognizes that the fall in the price
of a barrel of oil increasingly requires companies
to increase their focus and accuracy in the perfor-
mance of operations; where performing a good asset
reliability and integrity is a good starting point[2].
In this scenario, the asset maintenance sector gains
strategic and financial importance, since it is an
instrument that seeks to ensure the full function-
ing, within technical standards, of equipment dur-
ing their lifetime[3].

Thus, the subject of this paper suggests the study
of machines in an Oil and Gas offshore plant , in this
particular case, the centrifugal compressors used in
the process of natural gas production, by applica-
tion of Reliability, Availablity and Mantainability
(RAM) Analysis, in order to be able to evaluate and
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propose actions to improve reliability, maintainabil-
ity and availability, based on the past and present
machine data, so that the maximum advantage of
the compressors can be taken throughout their op-
eration life, avoiding some unnecessary costs, taking
into account that ensuring the integrity of the com-
pressors, is at the same time ensuring the integrity
of the installation and the people on the platform.

1.1. Centrifugal Compressor

In the Oil and Gas industry it is often neces-
sary to increase the pressure of a gas for process-
ing, storage or transport reasons. There are two
fundamental different principles used to compress
gases: Intermittent (or discontinuous) flow mode
and continuous flow mode. Intermittent flow mode
is related to the positive displacement compres-
sors and continuous to the dynamic and the ejector
compressors[4][5]. Figure 1 illustrates the classifi-
cation of compressors, highlighting the centrifugal
compressor.

Figure 1: Compressor classification (Adapted from
[6])

According to literature, between 1950 and 1960,
the centrifugal compressor became popular because
its efficiency was comparable to that of the recipro-
cating compressor (cited as the most used compres-
sor until the 1960s), and because of its much lower
maintenance costs. Nowadays, the centrifugal com-
pressor is appointed as the main compressor in the
process and pipeline industries and due to its com-
pact, lightweight and low energy consumption, is
used extensively in the offshore industry[4][6].

1.2. RAM Analysis in the Oil and Gas indus-
try

Regarding the application of RAM Analysis in the
Oil and Gas industry, it has been already the sub-
ject of study for several reasons, such as for opt-
mization of production and minimizing costs, avail-
ability/efficiency study of facilities in the upstream
industry and for decision-making on actual produc-
tivity and financial figures, etc.

Centinkaya[7] assessed the reliability and avail-
ability of SCADA (Supervisory Control And Data
Acquisition)1 systems used in offshore petroleum fa-
cilities by developing a fault tree and failure rate
analysis. Corvaro et al.[8] performed a Reliability,
Availability and Maintainability (RAM) Analysis
to propose a new maintenance approach of main-
tenance strategy of a reciprocating compressor.

The effect of sensitive environment of the Artic
Offshore on Reliability, Availability and Mantain-
ability of the Offshore Oil and Gas Production facil-
ities was studied by Naseri[9], by developing expert-
based models for RAM performance analysis of such
facilities; the results of the study showed that the
expected number of failures and expected down-
times in the Arctic offshore operations were higher
than those of normal-climate areas.

2. Background
2.1. Introduction to RAM Analysis
The goal of RAM2 is to create an input data for
the assessment of the suitability of a system in
a life cycle1. That is, to provide data on failure
rates of the system, possible failure modes, Mean
Time Between Failures (MTBF), Mean Down Time
(MDT), maintenance operations, hazards and their
consequences, etc. The output of RAM analysis
enables the life cycle specialists to calculate costs
and to perform Cost-Benefit Analysis (CBA)[10].
But before the RAM analysis at the system level,
input in the known component failure data must be
provided. There are then three different interlinked
steps in the application of RAM [10]. This is
illustrated in figure 2.

Each one of the steps shown in figure 2.1 shall
comprise different methods. A special focus shall
be given to the step 1 and 2, because these are the
steps which are directly connected with the main
goals of this study.

[Step 1] RAM data compilation (component
level): Failure data compilation stands for the
foundation of any RAM simulation or process.
Whether it is made through testing or through
observed field operation and maintenance feedback,
the study of individual component failure provides
data on failure rate and all other reliability param-
eters. This data is used as input for step 2, RAM
simulation.

[Step 2] RAM simulation (system level): In this
step, the goal is to model the system in terms of reli-

1SCADA systems are used in production monitoring and
control, well monitoring and control, process monitoring and
control, unmanned platform monitoring and control, pipeline
systems, and drilling for offshore Oil and Gas in the Oil and
Gas Industry

2Sometimes it can be cited as RAMS when the analysis
integrate the S factor, which stands for Safety
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Figure 2: Representation of the steps which com-
prehend RAM and life cycle [10]

ability and availability aspects. That is, from values
of failure rate (λ(t)), Mean Time Between Failures
(MTBF), Mean Down Time (MDT), among others
from individual components, and to be able to com-
pute values which refer to the same components but
while interacting with each other in a system and a
stated environment.

2.1.1 Reliability

The standard NP EN 2007 [11] defines reliability as
the Ability of an item to perform a required func-
tion under given conditions for a given time interval.
Mathematically reliability can be defined according
to the equation (1):

R(t) = e
∫ t
0
−λ(t)dt (1)

The most usual measure of reliability is the Mean
Time To Failure (MTTF). MTTF describes the ex-
pected time to failure of a component. This indica-
tor is quite popular because it gives a simple idea
of the reliability of any component, and mathemat-
ically is expressed by:

MTTF =

∫ ∞
0

R(t)dt (2)

Mortality Curve
The mortality curve (figure 3) describes the behav-
ior of the failure rate λ(t). In this curve there are
three characteristic periods, namely:

• Infant Mortality Period: Analysis of mortality
in this period refers to the component when it
is new, and tends to show a high rate of dam-
age, however, it consequently decreases more or

less quickly. This is due to particular defects
in design, manufacturing defects, improper in-
stallation or installation, etc.

• Useful Life Period: In the useful life of a com-
ponent, the instantaneous failure rate λ(t) is
approximately constant, since it is not time de-
pendent and is simply referred to as the failure
rate;

• Wear out Period: This period is characterized
by the increasing failure rate. The greatest in-
terest in the analysis of this period is the fact
that one tries to know its probable beginning,
so that a possible entrance in regime of attri-
tion can be avoided.

Figure 3: Mortality curve [12]

2.1.2 Life Distributions (Reliability Mod-
els)

Statistical distributions are used to study each
phase of the mortality curve. In reliability engineer-
ing, the more usual statistical distributions used
to perform a reliability analysis are the Exponen-
tial distribution, the Normal distribution and the
Weibull distribution. In this work the main focus
will be on the exponential and Weibull distribu-
tions.
Exponential distribution
The exponential distribution is one of the most com-
monly used distributions in reliability analysis due
to its simplicity[13]. One property of this distri-
bution is that the failure rate function is a time
independent, it is a constant, and is represented by
the parameter λ. The expression for realibility and
failure rate will be respectively:

R(t) = e−λt (3)

And the Mean Time to Failure:

MTTF =
1

λ
(4)

In figure 4 are presented the failure rate function
(figure 4(b)) and the Reliability function R(t)
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(a) Effect of λ in R(t) (b) Constant failure rate

Figure 4: Exponential distribution [14]

(figure 4(a)) of the exponential distribution..

Weibull Distribuition

It is a distribution that allows the analysis of
reliability in the three phases of the bathtub curve,
namely in the phase of infant mortality, useful life
and wear out phase.

f(t) =
β

η
(
t− γ

η
)β−1.e−(

t−γ
η )β , t ≥ γ ≥ 0, β > 0, η > 0

(5)
and wherein the respective parameters have the fol-
lowing meanings:

• γ: Location parameter, or life without mal-
functions. It is the lower limit of the domain
of t considered;

• η: Scale parameter, or characteristic life. It is
a measure of the central tendency of the distri-
bution;

• β: Shape parameter, indicates the failure rate
characteristic:

– β < 1 : Infant mortality;

– β = 1: Useful life (random failures);

– β > 1 : Wear out failures.

The expression for realibility and failure rate will
be respectively:

R(t) = e−(
t−γ
η )β (6)

λ(t) =
β

η
(
t− γ

η
)β−1 (7)

The Mean Time to Failure (MTTF) can be calcu-
lated by:

MTTF = γ + η × Γ(1 +
1

β
) (8)

The effect of parameter β in λ(t) and R(t) are
shown in the figures 5(b) ad 5(a) respectively

(a) Effect of β in R(t) (b) Effect of β in λ(t)

Figure 5: Effect of the parameter β [14]

2.1.3 Maintainability

Maintainability is a characteristic of an item, ex-
pressed by the probability that a preventive main-
tenance or a repair of the item will be performed
within a stated time interval for given procedures
and resources (skill level of personnel, spare parts,
test facilities, etc) [15].

An important measure often used in maintenance
studies is the Mean Time To Repair (MTTR).
MTTR is sometimes called as Mean Down Time
(MDT) of the component/equipment [13]. The
differences between them is that the total Mean
Downtime, MDT, or mean forced outage time, is
the mean time the component is in a nonfunction-
ing state. The MDT is usually significantly longer
than the MTTR, and normally includes time to
detect and diagnose the failure, logistic time, and
time to test and startup of the item, on the other
hand, the MTTR is sometimes only used to denote
the mean active repair time.

Mathematicaly the Mean Time To Repair can
be defined as [13]:

MTTR =

∫ ∞
0

fD(t)td (9)

Where fD is the probability density function of the
Down Time.

2.1.4 Availability

Availability is commonly used as the term for the
combination of reliability and maintainability and it
is defined as the ability of an item (under combined
aspects of its reliability, maintainability and main-
tenance support) to perform its required function at
a stated instant of time or over a stated period of
time [13]. Increase availability of equipment is one
of the main objectives of any maintenance model or
strategy [16].

Then, the average availability will be:

Aav =
MTTF

MTTF +MDT
(10)
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In equation (10) it is used the MDT (mean down
time) instead of MTTR to make it clear that it is
the total mean down time that should be used and
not only the mean active repair time. But it can
be also used the MTTR to express the availability
taking into account only the time spent in active
repair; this availability excludes preventive mainte-
nance downtime, logistic delays, supply delays and
administrative delays and considers only the cor-
rective downtime or the active repair time, and is
called inherent or intrinsic availability.

Aintrinsic =
MTTF

MTTF +MTTR
(11)

In addition, it is important to clarify and to
reinforce the difference between the measures of
time that were referenced throughout the text.
Several authors in literature interpret differently
some measures of time used in the theory of reli-
ability, but to be in accordance with the exposed
throughout the text, in this paper the convention
that was used is that as illustrated in the figure 6.

Figure 6: Difference between the time measures

3. Methodology
The purpose of this subsection is to describe the
methodology used to classify the components by
levels of importance or criticality and, depending
on the level of each component, propose the actions
that must be taken. Figure 4.10 summarizes the
methodology followed to classify the components
or system whithin the compressors. So, after the
classification, only those components classified as
Vital/critical will need to be studied.
This methodology comprises 5 phases, namely:

1. Failure Data Collection (integrated with
Pareto Analysis);

2. Consequence Assessment: This assessment
classifies the components based on its fail-
ure consequences on Human Safety and Envi-
ronment (HSE), Production and Maintenance
cost. Each of the three consequence crite-
ria are assigned a numerical coefficient (conse-
quence level, 100 or 10 or 1), representing High,
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Figure 7: Methodology

Medium or Low consequence, respectively. Ta-
bles 1, 2 and 3 present a summary of such anal-
ysis.

Table 1: Consequence analysis on HSE

Table 2: Consequence analysis on Production
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Table 3: Consequence analysis on Maintenance
Costs

As each of the three consequence criteria has
been assigned a numerical coefficient (conse-
quence level, 100 or 10 or 1). Consequence In-
dex is calculated as follows:

• By the multiplication of the three nu-
merical coefficients A, B and C, Conse-
quence Rating can be assessed as (G) =
(A)×(B)×(C). Thus, the function Conse-
quence Index is then (H) = log(G). Con-
sequence classification based on 0-6 range.
See Table 4.

Table 4: Consequence index

3. Likelihood Assessment: This Assessment clas-
sifies the components based on its redundancy,
failure rate & technology. Tables 5, 6 and 7
present the summary of such analysis.

Table 5: Likelihood analysis: Redundancy

Table 6: Likelihood analysis: Component technol-
ogy

Table 7: Likelihood analysis: Failure rate

As each of the three Likelihood criteria has
been assigned a numerical coefficient (likeli-
hood level, 100 or 10 or 1). Likelihood Index
is calculation as follows:

• By the multiplication of the three nu-
merical coefficients D, E and F , Likeli-
hood Rating can be assessed as (J) =
(D) × (E) × (F ). Thus, the equipment
or component Likelihood Index is (K) =
log(J). Likelihood classification based on
0-6 range: See Table 8.

Table 8: Likelihood index

4. Criticality Matrix: After determining the
probability of failure of the component and
its consequence of failure it is possible to
present such results in an array of type (figure
8(a)): Probability versus Consequence. In the
criticality matrix, probability and consequence
categories are organized in such a way that
the lower criticality components are in the
lower left corner and the higher criticality
components are in the upper right corner as
shown in Figure 8(b). The Criticality Matrix
shows the final classification of the equipment
into Vital (V), Important (I) and Secondary
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(S) based on the results of the two assessments
above.

(a) Criticality Matrix (b) Criticality Matrix
Components

Figure 8: Criticality matrix Components

5. Actions: In this way, by oberserving the Figure
8(b), all components in zone 1, i.e classified as
vital/critical, should nevertheless deserve spe-
cial attention, and it is necessary to develop
measures aimed at (at least) allowing the com-
ponent of zone 1 (vital) to be moved to zone 2
(important), or even secondary. According to
the methodology proposed here, it will be im-
perative to perform a RAM analysis and reeval-
uate the component maintenance plan.

4. Results
The case study focused on the failures of gas com-
pressors of an Oil and Gas company (which for con-
fidential reasons will not be revealed). Were ana-
lyzed three compressors, namely the LP, TCA and
Export compressors. Therefore, the data collection
was done for a time window between 01/01/2010 to
30/09/2017.

From the analysis of the available information,
it was verified that, over the time window consid-
ered, some of the systems constituting the compres-
sor were affected by some failures, some with some
considerable frequency and others not so. In ta-
ble 9, the number of random failures (n), the total
down time (

∑
t) and the Mean Down Time (MDT)

( 1
n

∑
t) are displayed.

Table 9: Failures organized bt systems in compres-
sor

The pareto diagrams were constructed in order of
the total down time (

∑
t), the number of random

failures (n) and the mean down time ( 1
n

∑
t),

with the aim of obtaining indications about the
systems causing more unavailability (down time)
and the systems which are less reliables (number of
failures). Figures 9, 10 and 11 illustrate the Pareto
analysis in order of Total Down Time, Number of
failures and Mean Down Time, respectively.

(a) (b)

Figure 9: Pareto Analysis: Total down time

(a) (b)

Figure 10: Pareto Analysis: Number of failures

(a) (b)

Figure 11: Pareto Analysis: Mean Down Time

The comparative analysis of the three analysis
before makes clear that the Shaft Seal System
system is the most critical. The Shaft Seal System
system contributed most to the unavailability of
the compressors, although according to figure 10 it
does not have the largest number of failures in the
time interval considered and, according to figure
9 and 9 , it is verified that more than 90% of the
machine downtime in the considered interval was
caused by the Shaft Seal System. On the other
hand, the Anti-Surge system appears with the
highest number of malfunctions in the considered
interval, but with a very low number of hours of
down time when compared to the Shaft Seal Sys-
tem system, but both systems together comprise
almost 80% of the total number of failures . For
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this reason, for this study, it was decided to begin
the analysis with these two systems. However,
a first analysis of consequence was performed to
perceive the influence of the failure consequence
that each one of the system has in the different
aspects as already seen previously.

Tables 10, 11 and 12 present the result regarding
the consequence analysis, likelihood analysis and
the criticality matrix, respectively.

Table 10: Consequence analysis result

Table 11: Likelihood analysis result

Table 12: criticality Matrix result

From table 12, it is verified that the Shaft Seal
System, represented by the Dry Gas Seal compo-
nent, is in the red zone of the criticality matrix, be-
ing considered as a High-Medium component, clas-
sified as a vital or critical component. In the other
hand, the Anti-Surge System represented by the
anti-surge valve is located in the yellow zone, being
considered as a Medium-Medium component, there-
fore, classified as an important component. Ac-
cording to the methodology, the Dry Gas Seal of
the Shaft Seal System system will be taken into ac-
count for the purposes of reliability, maintainability
and availability study, once they were classified as
critical components.

4.1. Dry Gas Seals RAM Analysis

Table 13 presents the failure history of Dry Gas
Seals.

Table 13: Dry Gas Seals failure history

4.1.1 Reliability

It is possible to use the Weibull distribution of
two parameters in conjunction with Bernards re-
gression for the estimation of Weibull parameters,
which resulted in β = 1.0551 and η = 30, 778 hours.
So, the Mean Time To Failure was estimated as:
MTTF = η × Γ(1 + 1

β )=30, 778 × Γ(1 + 1
1.0551 ) =

30, 133 hours.
With this information and knowing that it is pos-

sible to know the operation hours of the Dry Gas
Seal, it is proposed that in a systematic preventive
maintenance logic and in order to reduce the num-
ber of unexpected failures of Dry Gas Seals, result-
ing in great damages , an inspection activity must
be planned as soon as possible when it is approach-
ing the 30,133 hours of operation, and the seal must
be replaced if it is found not in good conditions to
continue operating.

With the value of β estimated, once it is very
close to 1, it was assumed that failures occur in the
useful life. So, through the exponential distribution,
the failure rate was λ = 1

MTTF = 1
30,133 = 3.31 ×

10−5 failures/hour.
Thus, the Reliability and the failure probability

function will be respectively:

R(t) = e−λt = e−3.31×10
−5t (12)

F (t) = 1 −R(t) = 1 − e−3.31×10
−5t (13)

Figures 12 and 13 illustrate the graphical rep-
resentation of Reliability and Failure functions,
respectively.

Figure 12: Reliability function R(t)
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Figure 13: Failure function F(t)

As the company expects a time to failure of
51,000, it turns out that Dry Gas Seals according to
the reliability values displayed above, have a relia-
bility around 19% to fulfil the 51,000 hours, which is
a value considerably low. Thus, in order to improve
reliability of the Seal, a deep analysis has been de-
veloped on the different types of failures registered
in the Seals3, as well as the possible failures, with
the purpose of proposing measures to avoid that
such situations happen and the failure can be be
avoided in such a way that the reliability objectives
are met.

4.1.2 Maintainability

The Mean Time to Repair estimated was equal to
226 hours. According to the standard planning of
a Dry Gas Seals exchange activity defined by the
manufacturer and the company, it is noted that the
Mean Time To Rapair is of 11 days (264 hours).
These values reveal that in average terms, the Mean
Time To Repair has been fulfilled, despite having a
greater down time due to the failure of the Seals.

4.1.3 Availability

Once the compressors failure data are available, in
this analysis it is more feasible to present the avail-
ability of each compressor. So, the table summa-
rizes the availability and unavailability of the ana-
lyzed compressors. The compressors marked with
green means that are within the companys opera-
tional requirements in terms of availability, while
the compressor marked in red is below the compa-
nys availability requirements, in this case the LP
Compressor.

The company expect an acceptable level of avail-
ability in compressors of 98% according to its op-
erational needs. For the LP Compressor, the only
one that did not meet the availability requirements,
91.7% of the compressor unavailability is due to Dry
Gas Seal failure, since the time that the compres-

3It was produced a Failure Modes Effects and Criticality
Analysis (FMECA)

Table 14: A stunning table

sor was down due to Dry Gas Seals failure totalizes
3,237 hours.

It was noted in the reports of the operations that
the long down times with the Dry Gas Seals failures
were due to logistical constraints. For this reason,
some recommendation actios were advised in order
to increase the availability of gas compressors.

5. Conclusions

Firstly, according to the study methodology pro-
posed in this study, it was possible, based on the
failure history of gas compressors, to identify the
components with a certain priority for the study
through a Pareto analysis based on three parame-
ters, namely the number of recorded failures, the to-
tal downtime time and the mean down time. Then,
once the components prioritized through the Pareto
analysis were identified, a consequence analysis of
their failures and likelihood assesment were done,
with the objective of classifying each component
(according to its consequence and likelihood in-
dex) into a criticality matrix in one of the following
classes: Vital / critical, important or secondary. As
the proposed methodology suggests, for the compo-
nents classified as vital / critical was performed a
RAM analysis to better understand the aspects that
influence the reliability, maintainability and avail-
ability of the component.

5.1. Achievemnets

The obtained results allowed to classify the Dry Gas
Seal from the Shaft Seal System as the vital/critical
component in the gas compressors analyzed. This
way, the RAM analysis was performed for the Dry
Gas Seals, which allowed to calculate the actual
Mean Time To Failure (MTTF) of the Dry Gas
Seals which were noticed that the actual MTTF
is less than the expected MTTF as indicated by
the manufacturer; the MTTF calculated was 30,133
hours and the expected is 51,000 hours, meaning
that the seals are failing with 20,000 hours less than
what they were expected to fail, and by mean of the
Weibull distribution was possible to conclude that
the seals fail in the useful life. The knowledge of
this result, allowed the company to take technical
decisions to determine its intervention program and
assess maintenance, as well as to trigger some ac-
tions that seek to prevent the emergence of failures
as well as decrease its consequence through a Failure
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Modes Effects and Criticality Analysis (FMECA)
And concerning maintainability, it has been

found that the Mean Time to Repeair (MTTR) of
Dry Gas Seals is 216 hours, which is a value below
the expected Mean Time to Repair of 260 hours,
although the compressors have a very high Mean
Down Time (MDT) due to Dry Gas Seal failures,
which compromises the availability of the compres-
sors. Thus, knowing the Up time and Down Time of
each of the compressors studied, it was possible to
calculate the availability of each compressor, which
was found that the LP compressor was the only one
with an availability value below the acceptable limit
established by the company (acceptable value equal
to 98%) with an availability value of 94.7%, which
means that the unavailability of the LP Compressor
was 6.3%. It was possible to find out that 91.7% of
LP compressors unavailability was due to Dry Gas
Seal failures, and that the high Down Time was
mainly due to logistical constraints; the knowledge
of these parameters allowed to develop some recom-
mendations actions in such a way that availability
levels can be achieved.
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