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TECHNICAL PAPER

Optimizing the Periodicity of Preventative
Maintenance Inspection Based on Historical
Reliability Data for Naval Steam Condensers

Andrew Machamer, Douglas L. Van Bossuyt, Mark M. Rhoades

Abstract

Condensers are critical to the operation of naval vessels

that utilize the Rankine cycle for propulsion. Eddy current
analysis is a nondestructive evaluation of the integrity of
seawater tubes in condensers. Defects significant enough to
be expected to allow seawater to leak into the steam side of
the condenser prior to the next inspection are identified and
plugged. In this paper, the interval between eddy current
inspections is determined with a known probability of a
tube leak occurring prior to the next inspection based on the
results of past inspections. Ship maintainers will be able to
optimize the inspection periodicity, thus reducing life-cycle
maintenance costs within an acceptable risk. Condenser
tube degradation is modeled along with eddy current
inspection accuracy to determine the probability of a defect
growing to a leak. A case study is presented that evaluates
the impacts of inspection frequency and tube-plugging limit
on the probability of a leak.

KEYWORDS: Maintenance, Steam Condenser, Markov
model, Naval, tube failure, Optimization

Introduction

Naval vessels use copper—nickel alloys for seawater cooled
shell and tube heat exchangers. The number of tubes in a heat
exchanger can range from a couple dozen to several thousand.
Copper-nickel alloys have good corrosion resistance along
with being an excellent material for heat transfer (Ezuber,
2009). Of particular interest in this paper is the reliability of
steam condenser tubes, which are cooled with seawater as the
ultimate heat sink. Copper-nickel alloys are subject to corro-
sion, fouling, scale, and microbiological contamination (Robert
D. Port‘Harvey M. Herro, 1993). Corrosion and microbiolog-
ical contamination can lead to leaks that must be avoided due
to the sensitivity of Rankine cycle components to seawater
contamination. Maintenance practices are in place to inspect
condenser tubes using eddy current analysis with the goal of
identifying flaws before they become leaks (Koyama & Hoshi-
Kawa, 2007) and plug tubes that have a high probability of a
flaw growing into a leak prior to the next inspection. Condens-
ers are designed with excess cooling capacity to allow for tube
plugging without impacting Rankine cycle efficiency.

Nomenclature
(I) Occurrence rate of a flaw
Af Occurrence rate of a pluggable flaw given an existing flaw
A Occurrence rate of pluggable flaw with no previous
S indication
ps Occurrence rate of a leak without a previous indication
pf Occurrence rate of a leak given a reportable flaw
pp Occurrence rate of a leak given a known pluggable flaw
Rate of inspection and tube plugging for flaws above the
@ plugging limit.
S Safe
F Flaw
P Plug
L Leak
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In this work, renewal process modeling is used to predict
the failure of condenser tubes that undergo periodic inspec-
tions. The reliability model for copper-nickel tubes is devel-
oped using a Markov model. The goal of the developed model
is to maximize the time between inspections while providing a
very low probability of experiencing a leak during operations
(Sakurahara et al., 2019). This model is expected to provide
both a reduction in maintenance cost and maintenance time
over the lifetime of the condenser. The reliability model begins
with a general Markov model developed for pipes with an in-
service inspection program and degrade to a leak before pipe
rupture occurs (Fleming, 2004). The general model is adapted
to condenser tubes with in-service inspection that entails
an inspection of all tubes at a specific frequency. An action
diagram of this specific model is developed in Innoslate and
Monte Carlo simulations are performed to determine the prob-
ability of a tube leak occurring during the life of the condenser
based on time before a condenser tube leak is experienced and
the time between inspections.

Condenser Tube Failure Modes
Copper-nickel alloys are corrosion resistant in aerated natural
waters (Bianchi, G. & Longhi, P, 1973). The corrosion-resistance
is largely due to the formation of a protective cuprous‘oxide
(Cu0,) film on the surface of the tube (Tuthill, A. H., 1987; Ma,
Jiang, Zheng, & Ke, 2015). Unfortunately, they also commonly
experience problems with corrosion, fouling, scale, and micto-
biological contamination as a result of the water conditions.
Although fouling and scale do not directly lead to flaws, they
create non—uniformity on the surface of the tubes which can
lead to concentration cell corrosion. Concentration cell corro-
sion occurs in areas where the liquid has different properties
close to the tube wall (Robert D. Port Harvey M. Herro, 1993).
There are a number of corrosion mechanisms to which cop-
per—nickel alloys are susceptible in seawater. Underdeposit cor-
rosion occurs when deposits are present that are water perme-
able, and thus create a unique environment at the tube surface
that is conducive to corrosion. Oxygen corrosion is a problem
in highly oxygenated environments; however, oxygen corrosion
is beneficial because it creates a protective layer of cuprous ox-
ide (CuO,) which inhibits further corrosion. Erosion followed
by corrosion is another mechanism where the protective layer
of CuO, is abrasively removed by the flowing fluid. Corrosion
occurs at a higher rate in the absence of the protective layer.
Galvanic corrosion can also impact copper—-nickel alloys in
seawater, which is an electrolyte, due to significantly differ-
ent galvanic potential and a conductive pathway linking the
materials (Robert D. Port Harvey M. Herro, 1993). The main
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Corrosion Mode Sl Source
Rate (mmpy)
. (Tuthill, A. H. &
Accelerated Corrosion 0.132 Schillmoller, C.M., 1969)
Localized Wall 0.020 (Taher, 2015)
Thinning
. (Tuthill, A. H. &
Concentration Cell 0.102 Schillmoller, C.M., 1969)
Galvanic Corrosion 0.196 (Taher, 2015)
. (Powell, C.A. & Michels,
No Corrosion 0.002 H.T, 2000)

TABLE 1. Localized Corrosion Rates.

source of galvanic corrosion in a well designed naval condenser
is from sulfur contamination in the sea water (Taher, 2015).
The presence of sulfur results in the formation of non-uniform
sulfur rich films which replace the protective CuO, films in
some areas leaving galvanically dissimilar materials in close
proximity to one another. The sulfur contamination is often
present in de—aerated seawater that has higher concentrations
of hydrogen sulfide (H,S) gasses. The final corrosion mecha-
nism of significance is biologically-influenced corrosion. This
occurs when biological materials contribute to the corrosion
rate (Robert D. Port Harvey M. Herro, 1993) and have the
nutrients (i.e. dissolved inorganic nitrogen) available in the
water to.survive (Melchers, 2015). Low level sulfide pollution
in flowing aerated seawater promotes biologically-influenced
corrosion (Hack, H.P, Lee, T.S., & Tipton, D.G., 1980) making
it difficult to determine if the root cause for the galvanic corro-
sion is sulfides or biologically-influenced corrosion.

In this paper, the tube failure mechanisms that are modeled
include: localized wall thinning, concentration cell corrosion,
galvanic corrosion, and accelerated corrosion. These failure
mechanisms were chosen because they are the most preva-
lent encountered in operating condensers. The model utilizes
implicit consideration of physics in the probabilistic physics of
failure model. In this case, the physical degradation mecha-
nisms and influences are not modeled; rather, these are implic-
itly considered when determining the probability of each fail-
ure mode. (Sakurahara et al., 2019). This is intended to develop
a more detailed mathematical model of corrosion, similar to
Chookah, Nuhi and Modarres (Chookah, Nuhi, & Modarres,
2011), who developed a model of pitting and corrosion-fatigue
mechanisms. Details of the conditions leading to corrosion of
copper-nickel alloys are discussed by Metikos-Hukvic, Skugor,
Grubac, and Babic; Ezuber; and Critiani, Perboni, and De-
benedetti (Metikos-Hukovic, Skugor, Grubac, & Babic, 2010;
Ezuber, 2009; Cristiani, Perboni, & Debenedetti, 2008).
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The corrosion rates vary based on seawater chemical make-
up, flow rates, lay-up processes, and cathodic protection. Typi-
cal corrosion rates were used for the model. Corrosion rates for
copper-nickel tubes are normally between 0.02 and 0.002 mm
per year with the corrosion rate decreasing to the minimum
of 0.002 mm per year after the first 5 to 6 years of operation
(Powell, C.A. & Michels, H.T., 2000). The localized rates range
from 0.020 to 0.196 mm per year (mmpy) depending on the
corrosion mechanism. Corrosion rates utilized in the model
are shown in Table 1.

Eddy Current Analysis

Eddy current analysis is used for the nondestructive analysis
of metallic structures. It has high detectability and inspec-
tion speeds while providing good discrimination (Abdalla et
al., 2019). During eddy current analysis, a sensor with two
coils, an exciter and a detector, is passed through the inner
diameter of the tube. The sensor uses the remote field eddy
current technique to detect the presence of flaws (Davoust,
Brusquet, & Fleury, 2006). In Naval condensers, eddy current
analysis quantitatively identifies the remaining wall thickness
to evaluate condenser life expectancy and plan repair activi-
ties (Krzywosz, K., Tombaugh, R., Syverson, L., & Lozier, G:;
1992). The probability of detection is normally determined by
analyzing a large sample of data acquired from different types
of defects and equipment combinations (Trepal, Liu, Lipetzky,
& Salekeen, 2008). Typical eddy current procedures are capable
of detecting cracks as small as 1.27 mm with a 99% detection
rate (Ghoni, Dollah, Sulaiman, & Ibrahim, 2014). Although
this is very accurate, the typical tube in a Naval condenser

has a nominal wall thickness of 1.245 mm, which means the
detection rate is below 99% for finding a pluggable indication.
The eddy current detection rate is also influenced by the type
of defect that is encountered in the tubing. Assuming a typical
tube wall thickness of 1.245 mm, the lower detection limit for
volumetric flaws is about 0.124 mm (10 % wall loss) and the
lower detection limit for planar flaws and cracks is about 0.498
mm (40 percent wall loss) (Krzywosz, K. et al., 1992).

Eddy current analysis has a probability of detection (POD,)
that is dependent on the depth of the flaw being analyzed and
accounts for the ability of the operator to identify the defect.
Eddy current analysis is dependent on a trained operator to
identify and analyze signal of interest as wall loss indications.
For an indication with a wall loss of 0.871 mm (70 %), the
POD,, is about 0.96 (Joo & Hong, 2015). Note that the POD, is
only for the calibrated defects for the type of probe used. Cer-
tain applications require the ability to detect a broader range of
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defects, like cracks in a transition region (Qi, Cui, Shao, Liao, &
Zhang, 2019). For this paper, the POD , will be held constant.

NAVSEA Technical Publication 2032 defines the report-
ing parameters for eddy current analysis of Naval ship heat
exchangers (including condensers) (Naval Sea System Com-
mand, 2012). Based on this guidance, any indication of tube
wall below 20 percent (80% or more original wall thickness
remaining) is not a reportable defect. Therefore, eddy current
indications that have a remaining wall thickness between 80
and 100 percent are considered safe. For a typical condenser,
the goal is to identify indications that have wall loss greater
than 0.871 mm (70%) and less than through wall (1.245 mm).
The probability of detection for eddy current analysis is one
factor in determining an optimum plugging limit.

For a given condenser, the plugging limit is determined
based on the time between inspections, the probability of de-
tection, and the consequences of a tube leak. In the ideal case,
all indications above 70% through wall are plugged before they
extend to a leak. In order to extend the time between inspec-
tions or reduce the probability of a leak during operations, the
remaining wall depth that is used for the plugging limit may
also'be reduced from the nominal 70%.

Condenser Reliability Model

The cooling tubes of a condenser is a system that degrades
during operation which can be characterized by a nonstation-
ary.stochastic process since the tubes deteriorate faster than
they age (Shi, Xiang, & Li, 2019). Using this basis, a model of
the corrosion of copper—nickel tubes with periodic inspection
is developed to determine the optimum time between inspec-
tions. The inspections allow for flaws to be detected with eddy
current analysis and those that are likely to progress through
wall before the next inspection to be plugged. The Markovian
method is useful to model this system because a tube can-

not be in multiple states and the changes between states are
characterized by constant transition rates (Modarres, 2018).
The initial model utilizes a general Markov model to represent
the condenser tubes “in a set of discrete and mutually exclu-
sive states” (Fleming, 2004). The Markov model allows for

the use of many years of in-service analysis data, accounts for
the plug before leak methodology, covers the aforementioned
failure mechanisms, and accounts for the uncertainty of eddy
current analysis.

General Markov Model

As discussed in Fleming, a Markov model was developed to
evaluate the impact of in-service inspection strategies for
nuclear power plant piping systems. The model is used to
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evaluate a piping system that has four
discrete states and is subject to failure
(Fleming, 2004). The Fleming mod-

el was used as the basis for Figure 1
which shows a basic Markov model for
condenser tube failures. Unlike a piping
system, which has repairable flaws, the
condenser consists of thousands of tubes
which are plugged instead of repaired.
The condenser is still operational after
tube plugging, thus functioning the
same way as a repairable piping system.
The Markov model for condenser tube
failures has four discrete states for a tube
and represents all failure mechanisms.
The states are named S - Safe, F - Flaw,
P - Plug, and L - Leak. The states are
defined based on the eddy current
analysis where a tube in state S has no
reportable defect. The state F is a tube
that has an indication that measures
above 20% through wall and below the
plugging limit (70%). The state P is a
tube that has an indication that mea-
sures at or above the plugging limit.
The state L is a tube that has a leak and
allows sea water to enter the shell side
of the condenser. This state is undesired
and is the purpose of having state P that
models the plug before leak inspection
methodology.

The state transition rates are given by:

¢ = Occurrence rate of a flaw;

A¢ = Occurrence rate of a pluggable flaw
given an existing flaw;

A = Occurrence rate of pluggable flaw
with no previous indication;

p, = Occurrence rate of a leak without a
previous indication;

ps = Occurrence rate of a leak given a
reportable flaw flaw;

pp = Occurrence rate of a leak given a
known pluggable flaw;

w = Rate of inspection and tube
plugging for flaws above the plug-
ging limit.

128 | Winter 2023 | No. 135-4

FIGURE 1. Basic Markov Model of Condenser Tube Failures.

FIGURE 2. Reduced-Markov. Model of Condenser Tube Failures.

(O]

FIGURE 3. Markov Model of Condenser Tube Failures When All Tubes Are

Inspected at Fixed Interval.

Plug Before Leak Markov Model
The Markov model shown in Figure 1 is
simplified to represent the plug before
leak methodology. The probability of
bypassing the plug state is assumed to
be zero so there is no probability of
bypassing the plug state. A plugged tube
is no longer in service, causing the state
of the system to return to S. Therefore, p,
and pymust be equal to zero. The Markov
model is then reduced to Figure 2.

The process for condenser tube
inspections does not depend on the

existence of flaws. All of the tubes

are inspected at the fixed inspection
interval. No actions are taken if a tube
progresses from the Safe state to the
Flaw state. The only states that cause a
response are Plug and Leak. This inspec-
tion process allows the further simplifi-
cation of Figure 2 by removing the flaw
state and associated occurrence rates.
The simplified Markov model is shown
in Figure 3 which results in a three state
Markov model with only three occur-
rence rates.

NAVAL ENGINEERS JOURNAL



Equations for each state

Differential equations are created for each state of the tubing as
depicted in Figure 3. They are shown for each state in Equa-
tions (1) through (3). The sum of the differential equations is
equal to one since the states are discrete as shown in Equation
(4) (Fleming, 2004).

%f — 4SS+ wP, (1
W 65—t P, 2
Z_f — o, P (3)
SH+PHO+LH=1 (4)

Markov Model Parameters

o represents the rate of tube inspection and plugging of flaws
above the plugging limit. Condenser tubes are inspected ata
set periodicity, T ;. Ppp is the probability that a pluggable flaw
will be detected in a tube when one exists. This value is equal to
POD, that is discussed earlier in the paper. Therefore;the rate
of inspection and tube plugging for flaws about the plugging
limit is shown in the following equation.

o — Prp
Trr

(5)

This equation is much simpler than that proposed by
Fleming (Fleming, 2004) because the system is already shut
down during the inspection, so the repair time is zero and
100% of the condenser is inspected, leaving the probability of
inspecting a tube with a pluggable indication to be one. The
parameters for the occurrence rate of a pluggable flaw (¢) and
the occurrence rate of a leak given a known pluggable flaw (p,)
will be determined from in-service data. Further simplification
of the model is accomplished by assuming a constant corrosion
rate that is independent of the size of the flaw. That means that
the rate of occurrence if equal as shown in Equation 6.

¢=pp (6)

Solving for Leak Probability

Fleming showed a method to develop a time dependent state
probabilities for a Markov model by determining the transi-
tion parameters and calculating the hazard rate through the
solution of the differential equations (Fleming, 2004). This

NAVAL ENGINEERS JOURNAL

method requires deterministic transition parameters that are
not known with any level of certainty. The simplification of the
Markov model (Figure 3) lends itself to a probabilistic solution.
The factors that influence the failure rate of the tubes are envi-
ronmental, design, and operating (Modarres, 2018). There are
a variety of reliability simulation and analysis tools available to
determine this solution. This is typically done by inputting data
reliability data into a program and determining the best fit dis-
tribution (Wessels, W. & Sillivant, D., 2015). One method is to
use a hierarchical Bayesian analysis of the available data to es-
timate the failure frequency of tubes (Wang, Pandey, & Riznic,
2010). In this paper, due to the limited number of failures, the
authors determined that a parametric analysis is necessary even
with the potential for a high computational expense (Dempere,
Papakonstantinou, O’'Halloran, & Van Bossuyt, 2018). For the
parametric analysis, a model-based systems engineering action
diagram is developed to model the time dependent probability
of reaching the leak state. The model-based system engineering
software utilized for this solution is Innoslate, based on its wide
access for academic work.

The simplified Markov model shown in Figure 3 has been
created in Innoslate using an action diagram as shown in
Figure 4. The Innoslate model utilizes the resource “wall thick-
ness” and standard corrosion rates discussed previously to
determine how many iterations or years are required to reach
a leak state. The model assumes a constant annual corrosion
rate for each failure mode and that the corrosion is acting in
the same location in one tube each time that it occurs. Tube
leaks typically result from localized accelerated corrosion as
opposed to general wall thinning. The localized accelerat-
ed corrosion is an order of magnitude greater than general
corrosion rate. Therefore, the modeling of corrosion occurring
at a single point is a reasonable assumption for a conserva-
tive corrosion model since the leak state is typically only at
one point in the tube. Additionally, in the Naval applications
studied, the number of tube leaks that occur during the life
of the condenser is less than 1%. The initial Loop “1.1 To leak
state” determines if the wall thickness has reached the leak
state and the projected life of the condenser. If the wall thick-
ness reaches the leak state or the number of years (iterations
of corrosion) exceeds the planned service life, the simulation
is stopped. The number of times the “1.3 To Next Inspection”
loop is allowed to iterate is based on the time between inspec-
tions in years and the “wall thickness” not getting to the leak
state. Once either the number of iterations are achieved or
the leak state is achieved, the loop will exit and then the “1.4
Corrosion to state plug” identifies if the wall thickness value is
between the plug state and the leak state. If the wall thickness
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FIGURE 4. Innoslate Action Diagram to Model Corrosion.

value is in the range (wall loss = 70% and < 100%), then at
“1.5 ECI finds indication” there is a 96% chance that the.defect
will be identified and plugged. If the tube is plugged, the wall
thickness is reset to the success state. If ECI does notfind the
indication or the wall thickness value was not within range
(wall loss < 70% or > 100%), then the loop returns to'the €1.1
To Leak State” The model is simulated until the leak state
occurs or the planned service life is exceeded. The number of
times the “1.2 tube corrosion” action is executed simulates the
number of years before a tube leak will occur.

The “1.2 Tube Corrosion” sub-diagram allows for different
corrosion mechanisms to act on a tube using a constant annual
corrosion rate for each mechanism. There is also a path for “No
Measurable Corrosion,” which indicates only minimal wall
thickness has been lost during the year. The modeled corrosion
mechanisms are shown in Figure 5. The factors that are varied
in this action diagram are the relative probabilities of each
failure mode. The percentages are determined by examining
the number of tubes that are plugged and number of leaks that
occurred using in-service data. The relative probabilities are
used because there is limited in service data that identifies that
actual corrosion mechanism or mechanisms that contributed
to a pluggable indication. This is because the majority of tubes
are plugged and left in place without failure analysis. A further
limitation of the in—service data is that the operating environ-
ment of the condenser is not monitored. A monitored operat-
ing environment would provide insight into failure mechanism
of the tube. Therefore, the relative probabilities of each failure
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Corrosion Mode Relative Probability (%)

Accelerated Corrosion
Localized-Wall Thinning

Concentration Cell
Galvanic:Corrosion 1

No Corrosion 90

TABLE 2. Relative Probabilities of Localized Corrosion

Occurrence.
Inspection Plug Leak Average
Frequency (yr) | State (%) Probability Plugged Tubes
6 70 0.008% =+ 0.007% 0.06
8 70 0.032% £ 0.020% 0.07
8 60 0.006% + 0.010% 0.16

TABLE 3. Relative Probabilities of Localized Corrosion
Occurrence.

mode are adjusted based on historical data. This provides the
randomness of actual corrosion processes within the Innoslate
action diagram.

Solution

The purpose of the model is to solve for the occurrence rate of
a leak given a pluggable flaw (p,) based on a chosen periodic-
ity of inspection (T;;). The simulation utilizes a Monte Carlo
method with 5000 iterations. The high number of iterations
minimizes the standard deviation of the number of times a

NAVAL ENGINEERS JOURNAL



leak occurred within the service life for
a given inspection interval and plugging
limit. The nominal service life of a con-
denser is set at 50 years and a probability
of experiencing a leak is determined by
identifying how many iterations ended at
less than the service life. Each simulation
was repeated 10 times to determine a
range of probabilities for a leak during
the service life of the condenser within a
95% confidence interval.

The first step in model set up is to
identify the relative probabilities of each

of the five corrosion modes in Figure 5.
This was accomplished by comparing the

results of the model with in-service data

" 124

Z  Corrosion —
Mechanism—

for leaks that occurred up to the current @_}
age of the condenser at an inspection.

The values were varied until there was a
best fit of the aggregate leak rate for 12
randomly chosen naval condensers. The
aggregate leak rate is 0.008%. The relative
probabilities for the best data fit are
shown in Table 2.

To verify that values in Table 2 repre-
sent the probability of a leak occurring,
the Monte Carlo simulation (5000 itera-
tions) was repeated 10 times to achieve
a satisfactory confidence interval. The
simulations result in a probability of leak
0f 0.018% =+ 0.013% at a 95% confidence
interval. This range covers the observed

leak rate of 0.008%. This value is based on
a random sampling of Naval condenser
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data. The model also provides the number

FIGURE 5. Innoslate Action Sub-diagram of Corrosion Mechanisms.

of tubes plugged during the simulated life
of the condenser. This value under-rep-
resents the actual number of tubes that require plugging and
results from the model simplification of having one tube experi-
encing corrosion at a time while in reality all tubes are exposed
to a potentially corrosive environment. The Monte Carlo simula-
tion is used to identify the probability of a tube moving from the
plug state to the leak state (p,) shown in Figure 3, not necessarily
model the corrosion rate of all condenser tubes.

Case Study

This section presents a case study that uses the model to
determine the effects of changing the inspection frequency
and the plugging limit on the probability of a leak occurring
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between inspections within the service life of the condenser.
The case study compares the nominal plugging at 70% wall
loss with plugging at 60% wall loss. Another comparison is
changing the nominal 6 year inspection interval to an 8 year
inspection interval.

The source of the data for this case study are proprietary
historical records. The plugging limits and inspection intervals
were chosen to test the model and not related to any specific
plugging limits or inspection intervals on Naval vessels.

The case study utilizes the relative probabilities shown in
Table 2 in the Innoslate action diagram of Figure 4. In addition
to the simplifications identified as part of the model, the case
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study assumes that the probability of detection is constant be-
tween 60% and 70% wall loss. The output from each run of the
model includes the number of tubes expected to leak over the
50 year service life of the condenser and the number of tubes
that were plugged. The number of tubes plugged is only used as
a comparison value to quantify the impact of changing the plug
state on the number of that will eventually need to be plugged.

The leak probability is shown with a 95% confidence inter-
val which required the 5000 iteration Monte Carlo simulation
to be run ten times for a total of thirty simulations. The results
are shown in Table 3.

Discussion

The baseline case study values of a six-year inspection frequen-
cy and plugging at 70% correlate with the in-service data for
the sample of Naval condensers. Comparing the baseline to the
less frequent inspection frequency of eight years while holding
the plug state constant results in an increase in the proba-
bility of a leak occurring between inspections. There is not a
significant difference in the average number of tubes plugged
in the model since this is related to the plug state. Decreasing
the plug state to 60% while maintaining an inspection fre-
quency of eight years reduces the probability of leak to.about
the same level as the baseline while the average plugged tubes
doubles. This can be interpreted that lowering the plug state
would result in double the amount of tubes plugged over the
life of the condenser. These factors have to be weighed by.a
program office using risk informed in-service inspection to
balance the cost of inspection, the impact of tube leak be-
tween inspections, and amount of heat transfer design margin
in the condenser (i.e. number of tubes that can be plugged
over the life of the condenser) (Vinod, Bidhar, Kushwaha,
Verma, & Srividya, 2003).

Although these results are intuitive, the model provides a
quantified comparison between different inspection frequen-
cies and plug states. Current methods only adjust the inspec-
tion frequency and a qualitative comparison of the increased
leak probability. The value of the model as demonstrated in the
case study is the ability to quantitively compare changes to the
inspection frequency and plug state to determine the risk of
changing the status quo.

The model is dependent on tube material and wall thick-
ness. Each material requires the determination of the corrosion
modes that have the greatest effect on tube failure. Then the
annual corrosion rates for each mode need to be determined
as was done for copper-nickel in Table 1. The corrosion rates
are the programmed into the model and are removed from
the wall thickness resource as shown in Figure 5. The initial
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value of the wall thickness resource and the restoration of the
wall thickness through plugging must be updated for the new
wall thickness. The next step is to determine the probability of
detection for the material under consideration as well as deter-
mining the relative probability between the corrosion modes.
The relative probability between the corrosion modes requires
verification for each application or condenser.

The model is general enough to be adapted to all shell and
tube heat exchangers that are periodically inspected for flaws.
Each different condition requires the knowledge of local-
ized corrosion rates for the tubing and fluid combination. In
addition, the simplification from the four state Markov model
to a three state Markov model (Figure 3) requires that the
identification of a flaw does not necessitate a change in the
inspection frequency and that all the tubes are inspected at the
defined interval.

The benefits of this approach are the ability to quantify the
probability of leakage for different plug state and inspection
intervals and that it lends itself to model complex processes
and environments that are hard to quantify.

The limitations in this approach are that the user needs
to havea knowledge of the corrosion modes impacting the
tubing, the amount of time required to determine the relative
probability between the corrosion modes, and the inability to
predict tube plugging rates.

Future Work

There are a number of aspects of this model that require opti-
mization. The first is the determination of the relative probabil-
ities between the corrosion modes. The second is the localized
corrosion rates for the various corrosion modes and third is the
determination of the expected number of plugged tubes.

In this paper, the relative probabilities between the corro-
sion modes was determined by trial and error. An initial dis-
tribution was determined and then the model run to see how
the output matched the available data. Changes to the relative
probabilities were made until the model had good agreement
with the data. There are solvers available that can automate
this portion of the model development thus reducing the time
define these parameters.

The localized corrosion rates were researched in literature
and utilized in the model. The impact of these corrosion rates
is also dependent on the relative probabilities of the corrosion
modes, therefore a sensitivity analysis should be preformed
to determine how critical these values are to the model. It
may be determined that the number of simulated corrosion
modes can be reduced or that setting corrosion rates within an
order of magnitude is sufficient. This would allow the model
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to extend to similar materials without changing the corrosion
rates and only adjusting the relative probability between the
corrosion modes.

The determination of the expected number of plugged
tubes was not the primary goal of the model and, therefore, not
thoroughly investigated. The reported value was the average
number of tubes plugged per iteration of the Monte Carlo
simulation. The number of iterations was chosen as a nominal
value. The number of iterations could be chosen as a multiple
of the number of tubes in the condenser and the number of
tubes plugged per iteration could be added and divided by the
multiple of the tubes. The life of the condenser could be set to
the age of the condenser at the last inspection and these values
compared to in-service data.

The three optimizations discussed above could lead to: 1)

a more accurate model with less iterative work, 2) a standard
model for multiple tube types, and 3) further usefulness of the
model in lifecycle planning for periodic maintenance.

Conclusion

This paper demonstrated the ability to use a three state Markov
model with renewal process to create of model of a Naval
condenser that is inspected with eddy current analysis at
known inspection interval. In this paper, the renewal process is
removing the tube from service rather than repair. This model
allows the evaluation of the impacts of inspection frequency
and the percentage of wall loss that represents the plug state to
minimize life cycle costs associated with a leaking in-service
tube and the periodic inspections. The results can be compared
to the current in-service operating parameters to validate the
model. Solutions were generated using the model-based sys-
tems engineering software Innoslate with action diagrams and
Monte Carlo simulations. [

AUTHOR BIOGRAPHIES

ANDREW MACHAMMER is an Engineering Manager for Boilérs,
Condensers, Steam Safety and Reliability at Naval Sea Systems
Command where he is responsible for ensuring the safe.and
reliable operation of these components for all classes of

naval vessels.

DOUGLAS L. VAN BOSSUYT, PH.D. is an Associate Professor in
the Systems Engineering Department of the Naval Postgraduate
School where he focuses on the nexus of failure and risk analysis,
complex system design, and systems engineering methodology.
He received his Ph.D. from Oregon State University in 2012.

NAVAL ENGINEERS JOURNAL

MARK M. RHOADES, CDR USN RET., is a Sr. Lecturer in the
Systems Engineering department of the Naval Postgraduate
School. He specializes in teaching and researching digital
engineering, system architecture, risk management, and reliability
analysis. He has a MS in Systems Engineering Management and a
MS in Aeronautical Engineering.

Winter 2023 | No. 135-4 | 133



Optimizing the Periodicity of Preventative Maintenance Inspection for Naval Steam Condensers

REFERENCES

Abdalla, A. N, Faraj, M. A., Samsuri, E, Rifai,
D., Ali, K., & Al-Douri, Y. (2019). Challenges
in improving the performance of eddy current
testing: Review. Measurement and Control
(London), 52(1-2), 46-64. doi:

10.1177/0020294018801382

Bianchi, G., & Longhi, P. (1973). Copper in
Sea-Water, Potential-pH Diagrams. Corrosion
Science, 13, 853-864.

Chookah, M., Nuhi, M., & Modarres, M. (2011).
A probabilistic physics-of-failure model for
prognostic health management of structures
subject to pitting and corrosion-fatigue.
Reliability Engineering & System Safety, 96(12),
1601-1610.

Cristiani, P,, Perboni, G., & Debenedetti,
A. (2008). Effect of chlorination on the
corrosion of Cu/Ni 70/30 condenser tubing.
Electrochimica Acta, 54(1), 100-107. doi:
10.1016/j.electacta.2008.05.081

Davoust, M.-E., Brusquet, L. L., & Fleury, G.
(2006). Robust estimation of flaw dimensions
using remote field eddy current inspection.
Measurement Science & Technology, 17(11),
3006-3014. doi: 10.1088/09570233/17/11/021

Dempere, J., Papakonstantinou, N., O’Halloran,
B., & Van Bossuyt, D. L. (2018, August). Risk
Modeling of Variable Probability External
Initiating Events in a Functional Modeling
Paradigm. RMS Partners Journal. Retrieved
from http://hdl.handle.net/10945/65184

Ezuber, H. M. (2009). Effect of temperature
and thiosulphate on the corrosion behaviour
of 90-10 copper-nickel alloys in seawater.
Anti-Corrosion Methods and Materials, 56(3),
168-172. doi: 10.1108/00035590910955531

Fleming, K. N. (2004). Markov models for
evaluating risk-informed in-service inspection
strategies for nuclear power plant piping
systems. Reliability Engineering & System
safety, 83(1), 27-45.

Ghoni, R., Dollah, M., Sulaiman, A., & Ibrahim,
F. M. (2014). Defect Characterization Based on
Eddy Current Technique: Technical Review.
Advances in mechanical engineering, 6, 182496.
doi: 10.1155/2014/182496

Hack, H.P, Lee, T.S., & Tipton, D.G. (1980). The
Effect of Velocity on Sulfide-Induced Corrosion
of Copper-Base Coondenser Alloys in Aerated
Seawater (Tech. Rep. No. DTNSRDC/SME-80-
45). David W. Taylor Naval Ship Research and
Development Center.

134 | Winter 2023 | No. 135-4

Joo, K., & Hong, J. (2015). Development
of probability of detection functions
for evaluating integrity of axial outside
diameter stress corrosion cracks in steam
generator. Journal of Nuclear Science
and Technology, 52(1), 63-69. doi:
10.1080/00223131.2014.924884

Koyama, K., & Hoshikawa, H. (2007).
Eddy current flaw testing probe with high
performance in detecting flaws during
in-service inspection of tubing. Electrical
Engineering in Japan, 161(2), 52-61. doi:
10.1002/e€j.20605

Krzywosz, K., Tombaugh, R., Syverson, L.,
& Lozier, G. (1992). Balance-Of-Plant Heat
Exchanger Condition Assessment Guidelines
(Tech. Rep. No. Final Report TR-100385). Palo
Alto, CA: Electric Power Research

Institute.

Ma, A, Jiang, S., Zheng, Y., & Ke, W. (2015).
Corrosion product film formed on the 90/10
copper-nickel tube in natural seawater:
Composition/structure-and formation
mechanism. Corrosion Science, 91, 245-261.

Melchers, R.E. (2015). Effect of Water Nutrient
Pollution'on Long-Term Corrosion-of 90:10
Copper Nickel Alloy. Materials, 8(12), 8047-
8058. (Place: BASEL Publisher: MDPI AG)

Metikos-Hukovic, M., Skugor, I., Grubac, Z., &
Babic, R. (2010). Complexities-of corrosion
behaviour of copper-nickel alloys under
liquid impingement conditions in saline water.
Electrochimica Acta, 55(9), 3123-3129. doi:

10.1016/j.electacta.2010.01.066

Modarres, M. (2018). What every engineer
should know about reliability and risk analysis
(Vol. 30). CRC Press.

Naval Sea System Command. (2012). NAVSEA
Technical Publication Eddy Current Inspection
of Heat Exchanger Tubing on Ships of the United
States Navy. Naval Sea Systems Command.
(Revision 2)

Powell, C.A., & Michels, H.T. (2000). Copper-
Nickel Alloys for Seawater Corrosion
Resistance and Antifouling - A State of the Art
Review. NACE International.

Qi, P, Cui, H., Shao, W, Liao, S., & Zhang, Y.
(2019). Study on quantitative eddy current
array detection technology of cracks at free
segment in heat transfer tubes of nuclear
power plants. , 2102(1). doi: 10.1063/1.5099796

Robert D. Port Harvey M. Herro. (1993). The
NALCO Guide to Cooling Water Systems Failure
Analysis. McGraw-Hill, Inc.

Sakurahara, T., O’Shea, N., Cheng, W.-C,,
Zhang, S., Reihani, S., Kee, E., & Mohaghegh,
Z.(2019). Integrating renewal process
modeling with Probabilistic Physics-of-Failure:
Application to Loss of Coolant Accident
(LOCA) frequency estimations in nuclear
power plants. Reliability Engineering & System
Safety, 190(C), 106479-.

Shi, Y., Xiang, Y., & Li, M. (2019). Optimal
maintenance policies for multi-level preventive
maintenance with complex effects. IISE
Transactions, 51(9), 999-1011.

Taher, A. (2015). Corrosion Behavior of Copper-
Nickel Alloy in Marine Environment (Review
Paper). Applied Mechanics and Materials,
799-800(Mechanical and Electrical Technology
VII), 222-231.

Trepal, N, Liu, J. M., Lipetzky, K. G., & Salekeen,
S. (2008). A Model-Based Probability Of
Detection Approach To Refinement Of Eddy
Current Inspection Of Condenser Tubes.

AIP Conference Proceedings, 975(1), 360-367.
Retrievedfrom https://aip.scitation.org/doi/
abs/10.1063/1.2902681

Tuthill, A. H. (1987). Guidelines for the Use
of Copper Alloys in Seawater. Materials
Performance, 26(9), 12 - 22.

Tuthill, A. H., & Schillmoller, C.M. (1969).
Guidelines For Selection Of Marine Materials.
Naval Engineers Journal, 81(2), 66-89.

Vinod, G., Bidhar, S., Kushwaha, H., Verma,

A, & Srividya, A. (2003). A comprehensive
framework for evaluation of piping reliability
due to erosion-corrosion for risk-informed
inservice inspection. Reliability Engineering ¢
System Safety, 82(2), 187-193.

Wang, M., Pandey, M. D., & Riznic, J. R. (2010).
Bayesian Analysis of Piping Leak Frequency
Using OECD/NEA Data. Journal of Engineering
for Gas Turbines Pnd power, 132(7), 72902-.

Wessels, W.,, & Sillivant, D. (2015). Affordable
Reliability Engineering: Life-Cycle Cost Analysis
for Sustainability and Logistical Support. CRC
Press.

NAVAL ENGINEERS JOURNAL


https://www.researchgate.net/publication/378799717

