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Abstract: The study presents a comparative analysis oflrability of marine and industrial diesel enginesiphasizing
the role of heat exchangers. Diesel engines inmaavessels and industrial applications face distaallenges,
influencing their reliability. This paper examintgese differences, focusing on operational conttidoad profiles,
redundancy, safety measures, and maintenancegasclihree types of heat exchangers (Fin fan, ,Riatk Shell &
Tube) are analyzed which are used in these engihesassessment covers failure rates, Mean TirRaitore MTTF),
and the impact of independent and dependent failarereliability. The study identifies unique fadumodes like
insufficient heat transfer, external leakage, pat@mdeviation, and structural deficiencies and itiéfering impacts in
marine and industrial contexts. The research hgbtdi the sensitivity of marine engine heat exchente seawater-
induced corrosion and fouling, affecting heat tfangfficiency. In contrast, industrial enginespisy varying failure
characteristics due to system controls and opetiparameters. A significant finding is the deseein reliability over
time for all heat exchanger types, underscoringrtigortance of maintenance and monitoring. Ourltesthow slight
shifts in failure rates due to equipment ineffidiers markedly affecting heat exchangers' operdtideeycles. The study
concludes with a necessity for tailored maintenatiegies and design considerations for mariddradustrial diesel
engine heat exchangers. This focused approachsdffsights into optimizing diesel engine relialiliparticularly by
understanding the main role of heat exchangers.

1 Introduction than the empirical values, and the values caladlatere
The reliability of diesel engines plays a vitaledh based on the Weibull distribution [2]. Anantharanea®l.

marine (ships' main engine) and industrial sedstendby Present an integration of the Markov model (for stant
power generators for hospitals or data centerstoation failure components) and the Weibull failure modielr (
equipment, etc.), where these powerhouses serieatri Wearing out components) to provide a realistic and
roles in various applications. By exploring key téas Practical analysis of the marine diesel engine \mitttase_
influencing reliability, such as environmental citiths, ~Study of turbocharger effects on the overall engine
load profiles, redundancy, safety measures, angliability and safety [3]. _
maintenance practices, this paper aims to illusttag Dionysiou et al. investigated the safety improvetsen
different distinct challenges and considerationsvben Of the lubricating oil system of marine diesel evegi by

marine diesel engines and industrial diesel engines
There is a lot of diversity in the literature adshiag the
reliability of different engine components withiiffdrent
environmental conditions and operation specificatidn
their study, Jing et al. indicated that the matgniaperties
of engine components are not the main cause afrési
The study focused on the reliability of diesel emgi
cylinder heads through fatigue failure analysis &mel
influence of working loads; gas force amplitude iz
main factor, and thermal loads were the secondanpifs
affecting the component's reliability. The appliedthod
through the study was the finite element simulafibp
Dolas et al. presented a reliability analysis & tooling
system of diesel engines used for compressor apipli;
depending on Mean Time to FailuMTTF) data, Weibull
distribution analytical least square method, andhitdb
16.1R Software. The obtained failure rate value hvagr

applying safety, reliability, availability, and djaosability
analyses. Reliability Block Diagrams were usedstineate

the reliability and availability metrics at differedesign
modifications. The analysis also included a comtimmeof
Failure Modes, Effects and Criticality Analysis,dathe
Functional Fault Tree Analysis methods. The reslitav

that the most critical components in the lubriagtmil
system are the suction strainer (Reliability Impode
57.2%) and the lubricating oil pump (Reliability
Importance 32.27%). Seven additional sensors were
introduced to enhance the system design, and the
investigated alternative designs exhibit signifibatower
probabilities of failure and higher availability luas [4].
Kirolivanos et al. investigated the reliability ofiarine
dual-fuel engines compared to conventional diesgines.

The research results were 8.48% for diesel engine
reliability mean value and 8.84% for dual-fuel aveg,
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which means dual-fuel engines are more reliablen thansights and real case studies. The study offensweel
diesel engines. The results also offer insights itite comparative analysis of heat exchanger reliability
relationship between the system's reliability am@ t marine and industrial diesel engines, highlightpecific
planned maintenance strategies [5]. Other studiessed failure modes, the impact of environmental condsicand

on improving the reliability of marine diesel engin the importance of tailored maintenance and design
subsystems by analyzing the reliability metricdifferent  strategies for enhanced efficiency and longevity.
conditions and designs. These studies analyze key

performance indicators such as the Mean Time t@aiRep 2 Environmental conditions and load

Failure Rate, and Mean Time Between Failures [6s8h profiles for marine and industrial diesel
et al. focused on analyzing the impacts of low eadbad engines

(below 30%) and environmental conditions such as . . -
The wide range of environmental conditions and load

temperature, humidity, abrasive dust, and corrosiv o
environments on the operation of modern dies em_ands S|g.n|f|can.tly affects the_ performance olhbo_
generators. Their findings reveal that prolongeération marine an_d industrial dles_el engines. However, meari
of diesel engines at low loads can result in detation, diesel engines face more significant challenge;tdube
which means that running these engines for extendgéina.m'c Ioad. de!“a”ds _and harsh_ environmental
periods at low loads might cause irreversible da;rn(,jlgcondltlons. Marine diesel engines must wnhstaeddent.
Additionally, there's a noticeable decrease in mmgi !oad flugtuatlons and saltwater exposure while
performance when these engines exceed Speciﬁ}lcorporatmg features to manage V|brat|o.ns, rgll_land
pitching. On the other hand, stationary or indaktliesel

environmental limits [8]. Eriksen et al. examinee th ) benefit f labl . d
limitation on reliability improvement through rediency engines benefit from more controllable environmert
generally more predictable load profiles, leadimg at

on ship components and how the length of the shipse i . - .
will affect it. The study also addressed the effeof pfoffce_nnally longer lifecycle and optimized operatib
efficiency.

independent and dependent failures on reliabBity$ome
research studied the possibilities of increasingp sh . -
operational reliability by implementing a new mainance -1 Environmental conditions

strategy. The study calculations identified theteyés Diesel engine performance requires operation within
critical components while advising more practicaferain limits for environmental conditions such as
maintenance activities [10,11]. temperature, humidity, abrasive dust, and corrosive

By incorporating these studies, we can build upeirt en\{ironments. When_an engine exceeds these liongta
methodologies and findings to comprehensively campahoticeable decrease in performance will appearQ8]the
marine and industrial diesel engine reliability ohas. ©Other hand, marine diesel engines are designepeiate
Drawing from their insights, we aim to enrich theefficiently and effectively while considering vans
understanding of how environmental conditions, loagNvironmental factors. Marine diesel engines asigded
profiles, redundancy, safety measures, and maintena With a combination of advanced technologies, emimssi
practices collectively contribute to the relialiliand CONtrol systems, and operational considerationsvigate
performance of these engines. through changing environmental conditions while

The paper is organized as follows: first Jollowing international and regional emission regidns
demonstration of distinct environmental conditicsd SUch as the International Maritime OrganizatiofféCt)
load profiles in both marine and industrial diesegines and MARPOL ANNEX VI regulations [12]. Table 1
are presented in Section 2. After that, the ciitiote of demonstrates the different environmental conditions
redundancy and safety measures in ensuring réjatsl encountered by dl_esel engines during the operation.
evaluated in Section 3. Then, the maintenance ipesct _ |he comparative analysis of marine and industrial
and strategies and their influences on reliabilte diesel engines investigates their unique challerayes
explained in Section 4. The methods and equatised in  OPerational conditions, providing the background fo
the reliability and maintainability engineering lfileare future research and technological improvementsfférs
shown in Section 5. The final part addresses thpefm Practical insights  for industry experts to improve
reliability results and discusses the possibletinis to  €fficiency, safety, and environmental complianezying
enhance reliability in Section 6. academic and practical needs in engine management.

The paper's main added value is the holistic
examination of reliability factors combined withaptical
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Table 1 Comparison of environmental conditions for marine and industrial engines

Marine Diesel Engines Industrial Diesel Engines
¢ Operate in highly corrosive and humid marine ¢ Operate in a controlled indoor environment, typical
environments with exposure saltwatel less exposed to corrosive eleme

¢« Temperature and humidity control can be easier to
manage, reducing the impact on components and
electrical systems.

¢ Vibration and rolling from wave-induced motion can| ¢  Vibration and rolling factors are generally loweit b

¢ High humidity and saltwater can accelerate corrosio
and impact electrical systems.

affect engine componer might still be relevant depending on the applica
¢ Introduce more safety challenges due to marime Offer a safer working atmosphere for operatorsh wit
environments' corrosive and dynamic nat reduced risks associated with these fac

« Designed for continuous operation during long sga | «  Have more varied applications and usage pat
* Components are designed to be robust, but maintenan

is still necessary to prevent unexpected failured |2  The frequency and approach to maintenance varyljase

ensure reliability. on the specific applications and requirements.
¢ Maintaining different components can be difficuiedo| «  Have more accessible components.

the limited and tight spaces on vessels

2.2 Load profiles and operation demands for depends on the application, design, and operafidheo
marine and industrial diesel engines engine. Table 2 demonstrates the load spectrund lmase

The load profile of an engine describes the retstiip  the percentage of continuous maximum rating foetteb
between the power output and the engine's speed.Ufderstanding of engine load differences and demand

Table 2 Diesel engine load scenarios and oper ation demands

Applied Load Description Marine Diesel Engine Indusrial Diesel Engines
Standby mode: The ship is
0-25% Extreme low load dockgd in a port and ngeds to Only during minimal power
maintain basic operations demand
(lighting and onboard systen
25-40% Low load Slow cruising Slight increase in power demand
Calm water
40-80% Regular operation lo: Moderate sea conditio Normal working hour
80-90% High load .Rough seas Substantial demand for power
Tight schedule
90-100% Extreme high load Rapid acceleratlon Peak power demand
Rough sez

Marine diesel engines are used for propulsion arehcounter more progressive and predictable loadgesa
onboard power generation of ships and offshorégutas. Industrial applications often involve steady or vélo
Depending on the vessel's speed, sea conditiorts, amrying loads. Unlike the rapid and frequent lohifts of
maneuverings, these engines must operate in variousrine engines, industrial engines have more stable
unpredictable load conditions, from low to extreyriabh.  operational profiles. This allows for better load
Marine diesel engines must also comply with stricmanagement, reduced wear and tear on componeqts, an
emission regulations for marine environments [12pptimized fuel consumption [8].

Industrial diesel engines are used for power géioerand Understanding these load profiles and their
mechanical drive of industrial equipment, such amps, implications is vital for designing, operating, and
compressors, etc. These engines must operategitlysbe  effectively maintaining marine and industrial diese
variable load conditions, depending on the demanktlze engines. It enables engineers to optimize engine
system stability, and must meet different emissioperformance, enhance reliability, and mitigate
standards for different regions and applicationshé case environmental impacts, all while ensuring compl&ngth

of marine diesel engines, dynamic transient loaxsuio relevant regulations.

during the engine's operation, such as acceleration In conclusion, the varying load demands of marime a
deceleration, change of propeller pitch, etc. Tlebsmges industrial diesel engines reflect the complexity tb@ir
add additional complexity and affect the frictiomear, respective operational environments. The dynamid an
lubrication, and vibration of the engine compongateh unpredictable load shifts encountered by marinénesg

as the piston, cylinders, and crankshaft. Thesecesffcan emphasize the need for flexible designs and effecti
influence the performance and lifecycle of the amgi maintenance. In contrast, industrial engines' &eaahd
components, as well as fuel consumption and emmissiomore predictable load transitions enable strategic
[8]. In contrast, industrial diesel engines typigal optimization and prolonged reliability. Consideritigese
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differences is fundamental for the practical engimey, of these engines by ensuring compliance with
operation, and maintenance of these critical emgineenvironmental regulations [17,18]. Safety measurgme
ensuring that they meet the demands of their agifiics also focus on preventive maintenance and regular

with precision and durability. inspections, which reduce the possibility of unexeéd
failures and disruptions. Marine diesel enginegatpein
3 The role of redundancy and safety complex and often unpredictable environments, dhiolg

measures in increasing diesel engines' open seas, with potential hazards Iikfe storms aridio_ns.
reliability As a rgsult, safety measurf_ements_lnclude comprekens
. . . navigation systems, life-saving equipment, and gerary
Redundancy involves incorporating _sta_ndby or b.aCk%sponse protocols. These measurements are des@ned
components, systems, or processes within a sydtkis.

i | . h . birkai ensure the safety of passengers, crew, and thenenari
step provides an alternative pathway In case aIriin o onment, Safety measurements for industriabalie
the primary component. In marine and industrialselie

. . o engines are specific to the industrial environmant
engines, redundancy can contribute = significantly Q5o ciated risks, However, the scope and extesafety
re.“?b'“ty' Downtime can Iee}d t0 Severe Conseqeena . qaq rements may not be as extensive as thoseegkqui
critical applications like marine vessels and poplants.

dund d he risk of | i for marine engines, such as the immediate risks and
Redundancy reduces the risk of complete systen_:nr@ environmental consequences, which may differ.

protecting against potential hazards and e_c.onoomzels. In summary, both marine and industrial diesel eagjin

In addition, it enhances the system’s ability terale o6 roliabilty, redundancy, and  safety
;a.Llllts’ gspetmaII;{[ N enw(rjqpments where rci(i)mpone easurements, adjusting their emphasis based on the
ailures due to extreme conditions or wear are kedy, specific operating environment and associated .risks
S!JCh. as corrosive marine environments. Redunqlamcy arine engines, due to dealing with challenging and
vital m_marme.dlesel englréehg due to thbe oftglrﬂehgmg_ regulated maritime conditions, often incorporatghkei
opferlatlng envcljrohments._ prS_I mustAe able to B#¥Ig |o\0|5 of redundancy and more comprehensive safety
safely, even during engine failures. As a resuyine o o rements to ensure the safety of lives and the
engines typically incorporate higher levels of flata

dund h ol h ; it environment. Industrial engines adapt their rednoga
redundancy, such as multiple main engines, gensraio safety measurements based on the level afaditiji of
various onboard systems, and propulsion systeroh, au

. . their operation and the potential consequencesilofé.
propellers or thrusters. This ensures that a sipgiet of

failure does not jeopardize the ship's safety dlityato . o ;
reach port. In crjiticgl cases, maritFi)me regglaticorﬁ)amn 4 T_he role Of ma,mte.nan.ce In Increasing
mandate redundancy to prevent accidents and diesel engines’reliability
environmental disasters. However, there are lifitatto Maintenance practices refer to the specific tasks,
the reliability level that can be reached througgiundancy activities, and routines that are carried out teuee the
in real applications [9,13]. While redundancy iscal Proper functioning, reliability, and longevity afeipment,
important in industrial applications, the degree ofachinery, and systems. On the other hand, maimtena
redundancy might vary depending on the criticaitghe ~Strategies are wider and more strategic approathes
operation. Some industrial operations may priaitizanaging maintenance activities. These strategiesve
redundancy, where downtime can lead to significasfteciding when and how to perform maintenance based
financial losses or safety hazards. However, not aduipment criticality, cost considerations, openrad
industrial  applications require the same level ofequirements, and risk management. Maintenance
redundancy as marine engines. Industrial setupshaay Practices and strategies are selected to ensurerthmes
backup power systems and safety measures to reitiggPerate reliably, avoid costly downtime, maintaafety
disruptions but may not always reach the extensivdandards, and achieve their intended operatidaeltle
redundancy seen in marine vessels [14]. [18]. By combining well-defined maintenance pragsic
Safety measurements include various practices aMith strategic decision-making, marine and indastri
technologies designed to prevent accidents andceedliesel engines can meet reliability requirementsl an
risks, and it is also designed to protect crewg ttfontribute to efficient and smooth operations [1a]the
environment, and machines [15,16]. In diesel ergingast few years, the shipping industry has adjustethe
safety measurements contribute significantly toralve international standards and recommendations of the
reliability. These safety measurements include tH&ternational Maritime Organisation (IMO) and other
measurement of the emergency shutdown systemmsalarmaritime regulations [10]. _ 3
and protective barriers. In addition, prioritizitige safety Strategic maintenance and practices, more spdbjfica
of operators working with or around diesel engineBreventive and predictive maintenance play a vitd in
enhances the operation's overall reliability byimining improving the reliability of both marine and indrat
the potential for accidents and injuries. Otheressaf diesel engines. These practices are designed aotprely
measurements include measurements that addréésiress potential issues, minimize unplanned daventi

emissions, spills, and leaks and contribute ta¢hability —and extend the operational life of the enginesvétreve
maintenance involves scheduled routine inspections,
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servicing, and component replacements based oomponent. Moreover, no alternative source of faikate
manufacturer recommendations and industry bedata for dependent failures has been identifiedes §20]
practices. These maintenance activities address aveh suggests that around 10% of failures are dependent,
tear before they escalate into more severe problenadthough the method of determining this percentage
Predictive maintenance involves using data-drimsights remains unclear. In order to explore the impacewdn
and real-time monitoring to predict when maintemaiec minor numbers of dependent failures on reliabilitye
needed. By analyzing performance data and trendssume in our reliability calculations that 10% thé
operators can take corrective actions before feslaccur. failures considered in these scenarios are dependén
Scheduled inspections, component replacements, aado assumed the failure rates are exponentiatyitolited
proactive interventions collectively prevent exdessvear during the useful life phase, which means our dat@mn
and deterioration of engine components. Strategfocuses on the constant part of the bath-tube cunve
maintenance practices extend the operational lifecgf addition, all the data from the OREDA handbook are
marine and industrial diesel engines by addressimpr measured per 2®ours of aggregated time in service [19].
issues before they develop, reducing the frequenfcy
major overhauls, and maintaining engine performaatce 5.1 I mportant metrics used for the reliability
stable levels. calculations

Marine vessels and industrial applications heanély Reliability calculation for individual diesel engin
on the consistent availability of engines. By miizimg the  components involves determining the probabilityt treech
downtime caused by different breakdowns, thesetipec component will perform its intended function withou
directly enhance the reliability of both enginedgp failure over a specified period. The specific teilisy

In marine applications, accessibility to differentcalculation method will depend on the type of comgt
components for regular maintenance can be chaligngiand the available data. Various mathematical moateds
due to the compact and confined spaces on ve¥gbl®e  equations could be used to calculate the religtilitction
industrial engines may offer more accessible corapt®) depending on the component type and the availate d
regular maintenance is crucial to prevent unexpiect@l] The following two concepts are integral in the

failures and maintain optimal performance. reliability analysis of diesel engine components:
5 Methodology of the reliability 1. Mean Time to FailureTTF)
calculations MTTF is the average time expected until the fiadtire

In this study, we will rely on the data from the BRA ~ Of @ piece of equipment or a system. It's a stedist
(Offshore REliability DAta) handbook [19], which thke Measure typically used for non-repairable systems o
most comprehensive resource of reliability datatie ~Where repair is not economically feasibMTTF (1) is
maritime domain for reliability engineering and kris Often used in systems with redundant componentsravh
assessment. The data in the OREDA handbook isctedle it helps determine the overall system reliability.
from various sources, including data from offshore
installations, and is used by engineers and relseesdo MTTF=1/2 [h] 1)
assess the reliability of equipment and systemsl use
offshore operations [9]. The OREDA handbook inckide ~ Where: 4 is the failure rate of the component.
data on failure rates, repair rates, and othealbily-
related parameters for various offshore equipnemt) as 2. Exponential Distribution
pumps, Va|ves’ electrical systemsi control Systm’nq The exponential distribution is Commonly used to
more [19]. The handbook includes reliability datani Mmodel the failure rate behavior of components stesys
offshore dn"mg and production_ Unfortunatew,taiming that exhibit a constant failure rate over times$umes that
such data for ship installations has proven to H@ilures occur randomly and are unrelated to previo
exceedingly challenging. Consequently, the onlysiiss  failures. The failure ratei) represents the rate at which
solution for many reliability studies is to useaaiset from failures occur and remains constant throughout the
OREDA. However, in our research, offshore instaitt  component's life. The reliability function (2) for
expose equipment to conditions mutually relevariath components following an exponential distributiom dze
marine and industrial engines. The OREDA data pitsse calculated using the following equation:

a valuable opportunity to perform reliability ansiy of

both marine and industrial engines. R) = exp(-A0) (2)
OREDA does not differentiate between independent

and dependent failures; Independent failures irsetie where: R(t) is the reliability at time;

engine systems occur without any direct influenenf A s the failure rate parameter.

other failures. These failures are random and ateélto

the functioning or failure of other components, lhi  The failure rate parameter can be estimated using
dependent failures are those where the failure r& ohistorical failure data or testing and analysis.e Th
component influences or causes the failure of amothexponential distribution assumes independence leetwe
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failures, which may not be valid when failures degpen

previous events or conditions. Therefore, it's i@uto  of the diesel engine.

evaluate the appropriateness of the exponentiaitiison The possible independent and dependent failurkein t

and consider alternative distributions or models i€ase of the heat exchangers can be the following:

necessary. 1. Independent failures in heat exchangers: For

example, the degradation of a heat exchangerguinto

6 Case studies for different heat exchanger corrosion over time. This is an independent failageit

models at offshore installations occurs without being directly influenced by thetetaf

Diesel engine heat exchangers are selected as ﬂipe.r comgongnts. It may Iee;d_lto reducer(]j hea;fﬁans
equipment unit for analysis in this study becabsy mre €Tclency but does not cause failures in othetspar the

one of the distinguishing units between marine eiiessyséemD' dent fail in heat exch E
engines and industrial diesel engines. Heat exahiarage - Dependent failures in neat exchangers: For eleamp
- the failure of a coolant pump in the engine coobggtem

a vital component that transfers heat from the rengi . -
P g leads to insufficient coolant flow through the heat

coolant to a separate cooling fluid; marine enginasall . . L
P 9 g y exchanger. This dependent failure can result iresmed

use seawater. It helps regulate the temperaturtheof i th . iall ; h
coolant by dissipating excess heat. Industrialafiesgines temperatures in the engine, potentially causingerot
omponents, such as gaskets or seals, to fail due t

also commonly use heat exchangers to maintain abtin{: .
operating temperatures. overheating.

There are several types of heat exchangers usbdtfor . .
marine diesel enginezpand industrial diegel engifiee ©-1 Firstcasestudy: Fin fan heat exchangers
specific type of heat exchanger utilized can varyedl on Fin fan heat exchangers, also kn.own as aw-_gooied 0
engine design, cooling system requirements, andespdinned-tube heat exchangers, are widely used irowsr
limitations. A few common types are Fin fan heatndustries, including marine and industrial apimas.
exchangers, Plate heat exchangers, and Shell & fede These heat. exchangers are c_rumal_ in d|SS|pat|_agfmm
exchangers. The failure rate characteristics oft herocess fluid to the surrounding air through finrtebles
exchangers can vary depending on design, matesdity and fans. They are common!y used when water soarees
maintenance practices, operating conditions, arel tFa"® or when processed fluids need to be coolelowt
engine's environment. When properly maintained;t hegiréct contact with cooling water.

exchangers generally have a relatively constahréaiate !N Table 3, we used failure rat@)(values at different
throughout their operational life. failure modes, which have been collected in the DRE

The following results demonstrate the failure raies handbook from —empirical observations on offshore
critical failure modes for marine and industriagres, in  Platforms. These failure rate modes are Insufficteeat
the case of different heat exchanger models, Mé@ap To  transfer, Minor in-service problems, and Parameter
Failure values, and reliability function, in additito the deviation. The term "parameter deviation” refersato
possible applications in marine diesel engines arftuation _where one or more critical parametergaﬂev
industrial diesel engines. Also, the following rigsishow oM their expected or designed values, leadingato
the influence of dependent and independent failonethe potential failure or degradation in the perfor_maotehe
reliability function by assuming 10% of the failsreaused heat exchanger. These parameters could includersact
by dependent reasons and comparing these resthe toSUCh as temperature, pressure, flow rates, or other
100% independent failures. In the context of he&perational conditions. These failure rate valuesused
exchangers in diesel engines, understanding whethefO calculateMTTF by applying equation (1), and this
failure is independent, or dependent is cruciatifesigning @nalysis is conducted in two cases: a) all failuses
robust systems. Independent failures may be adtes§Volved due to independent factors; b) only 90%aitires
through regular maintenance and monitoring of iigial e €evolved due to independent factors and 10% are
components. On the other hand, dependent failuigistm evolved due to dependent factors. Thls_c_ompanﬂowa.
require additional safeguards, such as redundait 0 evaluate the impact of sustaining the optimal
components or backup systems, to prevent failuras t Performance of all equipment within the system.

could compromise the overall reliability and penfiance

Table 3 Failure rate and MTTF results for Fin fan heat exchanger [19]

Critical Failure modes a)Ji[h™1] MTTF [h] b) 90% 4i[h™1] MTTF [h]
1. Insufficient heat transfer | 11 =6.84 1076 146.198 103 6.156 10 162.443 1073
2. Minor in-service problems| ), =3.42-1076 292.39710%3 3.078 107¢ 324.886 103
3. Parameter deviation J)3=3.42-10°° 292.397 103 3.078 10~° 324.886 103
4. Other* Ja=3.42 -107° 292.397 10%3 3.078 107° 324.886 10%3

*Other includes (Abnormal instrument reading, I nternal leakage, Plugged/Choked, and Structural deficiency).

The results in Table 3 illustrate how even a smadiffects the failure rate. This influence manifeats a
impact, such as 10% from other equipment inefficiesy reduction in the service time of the heat exchangeging
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from a minimum of MTTF = 16,245 hours) to a maximum industrial applications); and Cumulative failurges in

of (MTTF = 32,489 hours); (these numbers represent theth cases; 3.) 90% of failures are evolved due to
difference inMTTF values before and after removing 10%ndependent factors, and 4.) all failures are dped due

of the failure rate;), highlighting the potential variability to independent factors. The reliability valueshase four

in the operational lifecycle due to this impact.blea4 scenarios are calculated by equation (2). Theseltses
shows reliability calculation in the cases of 4rso@s: 1.) provide the reliability of the heat exchanger dfedent
Insufficient heat transfer (mainly related to marin calendar timest(= 2500 [h],ty = 5000 [h],t= 7500 [h],
applications); 2.) Parameter deviation (mainly tedato andt; = 10000 [h]).

Table 4 Reliability calculation at different calendar timest;

Fin fan heat exchanger Reliability of the heat exchanger
t1 = 2500[h] tu = 5000[h] tur = 7500[h] tpy = 10000h]
Insufficient heat transfer 98.¢ 96.6:¢ 94,9¢ 93.3¢
Parameter deviation 99,1« 98.3( 97.4¢ 96.6:
XAh™Y 95.81 91.80 87.96 84.28
2 90%Ji [h™1] 96.22 92.59 89.09 85.73

The results in Table 4 illustrate the importance afequirements. As time passes, the reliability & tHeat
understanding different failure rates and theiractpn the exchanger decreases. This is noticeable from the
reliability of fin fan heat exchangers in variousdecreasing values in the "Reliability of the heat@nger"”
applications, including marine and industrial diesecolumns. Figure 1 shows the fin fan heat exchahgers
engines. The differential failure modes experienbgd reliability function at different failure modes,
marine and industrial diesel engines can be ateibto demonstrating the relation between reliability fiime R(t)
several critical factors, including the distincteogting and time.
environments, cooling fluids, and operational

—>—3290% A

—B—Parameter deviation ZA

—o—Insufficient heat transfer

0.95

o
©

0.85

RELIABILITY R(7)

0.8

0.75
2500 5000 7500
TIME- t [h]
Figure 1 Reliability function at different failure modes (Fin fan heat exchangers)

10000

Cumulative failure ratesX{Zi) represent the combined probability of failure. Tables 3-4, and Figure bahhow
failure rates of all identified failure modes (@il line in  even a small change in the failure rate can sigpnifily
Figure 1). It provides a measure of the overalabdlity affect both the cumulative failure rate aMilTF. For
(R(t)) of the heat exchanger. As time progresses, thestance, if the failure rate for "Insufficient heeansfer”
cumulative failure rate increases, which increates were slightly higher or lower, it would have a ru&a
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impact on the overall reliability anfTTF of the heat from deterioration. While industrial engines may faze
exchanger. Insufficient heat transfer (green Imé&igure the same level of corrosion as marine engines, ity
1) in marine diesel engines is often related tdifiguand require corrosion-resistant materials, especiallienv
corrosion caused by a corrosive nature like seaywatgch ~ dealing with chemically aggressive fluids.

links this type of failure rate primarily to marine

applications. 6.2 Second case sudy: Plated heat exchangers

Industrial diesel engines typically operate in coltéd Plated heat exchangers are valuable marine and
environments with less exposure to corrosive elésienindustrial diesel engine components. These heat
Therefore, the corrosion resistance challengesisdevere exchangers are vital in managing heat and maingini
in industrial applications. Industrial engines tglly have efficient engine operation, whether for cooling teyss,
complex control systems to maintain temperatureflamd heat recovery, or other applications. The plates ar
rate parameters. Errors or malfunctions in thestesys typically made of materials such as stainless steel
can lead to parameter deviation (blue line in Fgly, titanium to ensure efficient heat transfer and @sion
affecting heat exchanger performance. resistance.

Heat exchangers' failure modes and rates can vary In Table 5, we used failure rate values at differen
between marine and industrial applications. Thecifipe failure modes, which have been collected in the DRE
failure modes and their frequencies can be infladrisy handbook [20] from empirical observations on offgho
factors such as the type of fluids being cooled; thplatforms. The critical failure modes are exteilaakage -
operating conditions, and the maintenance practiées Process medium, external leakage - Utility mediamg
example, marine engines may be more susceptible garameter deviation. The failure rate values ae us
structural deficiencies due to the harsh envirortmbn calculateMTTF by applying equation (1), and this analysis
contrast, industrial engines might face more mimer is conducted in two cases: a.) all failures ardvexbdue
service problems related to processing fluids. Maheat to internal factors; b.) only 90% of failures aevdloped
exchangers must be highly resistant to corrosioseby due to internal factors, and 10% are developed tdue
saltwater. This necessitates using specializedriabt@nd external factors.
coatings to protect the fine tubes and other corpin

Table 5 Failure rate and MTTF results for Plated heat exchanger [19]

Critical failure modes | a)a[h7]] MTTF [h] b) 90% 4i[h~1] MTTEF [h]
External leakage - Process mediim/i: = 9.49 -10-6 | 105.374 10*3 8.541-107° 117.08210%3
External leakage - Utility medium J>=4.34 -10"° | 230.414 10*3 3.906 -10~° 256.016:10%3

Parameter deviation J3=4.34-10"° | 230.414 10*3 3.906 -10~° 256.016-10*3

The results in Table 5 illustrate how even a smallhich are the following: 1.) External leakage - ¢&res
impact, such as 10% from other equipment inefficiesy medium; 2.) External leakage - Utility medium;
affects the failure rate. This influence manifeats a Cumulative failure rates in two cases: 3.) 90%ailufes
reduction in the service time of the heat exchagrgeging are evolved due to independent factors; furthermére
from a minimum of MTTF = 11,708 hours) to a maximum Cumulative failure rates in case of all the faikurare
of MTTF = 25,602 hours); (These numbers represent tlewolved due to independent factors. The reliabildjues
difference inMTTF values before and after removing 10%n these four scenarios are calculated by equat®n
of the failure rate;), highlighting the potential variability These results provide the reliability of the heathenger
in the operational lifecycle due to this impact.blea6 at different calendar timeg € 2500 [h],t; = 5000 [h],t
shows reliability calculation in the case of 4 sméws, = 7500 [h], and;» = 10000 [h]).

Table 6 Reliability calculation at different calendar timest;

Plate heat exchangers Reliability of the heat exchanger
t = 2500[h] ti = 5000[h] tm = 7500[h] ty = 10000(h]
External leakage - Process medium 97.6¢ 95.3¢ 93.1- 90.9¢
External leakage - Utility medium 98.9: 97.8¢ 96.7¢ 95.7¢
X iu[hY 95.55 91.31 87.26 83.38
X 90% 4 [h™1] 95.99 92.14 88.45 84.91
The results in Table 6 illustrate the importance ofnvironments, cooling fluids, and operational

understanding different failure rates and theiractpn the requirements. As time passes, the reliability @& tHeat
reliability of plated heat exchangers in variouexchanger decreases. Figure 2 shows the reliability
applications. The differential failure modes expaded by function of plated heat exchangers at differentufai
marine and industrial diesel engines can be atatbto modes, demonstrating the relation between religbili
several critical factors, including the distincteopting functionR(t) and time.
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External leakage - Process medium External leakage - Utility medium A —=%=3 90% A

0.95

0.9

0.85

RELIABILITY - R(?)

0.8

0.75
2500 5000 7500 10000
TIME - t [h]
Figure 2 Reliability function at different failure modes (Plate heat exchangers)

The failure modes demonstrated in Figure 2, Table 5
and Table 6 include "External leakage - Processuned 6.3 Third case study: Shell & Tube heat
(orange line in Figure 2)" and "External leakadsdtitity exchangers
medium; (yellow line in Figure 2)" are critical fdoroth Shell & Tube heat exchangers are another type
marine and industrial applications in a differentommonly used in marine and industrial diesel ergjito
perspective. Leakage can lead to the mixing ofdflui facilitate heat transfer between fluids. These heat
efficiency loss, and potential damage. "Paramet@xchangers help regulate the temperature of thaneng
deviation" is another failure mode listed, whickligates coolant by transferring heat from the coolant separate
that deviations in operating parameters (e.g., &gatpre, cooling medium, such as seawater, which prevemgsen
pressure) can impact heat exchanger performanégisTh overheating and ensures efficient operation. Stmalltube
a common challenge in both marine and industriddeat exchangers are durable and can withstand harsh
applications. It also demonstrates that the rditgbof operating environments, making them suitable forimea
plated heat exchangers decreases over time. Tigatas and industrial applications. In addition, this typeheat
that as the heat exchanger operates for longetiglusaits exchanger is designed for easy inspection and icigan
reliability decreases, and the probability of exgracing a with removable tubes that facilitate maintenandeigies.
failure increases, which requires proactive maiatee to In Table 7, we used failure rate values at differen
extendMTTF. Cumulative failure rate2(4) represent the failure modes, which have been collected in the DRE
combined failure rates of all identified failure des (green handbook from empirical observations on offshore
line in Figure 2). It provides a measure of theralte platforms. The critical failure modes are 1.) Almat
reliability (R(t)) of the heat exchanger. As time progresses)strument reading, 2.) External leakage-processiumg
the cumulative failure rate increases, which insesathe 3.) Parameter deviation, and 4.) Structural deficye
probability of failure. These failure rate values are used to calclN&IéF by

In marine applications, accessibility to heat excleas applying equation (1), and this analysis is coneldiat two
for maintenance can be challenging due to the dinit cases: a.) All failures are evolved due to intefaators.
space on vessels. Industrial engines may offer moog) Only 90% of failures are developed due to maér
accessible heat exchangers, making maintenancer.eadactors, and 10% are developed due to externabr&ct
However, Industrial engines may deal with a broadege This comparison allows us to evaluate the impact of
of fluid properties, including chemicals and conitaamts, sustaining the optimal performance of all equipnvetitin
which can affect the performance and longevitylafgdl  the system.
heat exchangers. Monitoring and maintenance stesteg
must be adapted accordingly.
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Table 7 Failurerate and MTTF resultsfor Shell & tube heat exchanger [19]

Critical failure modes a) ii[h 1 MTTE [h] b) 90% 4i [h™1] MTTEF [h]
Abnormal instrument reading | 11=17.39-107% | 57.504 -10%3 15.651-10~° 63.893-10*3
External leakage — Process medidm/, = 7.67 -10~¢ | 130.378-10%3 6.903-107 144.864-103
Parameter deviation J3=4.49 -107% | 222.717 10*3 4.041-10°° 247.463-10%3
Structural deficienc J4=8.07-10"% | 123.915-10%3 7.263:1076 137.684-10%3

The results in Table 7 illustrate how even a smalbnormal instrument reading; 2.) External leakage -
impact, such as 10% from other equipment inefficiesy Process medium; 3.) Parameter deviation; 4.) Stralct
affects the failure rate. This influence manifeats a deficiency; 5.) Cumulative failure rates in theea$ 90%
reduction in the service time of the heat exchamrgeging of failures developed due to independent factors;
from a minimum of MTTF = 6,389 hours) to a maximum furthermore, 6.) Cumulative failure rates in cagealb
of (MTTF = 13,769 hours); (These numbers represent tfi@lures are developed due to independent facfbne.
difference inMTTF values before and after removing 10%reliability values in these six scenarios are daked by
of the failure rate;), highlighting the potential variability equation (2). These results provide the reliabitifythe
in the operational lifecycle due to this impact.blea8 heat exchanger at different calendar timies 2500 [h],ti
shows reliability calculation in the case of 6 sméws: 1.) = 5000 [h],t;; = 7500 [h], and;»= 10000 [h]).

Table 8 Reliability calculation at different calendar times ti

Reliability of the heat exchanger
Shell & Tube heat exchanger —— 7557 tn = soo%[h] tur = 7500?h] tw = 10000H]

Abnormal instrument readi 95.7¢ 91.67 87.71 84.0:
External leakag- Process mediu 98.1( 96.2: 94.4( 92.6]
Parameter deviati 98.8¢ 97.7¢ 96.6¢ 95.6(
Structural deficienc 98.0( 96.0¢ 94.1: 92.2¢

Xi[h™Y 97.85 95.75 93.70 91.69

2 90%Ji [h™1 98.06 96.17 94.31 92.49

The results in Table 8 illustrate the importance afequirements. As time passes, the reliability & tHeat
understanding different failure rates and theiractpn the exchanger decreases. This is noticeable from the
reliability of shell and tube heat exchangers imiogs decreasing values in the "Reliability of the heattanger"
applications, including marine and industrial diesecolumns. Figure 3 shows the reliability functionS#fell &
engines. The differential failure modes experienbgd Tube heat exchangers at different failure modes,
marine and industrial diesel engines can be atgibto demonstrating the relation between reliability fiime R(t)
several critical factors, including the distincteogting and time.
environments, cooling fluids, and operational

Abnormal instrument reading External leakage — Process medium

=>Structural deficiency

290% A

#—Parameter deviation

—h— I A ——

o
)
¢

o
©

RELIABILITY - R(?)
%
1%}

0.8

2500 5000 7500 10000

TIME - t [h]
Figure 3 Reliability function at different failure modes (Shell & Tube heat exchangers)
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The provided data in Figure 3, Tables 7-8 showsrsdv exchangers experience decreased reliability owvee.ti
critical failure modes and their associated failaes ). Proper maintenance practices are essential to dxten
"External leakage — Process medium" and "Paramefdean Time Between FailureBI{TF) and ensure efficient
deviation" are listed as failure modes, similarttee operation. Cumulative failure rateX i) represent the
challenges faced by plate and fine tube heat exyglianin  combined failure rates of all identified failure des
addition, "Structural deficiency” is another fadumode, (brown line in Figure 3). It provides a measurettoé
indicating potential structural issues in the reathanger. overall reliability R(t)) of the heat exchanger. As time
This can be a concern, especially in marine apica progresses, the cumulative failure rate increasésch
where the equipment may be subjected to vibrateons increases the probability of failure. The followichart
extreme conditions. Table 8 shows the reliabilifytte  demonstrates a Comparisorf TF and Reliability in the
shell and tube heat exchanger at different caletictens. case of the three heat exchanger types.

Like the other heat exchanger types, shell and hdz

Shell & Tube

60000 |

50000

40000

30000

MTTF {hours)

20000t

10000

Fin Fan Plate
Heat Exchanger Type

Figure 4 Comparison of MTTF and Reliability in the case of the three heat exchanger types

In Figure 4, two key parameteMTTF and Reliability, and heat transfer, the specific challenges andatipgr
are compared for the three types of heat exchar{§érs conditions can lead to differences in the choice of
Fan, Plate, and Shell & Tube). materials, maintenance practices, and strategigs fo

1. MTTF is represented in hours. This parametemddressing failure modes. Our research contribiates
indicates the average operational time before laréais deeper understanding of diesel engine reliabititgnarine
expected. The higher thdTTF, the longer the component and industrial contexts. We demonstrated that winlen
is expected to function without failure. In thigbie, itis engine types share some common reliability chadeng
shown on the lef¥-axis in green. each also faces unique conditions that require ifipec

2. Reliability is expressed as a percentage. Hfisats strategies and solutions. The study offers valugisights
the probability of a heat exchanger operating withointo three types of heat exchangers, enhancing our
failure for a specific duration (in this contextgt= 10000 understanding of diesel engine components. It pdesvia
hours). Higher reliability percentages indicate raager foundation for further research and developmentijraj to
likelihood of the component functioning correctlyeo improve the performance and safety of these critica
time. It is displayed on the rightaxis in orange. engines in their respective sectors.

By comparing these two parameters, we can see how
each type of heat exchanger performs in terms &f bo7 Conclusions
longevity (MTTF) and consistent performandge(iability) This paper has explored the reliability requireradat
over time. This comparative analysis aids in untdeding  poth marine and industrial diesel engines, empimasiz
the strengths and weaknesses of each heat excttgipger their main roles in marine vessels and various stial
in practical applications. applications. The comparative analysis conducted

In summary, while these heat exchangers are usedtiftoughout this study has shed light on several fdictors
marine and industrial diesel engines to manageeesiyre
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that distinctly influence the reliability of eachgne type,

thereby offering valuable insights into their urgéqu
challenges and considerations. Our comprehensigy st

on the reliability of different heat exchanger misdesed
in marine and industrial diesel engines focuse&iarfan
heat exchangers, Plate heat exchangers, and Shelbé&
heat exchangers, assessing their failure rad@sF, and
the impact of independent and dependent failurethein
reliability.

[3] ANANTHARAMAN, M., ISLAM, R., SARDAR, A.,

GARANIYA, V., KHAN, F.: Impact of defective
turbocharging system on the safety and reliabity
large marine diesel engingransNav, the International
Journal on Marine Navigation and Safety of Sea
Transportation, Vol. 15, No. 1, pp. 18-194, 2021.
https://doi.org/10.12716/1001.15.01.19

[4] DIONYSIOU, K., BOLBOT, V., THEOTOKATOS,

G.: A functional mode-based approach for ship

The study reveals distinct failure modes in heat systems safety and Reliability Analysis. Application to

exchangers, including insufficient heat transfedemal
leakage, parameter deviation, and structural def@es,

which affect marine and industrial diesel engines
differently. In marine engines, which frequentlyeus

seawater in heat exchangers, the challenges ofstonr
and fouling are prominent. Conversely, industriagiees

parameters, typically operating in
environments. A significant result is a 10% altemtin
failure rates, attributable to equipment inefficess,
impacting the Mean Time to FailurM{TTF), pointing to
the necessity for robust design and diligent maentee
strategies. Effective management of independehitrés

a cruise ship lubricating oil system, Proceedings of the
Institution of Mechanical Engineers, Part ddurnal of
Engineering for the Maritime Environment, Vol. 236,
No. 1, Washington, pp. 228-244, 2021.
https://doi.org/10.1177/14750902211004204

[5] KIROLIVANOS, G.L., JEONG, B.: Comparative
primarily face issues related to system controlgl an

reliability analysis and enhancement of marine dual

less corrosive fuel enginesJournal of International Maritime Safety,

Environmental Affairs, and Shipping, Vol. 6, No. 1, pp.
1-23, 2022.
https://doi.org/10.1080/25725084.2021.1968663

[6] 0JO, E.R., UJILE, A.A., NKOI, B.: Improving the

reliability of the cooling water system of a marine

such as corrosion can be achieved through routine diesel engine: A case study of caterpillar c32 elies
maintenance, whereas dependent failures, leading to engine,International Journal for Research in Applied

conditions such as overheating, require more stiphisd
solutions, including the incorporation of redundaend
backup systems to maintain overall engine religbilihe

Science and Engineering Technology, Vol. 10, No. 5,
pp. 755-764, 2022.
https://doi.org/10.22214/ijraset.2022.41166

selection of materials and the design of heat exgis are  [7] WANG, S., ZHOU, Y., ZHANG, Q., YANG, S,

especially crucial in marine applications whererasion
resistance is a key consideration. Furthermore stady
underscores the

WANG, G.: The research and analysis on failure

distribution model of diesel engine component parts

importance of maintenance and MATEC Web of Conferences, Vol. 77, No. 1, pp. 1-4,
monitoring, especially in industrial settings, wher

2016. https://doi.org/10.1051/matecconf/20167701010

proactive maintenance strategies are fundamental [8] ISSA, M., IBRAHIM, H., HOSNI, H., ILINCA, A,

enhancing reliability and prolongingTTF.

In summary, this study offers a comprehensive amaly

of heat exchanger reliability in marine and indastliesel
engines. It highlights the need to consider a specof
factors, from environmental conditions to specféidure

modes, maintenance practices, and material satsctio
These insights are vital for improving the openadilo
efficiency and longevity of heat exchangers, pringd

valuable guidance for the design and operationieged
engines across varied industrial and marine afgits
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