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A B S T R A C T  

 

Failure Mode and Effects Analysis (FMEA) is utilized for risk appraisal in various domains. In the FMEA 

methodology, each failure mode is evaluated by considering three risk factors: severity (S), occurrence (O), and 

detection (D). Subsequently, the Risk Priority Number (RPN) is obtained by multiplying these listed factors. 
This study introduces the Deviation Value Step-Wise Method (DVSM) as a new mathematical model for 

determining the scores of the SOD factors. This methodology consists of three main steps. Firstly, the FMEA 

technique is used to identify failure modes. Then, the DVSM is employed to assign weights to the SOD 
components. In this step, relative importance is determined based on linguistic variables. The third step involves 

ranking failure modes using the weighted RPN. Two general examples and a case study of two-pipe heat 

exchanger failure modes are considered to validate the proposed model and test the obtained results. The results 
demonstrate that the suggested approach has enhanced the overall prioritization of failure modes. This enables 

the Decision-Maker (DM) to identify primary failure modes and formulate corrective/preventive actions. 

Finally, both sensitivity analysis and energy efficiency investigation have been performed. 

10.30501/jree.2024.399378.1596 /https://doi.org 

1. INTRODUCTION1 

1-1 Double-pipe heat exchangers 

Heat exchangers are significant components utilized in 

various processes and research applications, including waste 

heat recovery processes, conversion systems, power 

production, cooling, etc. A two-tube heat exchanger is a type of 

heat exchanger used in different applications (Eduardo, 2010). 

Numerous researchers have focused on this type of heat 

exchanger. Maakoul et al. (2020) studied the thermo-fluid 

characteristics of a two-tube heat exchanger with split 

longitudinal fins on the annulus part. The thermodynamic 

analysis of the thermodynamic vent system heat exchanger was 

investigated by Liu et al. (2016). They established a semi-

steady-state model to examine the thermal efficiency of a two-

tube heat exchanger. Yildiz et al. (1996) conducted an 

experiment and analyzed the impact of propellers on heat 

transfer and pressure across a range of 2500 to 15000 for 

various propellers. Zarrella et al. (2013) performed a 

comprehensive comparison between helical tube and dual U-

tube heat exchangers, examining thermal conductivity in both 

configurations. Maakoul et al. (2016) numerically studied the 

design and thermo-hydraulic efficiency of a two-tube heat 

exchanger with helical fins on the annulus side. Zanchini and 

Jahanbin (2017-2018) conducted an investigation on 

temperature distribution in borehole heat exchangers, offering 

a 3D simulation model for their numerical study. They also 
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analyzed a dual U-tube borehole heat exchanger using the finite 

element technique. Targui and Kahalerras (2008) conducted a 

numerical investigation of flow and heat transfer characteristics 

in a double-pipe heat exchanger with permeable constructions 

embedded in the sigmoid gap in two arrangements: (A) on the 

inner chamber, and (B) both chambers in a staggered fashion. 

Schmid et al. (2017) utilized ANSYS Fluent software package 

to study the air cooling system for street LED lights, proposing 

a type of dual tube heat exchanger for this system. Wenju et al. 

(2018) suggested a phase-change material (PCM)-based dual 

helicoidal heat exchanger for a heat pump, experimentally 

validating the heat storage. Qi et al. (2019) studied the thermal 

efficiency and pressure drop of titanium dioxide-water 

nanofluids in two-tube heat exchangers, discussing the impact 

of thermal fluid volume flow rates, nanoparticle mass fraction, 

nanofluid positions, nanofluid Reynolds numbers, and the 

designs of inner tubes on system efficiency.  

1-2 MCDM and FMEA 

In multi-standard investigation methodologies, a critical 

challenge arises in determining the weights and loads of criteria 

values. The subsequent crucial step in multi-criteria decision-

making (MCDM) involves selecting a suitable strategy for 

establishing model weights, which complicates the dynamic 

cycle. Recognizing how the weight values of each criterion 

significantly impact the decision-making process, specific 

attention should be devoted to the objectivity variables of 

https://doi.org/%2010.30501/jree.2024.399378.1596
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criteria loads. Over the past few years, investigators have 

introduced various strategies. One such method is the 

Analytical Hierarchy Process (AHP). 

For instance, Benmoussa et al. (2019) proposed an 

ergonomic assessment criteria approach, employing the AHP 

multi-criteria prioritization strategy to select and prioritize 

measures. Similarly, Miciuła and Grunt (2019) advocated for 

the AHP choice technique in the context of power providers. In 

a comprehensive approach combining Weight-of-Evidence 

(WOE) and AHP, Chen et al. (2021) conducted an examination 

of housing adaptability criteria to predict the Suitable Growth 

Area (SGA) under different ecological scenarios. This study 

involved 412 WH events and 15 environmental factors in 

Guangdong, South China, considering meteorological and 

hydro-sensible attributes across various seasons. 

Moreover, Sedghiyan et al. (2021) focused on gathering 

not-depleted-by-use resources in five environmental districts in 

Iran, utilizing AHP, TOPSIS, and SAW techniques. It is 

noteworthy that the inclusion of diverse methodologies in these 

studies underscores the importance of a nuanced approach in 

addressing the complex challenges of multi-criteria decision-

making methodologies  . 

The Best Worst Method (BWM), introduced in 2015, is a 

noteworthy multi-criteria decision-making approach. 

Torkayesh et al. (2021) applied this method to develop an 

integrated decision-making technique for determining landfill 

areas in medical care waste systems. Their study utilized a 

combination of Geographic Information System (GIS), Best 

Worst Method, and a trade-off arrangement strategy based on 

the grey domain set, considering sustainability agents. Moving 

on, Balali et al. (2021) evaluated the risks associated with urban 

natural gas systems in Shiraz. Their study employed 

negotiation, opinion polls, and contextual data analysis as 

research tools. COPRAS (Complex Proportional Assessment) 

was used for risk assessment, and the ANP (Analytic Network 

Process) procedure aided in assigning weights to each risk 

evaluation measure . 

Luo et al. (2020) proposed a novel technique for selecting 

the optimal site for a Waste-To-Energy (WTE) incineration 

plant. Additionally, Yücenur and Ipekçi (2020) addressed the 

location issue for the first marine current energy production 

plant in Turkey. In their paper, an MCDM (Multi-Criteria 

Decision-Making) approach was introduced, incorporating four 

main indicators, 12 indexes, and three alternatives. The 

SWARA strategy determined the weights of criteria, and the 

alternatives were ranked using the WASPAS technique . 

Furthermore, Balki et al. (2020) conducted a study 

confirming that the optimal operating parameters of an SI 

engine filled with pure C2H6 and CH4 as substitute fuels were 

determined through MCDM using experimental data. This 

analysis considered efficiency, emission, and ignition 

parameters in the decision-making process. The integration of 

these methods showcases the versatility and applicability of 

multi-criteria decision-making in various domains, 

emphasizing its role in addressing complex issues and 

optimizing decision outcomes. 

Focusing on the issue that the multi-objective assessment of 

proficiency and the weighting modulus of records was hard to 

track down, a fluffy extensive execution assessment strategy 

for rolling linear guide (RLG) was proposed by Ma et al. 

(2020). Attending to the static and dynamic lists, in their 

investigation, a design model containing nine weighting moduli 

was developed. Wang et al. (2020) developed a successive 

three-way decision-making methodology dependent on BWM 

(best-worst technique) and MULTIMOORA for numerous 

degrees of granularity to manage the multi-characteristic 

collective choice-making issues under uncertainty. Bahrami et 

al. (2019) traced the prosperous utilization of a novel half-breed 

MCDM called BWM-ARAS for coordinating a multi-source 

geographical informational index to outline exceptionally Cu 

imminent areas in the Abhar territory, Northwest of Iran. Lahri 

et al. (2021) proposed a two-stage multi-target feasibility 

number linear programming practical supply chain design 

model, minimizing financial and environmental goals and 

maximizing social sustainability objectives. The offered model 

determined the capacities of facilities and the amount of the 

flow of goods across the supply chain. The fuzzy best-worst 

method was used by Khazaeili et al. (2019) to weigh supplier 

selection criteria. Later, they used the piecewise linear values 

function to rank suppliers. The proposed strategy addressed the 

issue of sustainable supplier selection in the oilseed professions 

as a case study in the food supply chain. Ghoushchi and 

Khazaeili (2019) introduced a novel concept idea named G-

numbers to reduce data uncertainty based on importance and 

necessity concepts. In G-numbers, G= (I, N), I was the 

important component, and N was the necessary part of the real-

valued uncertain variables. In general, I and N were described 

as linguistic variables. This team, in other works (2019,2021), 

employed importance, necessity, and reliability concepts to 

demonstrate these parameters' applications and effects in 

MCDM issues. Sari (2021) proposed a study on woodland fire 

susceptibility where the weight of every criterion is determined 

by employing the AHP method. Later, TOPSIS and VIKOR 

strategies were utilized to generate woodland fire susceptibility 

maps in the Muğla area. Chodha et al. (2021) used the MCDM 

approach dependent on the TOPSIS strategy to choose an 

industrial robot for the arc welding operation. Using the 

TOPSIS method to perform a comprehensive environmental 

impact assessment for concrete mixing station (CMS) 

performed by Lin et al. (2021). They used this method to 

determine the optimal location of CMS. Parameters like 

elasticity, hardness, softening point, density, and cost were 

chosen and optimized by Avikal et al. (2021) using MCDM. 

Using Fuzzy AHP and TOPSIS, all criteria were compared 

among them pairwise to create a rational matrix . 

As previously mentioned, FMEA is a subjective tool used 

to identify and evaluate the effects of a specific flaw or failure 

mode at a component (Long, 2014). There are various 

investigations into this issue. Xin et al. (2021) proposed a 

prevailing failure modes analysis technique based on the 

differential evolution algorithm, which generated sample points 

on the limit state plane and used the differential evolution 

algorithm to optimize. Okabe and Otsuka (2021) developed a 

validation method for the rational relationship between the 

design deviations, possible damage/fracture modes, and the 

eventual failure modes using SVM. They stated that the 

Regular Failure Modes and Effects Analyses lack a specific 

process to ensure potential damage/fracture of component 

materials. Hoisak et al. (2021) aimed to benchmark the 

effectiveness of FMEAs for electronic brachytherapy of the 

skin and the breast by comparing the predicted versus actual 

failure modes reported in different incident learning systems. 

Chin et al. (2008) reported in their study that every failure mode 

can be assessed by three components: severity, the probability 

of occurrence, and the failure mode detection. They 

demonstrated that in a typical FMEA assessment, a number 

from 1 to 10 (with 1 being the best and 10 being the worst-case 

scenario) was assigned for each of the three elements. By 
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multiplying the values for S, O, and D, a risk priority number 

was obtained, which was RPN = S × O × D. Hu et al. (2021) 

assessed the hazard and risk (HR) resulting from the induced 

seismic through the Entropy-Fuzzy-AHP (E-FAHP) method. 

An approach in several steps to address some of the 

shortcomings of the FMEA method was proposed by Khazaeili 

et al. (2019). Firstly, the detection of the FMs and assigning of 

the Risk Priority Number (RPN) values representatives were 

performed using the FMEA. The next step involved the Fuzzy 

Best-Worst Method to quantify the weights of these variables. 

Finally, the outputs of the previous steps were used as a basis 

to prioritize the failures using the proposed MOO by Ratio 

Analysis based on the Z-number theory (Z-MOORA). Dorosti 

et al. (2020) conducted a study on the management of people's 

waiting time in a clinic using fuzzy-based failure mode and 

impact analysis. Eleven risk factors resulted in the prolongation 

of waiting time introduced by practitioners to address the 

typical FMEA deficiency. Khalilzadeh et al. (2021) identified 

and assessed the principal risks of oil and gas projects under 

uncertain conditions. The main risks were identified through 

document analysis, which was reduced to 17 risks through 

expert opinions using the fuzzy Delphi method. Subriadi and 

Najwa (2020) examined the consistency of both conventional 

FMEA and improved FMEA in IT risk assessment. The 

relationship between RPN factors in the fuzzy process FMs and 

impact analysis and overall equipment effectiveness in the 

production cycle is described by Baghbani et al. (2019). 

Ouyang et al. (2021) introduced a data integration FMEA 

strategy based on dual tuple linguistic data and interval 

probability. The dual tuple linguistic set theory was adopted to 

transform the heterogeneous data into interval numbers. 

Furthermore, the interval probability analysis method was 

applied to analyze failure modes. 

As mentioned before, heat exchangers are one of the most 

widely used equipments in various industries. The principled 

and correct design of these types of equipment has always been 

the desire of design engineers because, in numerical 

simulations, assumptions are always made to simplify the 

problem, which causes differences in numerical results and 

experimental data. Therefore, providing a method to involve 

real and existing phenomena in the design can open the way for 

design engineers. 

This paper uses a novel methodology named DVSM to 

weigh the SOD factors to prioritize the failure modes. The 

proposed approach includes a weighted RPN instead of a 

traditional one. The organization of this work is as follows. 

Section 2 contains a detailed definition of the DVSM strategy 

with two illustrating examples. Section 3 is dedicated to 

proposing a new approach utilizing the FMEA procedure, 

DVSM, and weighted RPN techniques to assess the failure 

modes and rank them. In Section 4, a case study of the two-tube 

heat exchanger is presented and analyzed. Ultimately, the final 

section includes sensitivity and energy analysis.  

 

2. Deviation Value Step-wise Method (DVSM) 
Genuine issues lack an inherent indicator of equal 

importance. Therefore, it is crucial to precisely define the 

essential elements of specific indicators by employing 

appropriate weight coefficients. Selecting weights for various 

criteria in Multiple Criteria Decision-Making (MCDM) 

methodologies consistently poses a challenge intertwined with 

subjectivity. This process is pivotal and significantly influences 

the outcome, as weight coefficients play a critical role in the 

determination of the arrangement. 

Hence, meticulous attention is required to decide on the 

weights, and the Decision Vector Space Model (DVSM) is 

presented as a model for detecting these weight coefficients. 

This strategy facilitates the precise determination of the 

advantages of the weight coefficients for all elements 

considered at a specific level of the hierarchy while ensuring 

the conditions of analytical consistency are met. The DVSM 

method plays a crucial role in accurately determining the 

weights of the indicators. The steps involved in DVSM, utilized 

for this purpose, have been succinctly outlined in this passage . 

Step 1. Criteria Detection by the Decision-maker (DM) 

Suppose a decision-maker identifies n criteria 
{C1, C2,, C𝑛} for making a decision. The DM ranks among 

the criteria regarding their importance degree, from the highest 

importance to the least significant, as follows:  

C𝑛  >  C𝑛−1  > ⋯ >  C2  > C1 (1) 

Step 2. Sequential comparisons between criteria 

In this step, the sequential comparisons between 𝑐𝑗and 𝑐𝑗+1in 

the step-wise process are determined, as shown in Table 1. The 

relative importance of the j^thcriteria to the (𝑗 + 1)𝑡ℎone using 

Table 1 is achieved, and its set is introduced as follows (Figure 

1): 
𝑎𝑗 𝑗+1 = {𝑎12, 𝑎23, … , 𝑎𝑛−1 𝑛} (2) 

Table 1. Linguistics variable for criteria  

Linguistic terms Score 

Equal importance (EI) 1 

Extremely Low importance (ELI) 1.1 

Very Low importance (VLI) 1.2 

Low  importance (LI) 1.3 

Lower Moderate importance (LMI) 1.4 

Moderate importance (MI) 1.5 

Upper Moderate importance (UMI) 1.6 

High importance (HI) 1.7 

Very High importance (VHI) 1.8 

Extremely High Importance (EHI) 1.9 
 

 
Figure 1. Pairs comparisons among criteria 

 

Step 3. The optimal weights  (𝑤1
∗, 𝑤2

∗, … , 𝑤𝑛
∗) 

To find the optimal weight for each pair 𝑤𝑗 𝑤𝑗+1⁄ = 𝑎𝑗𝑗+1, the 

relative deviation of the sum of the least squares 

√∑ (𝑤𝑗 𝑤𝑗+1⁄ − 𝑎𝑗𝑗+1)
2𝑗=𝑛−1

𝑗=1  should be minimized. Therefore, 

the following mathematical model is presented: 

 

Min 𝑧 = √∑ (𝑤𝑗 𝑤𝑗+1⁄ − 𝑎𝑗𝑗+1)
2𝑗=𝑛−1

𝑗=1  (3) 

s.to: 

 
∑ 𝑤𝑗 = 1

𝑗=𝑛
𝑗=1    (4) 

 wj ≥ 0 (5) 
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The linearized form of the mathematical model is given as 

follows: 

 

Min 𝑧 = √∑ (𝑤𝑗 − 𝑎𝑗𝑗+1𝑤𝑗+1)
2𝑗=𝑛−1

𝑗=1  (6) 

s.to: ∑ 𝑤𝑗 = 1
𝑗=𝑛
𝑗=1    (7) 

 wj ≥ 0 (8) 

 

Proof. It must be proved that Equations (3)-(5) are equivalent 

to (6)-(8). 

In objective function (3), the relative deviation term should be 

as follows: 

 
𝑤𝑗 𝑤𝑗+1⁄ = 𝑎𝑗𝑗+1 (9) 

 

The simplified form of Equation (9) will be: 

 
𝑤𝑗 − 𝑎𝑗𝑗+1𝑤𝑗+1 = 0 (10) 

 

Solving the problems (6)-(8), the optimal weights 𝑤𝑗
∗ for j 

=1 , 2, …, n and optimal value z* are obtained . 
The DVSM has some notable benefits that make it a 

dependable and intriguing model. The advantages of DVSM 

are demonstrated by contrasting it with the various techniques 

for determining the weight coefficients of criteria. To perform 

an acceptable comparison, the BWM, AHP, and FUCOM 

strategies were placed in the center since the validity of these 

methods relies on gathering the states of numerical 

transmissibility and the pairwise comparison of the criteria   [46 .]  

The AHP, BWM, and FUCOM have n(n-1)/2, (2n-3), and 

(n-1) numbers of pairwise comparisons of the n number criteria, 

respectively (Table 2). Thus, the FUCOM has less pairwise 

comparisons. Both BWM and FUCOM use mathematical and 

numerical techniques to achieve the criterion weight. The 

number of constraints for both techniques is 2(n-1). On the 

other hand, the proposed DVSM has (n-1) pairwise comparison 

and is just one limitation of the mathematical model. Therefore, 

the DVSM experiences a shorter amount of calculation time 

than other techniques. 
 

Table 2: The required number of comparisons based on the number of constraint functions 

MCDM tech. 

The quantity value of criteria (n) and the necessary number of pairwise comparisons 

𝐧 =  𝟐 𝐧 =  𝟑 𝐧 =  𝟒 𝐧 =  𝟓 𝐧 =  𝟔 𝐧 =  𝟕 𝐧 =  𝟖 𝐧 =  𝟗 

PC* NCF* PC NCF PC NCF PC NCF PC NCF PC NCF PC NCF PC NCF 

AHP n(n-1)/2 1 -- 3 -- 6 -- 10 -- 15 -- 21 -- 28 -- 36 -- 

BWM (2n-3) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

FUCOM (n-1) 1 2 2 4 3 6 4 8 5 10 6 12 7 14 8 16 

DVSM (n-1) 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 

*PC: Pair Comparison *NCF: Number of Constraint Function 

 

To validate the proposed model and test the obtained 

results, two general examples and one case study on a double-

pipe heat exchanger are displayed . 
 

Example 1. 
This basic model includes choosing a heat exchanger 

configuration for an organization to provide the required heat 

flux to represent the DVSM steps above. The organization 

recognizes three choice models as 𝐶1: load adaptability, 𝐶2: 
accessibility, 𝐶3: cost (Rezaei, 2015). 

Solution: 
At first, the ranks of the criteria are deduced by DM 

considering the importance as follows: 
𝐶3  >  𝐶2  >  𝐶1 

 

Based on Table 1, the relative importance of 𝐶3 to 𝐶2 is 

Lower Moderate importance (LMI) while 𝐶2    to 𝐶1 is of High 

importance (HI). Therefore 𝑎32 = 1.4and 𝑎21 = 1.7. 

Therefore, the results in Equations (3)-(5) for this example are: 
Min 𝑧 = √(𝑤3 − 1.4𝑤2)2 + (𝑤2 − 1.7𝑤1)2 

s.t.o: 𝑤1 + 𝑤2 + 𝑤3 = 1  

𝑤1, 𝑤2, 𝑤3 ≥ 0 

 

Upon solving this model, we find 𝑤1
∗ = 0.197, 𝑤2

∗ = 0.335, 

𝑤3
∗ = 0.468 and 𝑧∗ = 0. 

 

 
Example 2. 

When purchasing a vehicle, a purchaser considers five 

indicators, including quality (𝐶1), cost (𝐶2:), solace (𝐶3), safety 

(𝐶4), and style (𝐶5). The purchaser gives the accompanying 

pairwise examination vectors (Rezaei, 2015). 

Solution: 
At first, the ranks of the criteria are deduced by DM 

considering the importance as follows: 
𝐶2  >  𝐶1  >  𝐶4 > 𝐶3 > 𝐶5 

Based on Table 1, the relative importance of 𝐶2 to 𝐶1  is 

High importance (HI), 𝐶1  to 𝐶4 is Very Low importance 

(VLI), 𝐶4 to 𝐶3is Extremely Low importance (ELI), and 𝐶3 to 

𝐶5 is Moderate importance (MI). Therefore 𝑎21 = 1.7, 𝑎14 =
1.2, 𝑎43 = 1.1, and 𝑎35 = 1.5.  Thus, the results in Equations 

(3)-(5) for this example are : 

Min 𝑧 =

√(𝑤2 − 1.7𝑤1)2 + (𝑤1 − 1.2𝑤4)2 + (𝑤4 − 1.1𝑤3)2 + (𝑤3 − 1.5𝑤5)2 

s.t.o: 𝑤1 + 𝑤2 + 𝑤3 + 𝑤4 + 𝑤5 = 1 

𝑤1, 𝑤2, 𝑤3, 𝑤4, 𝑤4 ≥ 0 

By solving this model, we find 𝑤1
∗ =0.209, 𝑤2

∗ =0.354, 

𝑤3
∗ =0.158, 𝑤4

∗ =0.174, 𝑤5
∗ =0.105 and z*=0. 

 

3. Offered approach 

In this segment, the suggested approach of this investigation 

utilizing the FMEA procedure, DVSM, and weighted RPN 
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techniques is introduced to evaluate the failure modes and rank 

them. Three RPN variable values are given in Table 3  . 

• In the initial step of this methodology, FMs are 

distinguished by the Decision Maker (DM) group inside 

the risk evaluation domain. The values of the SOD 

factors are decided. In the customary FMEA for 

estimation of RPN score, the SOD factors are rated 

customarily from 1 for the most reduced degree to 10 for 

the most elevated  . 

• In the subsequent stage, DVSM is utilized to propose 

various loads of the SOD agents. In this stage, the DVSM 

stages are carried out to decide the heaviness of each 

hazard factor  . 

• In the next stage, the yields of previous stages have been 

utilized as a premise to focus on the distinguished failure 

modes utilizing the Weighted Risk Priority Number (W-

RPN) technique. The final rank of FMs is used to analyze 

sensitivity and energy efficiency. Figure 2 shows the 

proposed approach flowchart. 

Table 3: Conventional appraisals for RPN factors (Baležentis et al. 

2012) 

Rating S O D 

10 
Hazardous 

without warning Very high: 

Almost failure 

is inevitable 

Absolute 

uncertainty 
9 

Hazardous with 

warning 

8 Very high 
High: repeated 

failures 

High: repeated 

failures 
7 High 

6 Moderate 

Moderate: 

occasional 

failures 

Moderate: 

occasional 

failures 

5 Low 

4 Very low 

3 Minor 
Low: relatively 

few failures 

Low: relatively 

few failures 
2 Very minor 

1 None 

Remote: 

unlikely 

failures 

Remote: 

failure is 

unlikely 

 

 
 

Figure 2. Proposed approach flowchart 

 

4. CASE STUDY 

Heat exchange constitutes a fundamental aspect within a 

thermal framework, necessitating the refinement of device 

arrangements (Almerbati, 2021). Heat exchangers serve the 

crucial role of transferring heat energy between two fluids 

with disparate temperatures. These versatile devices find 

application in various domains, including chemical 

processing, mechanical radiators, solar-powered systems, 

vehicles, and power plants (Abu-Hamdeh et al. 2020). 

Notably, there exist different types of heat exchangers, and the 

helical-pipe configuration stands out among them . 

The helical-pipe design introduces a radial component of 

force owing to the curvature of the pipe. This feature fosters 

an auxiliary flow pattern perpendicular to the primary axial 

flow, facilitating both fluid mixing and enhanced heat transfer. 

Consequently, the use of helical tubes in the heat exchange 

process proves to be highly efficient when compared to 

straight pipes  (Mehrabi et al. 2013). 

Numerous investigations have delved into this subject, 

with a range of studies conducted (Li, 2021- Maddah, 2018- 

Kumar, 2018- Pashaee, 2012- Pashaee, 2018- Pashaee, 2021). 

In a numerical exploration, Pashaee et al. (2011) scrutinized 

vital parameters in a two-tube heat exchanger. Figure 3 

illustrates the configuration of their primary model, 

showcasing the positions of considered failure modes in this 

specific type of heat exchanger. The insights gained from these 

studies contribute significantly to our understanding of heat 

exchange processes and underscore the importance of 

innovative design in optimizing thermal systems. 
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Figure 3: Failure modes position in a helicoidal double-tube heat exchanger Pashaee et al. (2011) 

 

Although the heat exchangers are generally intended for an 

ordinary life of over ten years, their real service life, 

notwithstanding, shifts from 2-3 to 6-8 years, contingent upon 

the service conditions and obviously on the nature of warmth 

move media. The sort of scale contrasts from one industry to 

another, contingent upon the mineral substance of the 

accessible fluid (Vasauskas et al., 2006). 

 

Assumptions : 

As previously mentioned, the helical type of heat 

exchanger boasts significant advantages, but its performance 

is subject to several critical parameters referred to as failure 

modes. These factors can detrimentally impact the heat 

exchanger's efficiency. According to Table 4, Operation limit, 

Sediment, Corrosion, Erosion, Fluid type, Input temperature, 

Request temperature, Pressure, Material, Flow array, 

Location, and Cost constitute a category of failure modes 

considered in the present work   (Vasauskas et al., 2006). The 

primary objective of the current study is to identify the key 

factors that should be taken into account in heat exchanger 

design . 

Initially, it is assumed that Failure Modes (FMs) are 

specified by the Decision Maker (DM). The values of the SOD 

factors are determined (refer to Table 4). Subsequently, the 

Decision Variable Selection Method (DVSM) is employed to 

propose various loads for the SOD agents. At this stage, 

DVSM stages are executed to determine the significance of 

each hazard factor. Ultimately, the results obtained from the 

preceding steps serve as a basis to focus on the distinguished 

failure modes using the Weighted Risk Priority Number (W-

RPN) technique. The final ranking of FMs is then utilized to 

assess energy efficiency. 

 

Table 4: Double-pipe heat exchanger failure modes (Pashaee et al. , 2011- Vasauskas et al., 2006) 

Failure modes Definitions S O D 

1Fm Operation limit: lack of space for heat exchanger installation 9 8 3 

2Fm Sediment: matter that settles to the bottom 9 9 2 

3Fm Corrosion: the process of corroding metal 7 7 4 

4Fm Erosion: being eroded procedure caused by air, water, and so on 7 6 5 

5Fm Fluid type: working fluid physical features 5 5 4 

6Fm Input temperature: entrance temperature for fluid 6 8 5 

7Fm Request temperature: purpose temperature for outflow fluid 4 9 6 

8Fm Pressure: the pressure that the device works in 5 6 8 

9Fm Material: the matter from which the device is made 4 4 7 

10Fm 
Flow array: if the various arrays of flow (parallel and counter) affect the heat exchanger 

proficiency 
6 6 5 

11Fm Location: the place that the device is installed in 4 3 8 

12Fm Cost: an amount that has to be paid to produce the device 7 7 5 
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5. Analysis of the results 

The outcomes acquired from the offered approach for 

prioritization of the two-tube heat exchanger failures are 

introduced in this segment. As indicated by the principal 

period of this methodology (Figure 2), the FMs are first 

distinguished by the FMEA team, and then, for each FM, the 

values of SOD factors are determined based on linguistic 

variables (Table 3). These SOD factor values for the 12 FMs 

are represented in Table 4 regarding the FMEA team concept. 

Next, DVSM has been applied to determine the SOD factors' 

weight using Table 1. Finally, the third step will be as follows: 

Solution: 

At first, the criteria are ranked by DM based on the 

importance as follows: 

 
𝑆 >  𝑂 >  D 

Based on Table 1, the relative importance of 𝑆 to 𝑂 is Very 

Low importance (VLI) and 𝑂 to D is Moderate importance 

(MI). Therefore, 𝑎𝑆𝑂 = 1.2 and  𝑎𝑂𝐷 = 1.5. Therefore, the 

results in Equations (3)-(5) for this example are: 

Min 𝑧 = √(𝑤𝑆 − 1.2𝑤𝑂)2 + (𝑤𝑂 − 1.5𝑤𝐷)2 

s.t.o: 𝑤𝑆 + 𝑤𝑂 + 𝑤𝐷 = 1  

𝑤𝑆, 𝑤𝑂, 𝑤𝐷 ≥ 0 

Upon solving this model, 𝑤𝑆
∗ = 0.419, 𝑤𝑂

∗ = 0.349, 𝑤𝐷
∗ =

0.232, and 𝑧∗ = 0. 
To rank the failure modes by weighted RPN method, it is 

represented as: 

 
𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑅𝑃𝑁𝑖 = (𝑎𝑖𝑆𝑤𝑆) × (𝑎𝑖𝑂𝑤𝑂)

× (𝑎𝑖𝐷𝑤𝐷);   𝑖 = 1, 2, … , 𝑛 

(11) 

𝑤𝑆, 𝑤𝑂, and 𝑤𝐷 are the weights of SOD factors, 

respectively. 𝑎𝑖𝑆 , 𝑎𝑖𝑂, and 𝑎𝑖𝐷  are the components of the 𝑖𝑡ℎ 

failure concerning SOD factors. 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑅𝑃𝑁𝑖 is the value 

of the 𝑖𝑡ℎ failure mode.  

Table 5 presents the outcomes of the Traditional Risk 

Priority Number (RPN) analysis. In this analysis, failure mode 

Fm12 with an RPN of 245 holds the top rank. The second rank 

is shared by failure modes Fm6 and Fm8, both having an RPN 

of 240. Meanwhile, failure modes Fm1 and Fm7, with an RPN 

of 216, are placed in the third rank. This categorization results 

in ten classes during the failure prioritization process. 

However, an examination of failure prioritization based on 

the traditional RPN reveals a lack of comprehensive 

prioritization for the Failure Modes (FMs). Consequently, this 

can create confusion for Decision Makers (DM) involved in 

risk management. Notably, Table 5 suggests that the 

incomplete prioritization might be attributed to neglecting the 

weight of Specific Operational Design (SOD) factors. 

A comparison between the outcomes of the weighted 
RPN and the traditional RPN indicates that the failure 
modes, previously sharing the same rank in the traditional 
analysis, are now divided into twelve classes. Further 
scrutiny reveals that failure modes Fm6 and Fm8, initially 
placed in the 2nd rank based on the traditional RPN, now 
find themselves in the fourth and eighth ranks, 
respectively, according to the proposed technique. 
Interestingly, Fm2, which held the 7th rank in the 
traditional RPN, now claims the first position. This shift 
underscores the effectiveness of the Design Variable 

Sensitivity Matrix (DVSM) weighting strategy in 

appropriately highlighting high-risk criteria. 

For a more detailed visual representation, Figure 4 

illustrates a side-by-side comparison of the traditional and 

weighted RPN results. The contrast between these approaches 

underscores the significance of incorporating weighted factors 

for a more nuanced understanding of risk prioritization in 

Failure Mode and Effects Analysis (FMEA). 

 
 

Table 5: Prioritization of the FMs dependent on the weighted RPN 

Failure mode 

Risk Factors Conventional FMEA Proposed FMEA 

S O D 
Traditional 

RPN 

Initial 

Rank 
Weighted RPN Final Rank 

1Fm Operation limit 9 8 3 216 3 7.256 2 

2Fm Sediment 9 9 2 162 7 7.372 1 

3Fm Corrosion 7 7 4 196 5 6.302 5 

4Fm Erosion 7 6 5 210 4 6.186 7 

5Fm Fluid type 5 5 4 100 9 4.767 10 

6Fm Input temperature 6 8 5 240 2 6.465 4 

7Fm Request temperature 4 9 6 216 3 6.209 6 

8Fm Pressure 5 6 8 240 2 6.047 8 

9Fm Material 4 4 7 112 8 4.698 11 

10Fm Flow array 6 6 5 180 6 5.767 9 

11Fm Location 4 3 8 96 10 4.581 12 

12Fm Cost 7 7 5 245 1 6.535 3 

weight 0.419 0.349 0.232  
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Figure 4: Comparison of traditional and weighted RPNs 

 
6. Sensitivity analysis 

According to the data presented in Table 6, the sensitivity of 

triple factors is investigated by varying their weights. For 

instance, Case 0 represents the attained weight values of the 

triple factors in the DVSM weighting procedure, while the 

others depict distinct weights for feasible scenarios. The 

results of the positioning of failure modes for various cases are 

outlined in Table 7 and Figure 5. 

In Case 1, there is a 0.1 increase in the weight of the S factor 

and a corresponding 0.1 reduction in the weights of the O and 

D factors. Case 2 involves 0.1 increments for the O factor 

weight and 0.1 decreases in the weights of the S and D factors. 

Lastly, Case 3 exhibits a 0.1 increase in the weight of the D 

factor and a 0.1 decrease in the weights of the S and O factors. 

Analyzing Table 7 and Figure 5 reveals that in Case 1, certain 

failure mode ranks have changed. For example, FM10 shifts 

its rank from 9 to 7, FM4 descends from 7 to 5, FM6 undergoes 

a change from 4 to 6, and FM7 exhibits a notable difference in 

rank from 6 to 9. However, some failure modes maintain their 

positions, such as FM1, FM2, and FM12, retaining ranks 1, 2, 

and 3, respectively. 

In Case 2, failure modes 12, 5, and 10 experience rank 

changes, with FM12 shifting from 3 to 5, FM5 moving from 

10 to 4, and FM10 descending from 7 to 9. On the other hand, 

FMs 1, 2, 9, and 10 maintain their positions in 2, 1, 11, and 9, 

respectively. 

In Case 3, where the D factor weight is the highest, FM1 and 

FM2 change their ranks, breaking the consistency observed 

in previous cases. Specifically, FM3 transitions from 5 to 8, 

and FM8 descends from 8 to 3. Additionally, FM9 and FM10 

retain their ranks at 11 and 9, respectively.

Table 6: Triple factors weight for considered cases 

Triple factors Case 0 Case 1 Case 2 Case 3 

S 0.419 0.519 0.319 0.319 

O 0.349 0.249 0.449 0.249 

D 0.233 0.133 0.133 0.333 

Table 7: Ranking results of FMs 

Failure modes Case 0 Case 1 Case 2 Case 3 

FM1 2 2 2 1 

FM2 1 1 1 2 

FM3 5 4 6 8 

FM4 7 5 7 7 

FM5 10 10 4 12 

FM6 4 6 3 5 

FM7 6 9 4 6 

FM8 8 8 8 3 

FM9 11 12 11 11 

FM10 9 7 9 9 

FM11 12 11 12 10 

FM12 3 3 5 4 
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Figure 5: Sensitivity analysis for weighted RPN 
 
7. Energy analysis 

Based on Table 5, this section investigates the effect of the 

most important parameter on the heat transfer rate. 

Considering Pashaee et al. (2011) represented data, Figure 6 

can be displayed. The Annulus Dean-number for this figure is 

regarded as 11.93. It should be noted that Figure 7 also shows 

the validation diagram of the numerical work on the converter. 

This work is compared with the experimental work of Mr. 

Prabhanjan et al. (2002). The error value in this graph is 

approximately 9.3 percent, which is an acceptable error. 

 
Figure 6: Heat transfer rate for various inner Dean numbers at 

Dean=11.93(Pashaee et al., 2011) 

 

Figure 7: Comparison of experimental and numerical data for 

overall heat transfer coefficient 

where 

𝐷𝑒 = (𝑉𝑑 𝜈⁄ )√(𝑑 2𝑅⁄ ) (12) 

𝐷𝑒 = (𝜌𝑉 𝜇⁄ )((𝐷𝑜
2 − 𝐷𝑖

2) (𝐷𝑜 + 𝐷𝑖)⁄ )√(𝐷𝑜 − 𝐷𝑖) 𝑅⁄  (13) 

According to the work of Ogbonnaya and Ajayi (2017), 

fouling rates formula can be recommended as follows: 

𝑅𝑓 = 𝐴 𝑞⁄  (14) 

where 𝐴 = 𝑇𝑠𝑡 − 𝑇𝑠𝑜 , such that 𝑇𝑠𝑡  and 𝑇𝑠𝑜 are the surface 

temperature at time t and zero, respectively, and 𝑞 is the heat 

transfer rate. Figure 8 displays the related graph. 

 
Figure 8: Fouling rate versus heat transfer rate (A was assumed 20 K) 

By considering the amount of sediment, Equation 14 can 

be rewritten as follows: 

𝑞𝑛𝑒𝑤 = 𝐴 𝑅𝑓
′⁄  (15) 

That: 

𝑅𝑓
′ = 𝑅𝑓 (1 − 𝑤𝑠)⁄  (16) 

where 𝑤𝑠 is the weight of severity factor for sediment 

failure mode (Table 6). By changing the values of 𝑤𝑠 , Figure 

9 can be presented. 
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Figure 9: The amount of heat transfer rate versus different fouling 

rates by applying different 𝒘𝒔 

Figure 9 demonstrates that a reduction of almost 65% in 

fouling rate increases the amount of heat transfer by 105%. 

This massive increment can decrease energy consumption and 

improve system efficiency. Considering efficiency as follows:  

𝜂 = 𝑞𝑓 𝑞𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡⁄ × 100 (17) 

Figure 10 displays the amount of system efficiency for 

various modes. It is evident that the more sediment, the less 

system efficiency. When 𝑤𝑠1 = 0.219, the efficiency is 𝜂1 =
78.1% while if  𝑤𝑠5 = 0.619, then the efficiency has a value 

of 𝜂5 = 38.1%. 

 

Figure 10: Comparison of efficiencies for different modes 

The presented analysis demonstrates that accounting for 

the impact of failure factors can deviate numerical results from 

the ideal state, bringing them closer to real-world outcomes. 

This analysis holds significant importance, especially in 

highly advanced industrial designs, such as those in the 

aerospace and medical industries. It enables designers to 

ground their final analyses on more realistic data . 

Another analysis that warrants mention is the impact of 

sedimentation on energy and economic assessments. Figure 11 

illustrates the energy loss over time, specifically for 

Ws=0.619. Through effective sedimentation management, 

Figure 12 depicts potential energy and cost savings. 

 
Figure 11: Losses through time for heat exchanger 

 
Figure 12: Losses through time for various Ws 

Figure 12 states that the amount of economic savings and 

therefore energy savings from Ws=0.619 to Ws=0.219 is 

about 12%, which is a significant amount. 

 

8. CONCLUSION 
Risk evaluation is a crucial aspect of system design, 

gaining increasing prominence in the design process. The 

Failure Mode and Effect Analysis (FMEA) method, designed 

to furnish information for risk management, finds widespread 

application across various domains. In FMEA, Failure Modes 

(FMs) are determined and evaluated through risk factors 

categorized as Severity (S), Occurrence (O), and Detection 

(D). In a typical FMEA, the risk rank of each failure mode is 

computed by multiplying the raw values of the risk factors . 

This study introduces the Deviation Value Step-Wise 

Method (DVSM) to derive scores for Severity, Occurrence, 

and Detection (SOD) factors, thereby prioritizing failure 

modes. Following the identification of Failure Modes using 

the FMEA technique, DVSM assigns weights to the SOD 

factors, addressing a shortcoming of the conventional Risk 

Priority Number (RPN) value, which lacks the consideration 

of different weights for determinant factors. The outcomes 

demonstrate the effectiveness of this approach in achieving 

comprehensive prioritization of failure modes . 

The proposed methodology empowers decision-makers to 

identify critical failure modes based on nuanced 

differentiation, enabling the formulation of 

corrective/preventive actions within the constraints of 
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available resources. Application of this approach to analyze 

failure modes in a dual-tube heat exchanger, in comparison to 

traditional FMEA, reveals more pragmatic results. For 

instance, failure modes FM6 and FM8, jointly ranked second 

based on conventional RPN scores, are repositioned to fourth 

and eighth positions, respectively, with the proposed 

approach. Furthermore, sensitivity and energy analyses, 

involving varying weights of SOD in four scenarios, 

underscore the impact on the repositioning of failure modes . 

Examining the most critical failure mode, sediment, and its 

effect on the system's heat transfer rate and energy efficiency, 

the results highlight a 65% reduction in fouling rate leading to 

a 105% increase in energy efficiency. Economic and energy-

saving analysis indicates substantial savings, ranging from 

Ws=0.619 to Ws=0.219, amounting to about 12%. This 

signifies a significant contribution to the overall understanding 

and optimization of the system under consideration. 
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NOMENCLATURE 

a alternative 

c criteria 

De Dean number 

Fm Failure mode 
v velocity 

w weight 
z Request function 

Greek letters 

µ viscosity 
η efficiency 
Subscripts 

i inner 
o outer 
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