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Abstract: This study evaluates the reliability of flowmeters applied to marine liquid-hydrogen storage and supply systems under cry-

ogenic conditions using failure mode and effects analysis (FMEA) and quality function deployment (QFD). The FMEA identified 30 

potential failure modes, of which, sensor-tube deformation showed the highest risk, and sensor-tube fracture, driver-coil malfunction, 

and pickup-coil output instability were conditionally acceptable within the “as low as reasonably practicable” region. The results indi-

cated that both the mechanical and electronic components are critical for maintaining measurement stability in cryogenic hydrogen 

environments. Based on the FMEA outcomes, a QFD analysis was performed to connect the user and classification requirements with 

the technical design elements and environmental test priorities. The humidity test was identified as the most significant factor influ-

encing flowmeter reliability, followed by the lifetime, low-temperature, and vibration tests. These findings provide a practical frame-

work for the design verification and environmental validation of marine flowmeters and enable long-term stable operation under cry-

ogenic hydrogen conditions. 
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1. Introduction 

Recent developments in the maritime industry have accelerated 

the adoption of carbon-free fuels in pursuit of carbon neutrality, lead-

ing to the active research and development of ships powered by liq-

uid hydrogen [1]-[5]. Liquid hydrogen has a high gravimetric energy 

density and produces almost no combustion byproducts, making it 

an environmentally friendly fuel. However, it must be stored and 

transported at cryogenic temperatures, and its volatility and high ex-

plosion risk during vaporization or leakage make it difficult to handle 

[6][7]. Because of these characteristics, precise instrumentation sys-

tems are essential for the safe operation of hydrogen-fueled ships. 

These systems must monitor and control the fuel state continu-

ously [8]. 

Among these systems, the flowmeter serves as a critical compo-

nent that precisely measures the fuel flow between storage tanks and 

supply pipelines, directly influencing fuel-supply control, engine-

power regulation, cooling efficiency, and leakage detection. The low 

viscosity and large density variation of cryogenic liquid hydrogen 

can cause an unstable flow under small thermal or vibrational dis-

turbances. Therefore, flowmeters for liquid-hydrogen applications 

require greater measurement stability and environmental reliability 

than those designed for Liquefied natural gas(LNG) or conventional 

liquid fuels [9][10]. 

While reliability methodologies such as failure mode and effects 

analysis (FMEA) and quality function deployment (QFD) have been 

widely applied to established LNG flow-metering systems to ensure 

their operational maturity, prior studies primarily address tempera-

tures of approximately -163 °C. However, liquid hydrogen is signif-

icantly more challenging owing to its extremely low boiling point of 

-253 °C. Unlike LNG, liquid hydrogen induces unique failure mech-

anisms, including extreme thermal contraction, severe material em-

brittlement, and flow instabilities owing to its significantly lower vis-

cosity and density. Consequently, the reliability data and design 

guidelines derived solely from LNG applications are insufficient for 

hydrogen systems, necessitating a dedicated analysis that specifically 

targets the cryogenic hazards of liquid hydrogen. 

However, most commercial flowmeters are designed for ambient 

or moderately low-temperature fluids, such as LNG, and their per-

formance under the extreme physical and mechanical stresses of cry-

ogenic hydrogen conditions has not been sufficiently validated. For 
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example, in Coriolis-type flowmeters, the drive and sensing coils can 

be affected by thermal contraction and material brittleness at low 

temperatures. Moreover, changes in the stiffness or damping charac-

teristics of vibrating tubes may distort the measurement signal [11]. 

The electronic circuitry inside a transmitter is vulnerable to conden-

sation and thermal shock, whereas insulation degradation and noise 

interference may occur under severe vibrations and humidity. These 

combined effects can compromise not only the measurement accu-

racy but also the operational safety of the overall system. 

The design and operational reliability of flowmeters used in cryo-

genic hydrogen environments can be ensured by systematically ana-

lyzing possible failure events, evaluating their causes and impacts, 

and assessing the likelihood and severity of their occurrence. This 

study addresses this need by conducting an FMEA of flowmeters and 

transmitters applicable to marine liquid-hydrogen storage systems. 

The vulnerabilities of key components are examined based on the 

identified failure modes, and the critical risk factors requiring atten-

tion under cryogenic operating conditions are derived. Furthermore, 

a QFD analysis is conducted by linking the results of the FMEA with 

user requirements and technical standards established by certifica-

tion bodies. This combined approach enables the prioritization of en-

vironmental testing and design-improvement items, and provides de-

sign guidelines to enhance reliability in the early development stage. 

This study systematically analyzes the structural configuration 

and potential failure mechanisms of flowmeters used in marine liq-

uid-hydrogen storage and supply systems. The analysis results pro-

vide a technical basis for identifying the performance-degradation 

factors that may arise under extreme environmental conditions and 

for establishing preventive design considerations at the early devel-

opment stage. These results can serve as a foundation for establishing 

environmental-testing standards for cryogenic sensors, refining cer-

tification and evaluation processes, and advancing real-time diagnos-

tic and condition-based maintenance technologies for hydrogen-

fueled vessels. 

2. Reliability-Evaluation Methodology

2.1 FMEA Method 

FMEA is a reliability assessment procedure. It is designed to sys-

tematically predict potential failures that may occur during the de-

sign, manufacturing, and operational stages of a system or product. 

It analyses the causes and consequences of each failure to establish 

preventive measures in advance. This method divides the functions 

of each component within a complex system into detailed elements 

and evaluates the effects of any malfunction on the overall system  

Figure 1: Procedure of FMEA 

both qualitatively and quantitatively, thereby enabling a failure-pre-

vention-oriented design approach [12][13]. 

The overall procedure for the FMEA used in this study is summa-

rized in Figure 1. The analysis begins by defining the functional 

structure of the target device. As most systems include numerous 

subsystems and components, the degree of segmentation must be 

carefully selected to ensure consistency with the analysis objectives. 

The level of detail must be sufficient for the proposed improvement 

measures to be applicable in the actual design or maintenance stages. 

Once the functional breakdown is completed, the potential failure 

modes for each component are identified, and their resulting effects, 

such as performance degradation or system shutdown, are examined. 

The causes of failure include material fatigue, structural damage, vi-

bration, temperature fluctuations, thermal shock, electrical abnor-

malities, wear, and corrosion; environmental and human factors are 

also considered [14]. 

Three evaluation parameters are assessed for each failure mode: 

severity (S), occurrence (O), and detection (D). The combined prod-

uct of these parameters represents the risk priority number (RPN), 

which is used to compare the relative risk significance of individual 
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failure modes within the system. The RPN serves not as an absolute 

risk value, but as an indicator that prioritizes potential failures within 

the same system. 

This method effectively captures rare but high-impact failures, as 

well as recurring faults that are not easily detected through routine 

monitoring. Consequently, it provides practical guidance for enhanc-

ing the reliability during system operation by reinforcing weak points 

at the design stage or adjusting maintenance strategies [15]-[17]. 

2.2 Functional Analysis of Flowmeter System 

The flowmeter is a key device in the fuel-supply system of a ship 

that precisely measures the flow rate and density of the fluid moving 

between the storage tank and fuel line [18]. The measured data are 

transmitted to the control system through a transmitter, directly con-

tributing to fuel control, valve operation, leak detection, and combus-

tion efficiency. Because liquid hydrogen exhibits large density fluc-

tuations with temperature and repeated vaporization and condensa-

tion, even minor flow deviations can critically affect system safety 

and efficiency. 

In this study, functional analysis was conducted on a Coriolis-type 

mass flowmeter commonly used in marine fuel-storage systems. 

Figure 2 shows the analyzed sensor [19] and Table 1 presents the 

results. The device measures the mass flow by detecting the Coriolis 

force generated as the vibrating tube interacts with the flowing fluid, 

and simultaneously determines the density from the vibration-fre-

quency change [20][21]. 

Table 1: Functional analysis of flowmeter 

Node Item description 

1 Flowmeter  
1.1 Cover & Housing 
1.2 LCD module 
1.3 Transmitter 
1.4   Sensor 

Figure 2: Structure of flowmeter 

The transmitter amplifies, converts, and compensates the sensor 

signal for transmission to the control system. It includes power, sig-

nal processing, and communication circuits that must maintain a sta-

ble operation under cryogenic, vibrational, and humid conditions. 

Noise suppression and insulation reliability are critical for minimiz-

ing the output errors from signal interference. 

The flowmeter operates as an integrated system in which the sen-

sor and transmitter coordinate the flow measurements, signal pro-

cessing, and data transmission. Identifying the functional roles of 

each component and analyzing the potential failure modes form the 

foundation of FMEA. 

2.3 QFD Analysis Method 

QFD is a quality-design methodology used in the early stages of 

system or product development to systematically analyze user re-

quirements and translate them into corresponding technical elements 

to be addressed during the design process. By quantifying user ex-

pectations and operational requirements and linking them to tech-

nical specifications, QFD enhances product completeness and relia-

bility [22][23]. This approach is particularly effective for sensor de-

vices operating under complex conditions, where a single malfunc-

tion may affect the entire system, as it ensures reliability during the 

design stage. 

In this study, QFD analysis was conducted for marine flowmeters 

and transmitters used in cryogenic liquid-hydrogen storage systems. 

Because a flowmeter measures fuel flow in real time, its accuracy 

and stability are directly related to the operational safety of the vessel. 

Therefore, the analysis defines key quality attributes by incorporat-

ing user and classification society requirements, from which the cor-

responding technical-test items are derived. The primary require-

ments include measurement accuracy, long-term stability, cryogenic 

resistance, moisture resistance, vibration durability, electromagnetic 

compatibility, maintenance convenience, and overall reliability. 

These factors are selected by considering both the actual shipboard 

operating conditions and physical characteristics of liquid-hydrogen 

systems [24]-[27]. 

The analysis was executed in a two-stage process to link failure 

risks to technical-test items systematically. In the first stage (Level 

1), the failure modes identified in the FMEA were mapped against 

the user requirements to determine the critical design components. 

The importance scores derived from this stage were then carried over 

to the second stage (Level 2), where they served as weighting factors 

to prioritize the environmental-test items. The key tests included 

low-temperature endurance, vibration, humidity, voltage, current tol-

erance, and lifetime testing. Each test item was prioritized based on 
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its potential likelihood of failure and impact on performance. 

The results can be applied in the early design stage of flowmeter 

development to define the design criteria and testing conditions, 

while also providing a foundation for enhancing environmental reli-

ability and establishing certification and qualification testing plans. 

2.4 Evaluation Framework for FMEA and QFD 

In this study, the risk assessment for the FMEA was performed 

using two parameters: severity (S) and occurrence (O). The detection 

(D) factor was excluded based on the assumption that the target trans-

mitters were integrated into a continuous monitoring system with 

self-diagnostic capabilities. Because failures, such as signal irregu-

larities or communication loss, trigger immediate alarms, the proba-

bility of a failure remaining undetected was considered negligible. 

Therefore, to prioritize risks based solely on the magnitude of the 

impact and frequency, the risk level was defined as the product of 

severity and occurrence. This evaluation framework was established 

with reference to the MIL-STD-882D guideline [28], and the risk 

matrix and acceptance levels are presented in Tables 2 and Table 3. 

The assessment was performed by two experts with over ten years 

of professional experience in marine instrumentation. Their evalua-

tion was based on failure data collected from the LNG-carrier flow-

meter-operation records and supplementary technical information 

provided by the manufacturer. 

Table 2 shows the combined assessment values for severity and 

occurrence. Each parameter is divided into three levels (low, me-

dium, and high), and the intersection of the two parameters deter-

mines the total risk level, which ranges from 1 to 9. Higher numerical 

values indicate a greater combined impact and frequency of occur-

rence. 

Table 3 lists the corresponding risk-acceptance regions. A risk 

level of 9 belongs to the intolerable region, indicating that the asso-

ciated failure must be corrected or mitigated before system operation. 

Levels 3–7 fall within the “as low as reasonably practicable” 

(ALARP) region, where the risk can be accepted only if further re-

duction is impractical or economically disproportionate. A risk level 

of 1 is broadly acceptable, indicating that the associated failure has a 

negligible impact on safety and performance. 

The severity levels summarized in Table 4 describe the degree of 

effect that a failure exerts on system operation. A high severity level 

(3) refers to failures that may cause critical incidents, such as explo-

sions, leakages, or fires, or lead to a complete shutdown of the fuel-

supply system. A medium level (2) may degrade system performance 

or cause equipment damage. A low level (1) represents minor effects, 

in which the system remains operational with manageable warnings 

or replaceable components. 

Table 2: Risk-assessment values 

 Severity 

Occurrence 
Low (1) Medium (2) High (3) 

9 1 3 5 
3 ~ 7 3 5 7 

1 5 7 9 

Table 3: Risk-acceptance levels 

Risk 
level 

Description 

9 Intolerable region 
3 ~ 7 ALARP(As low as reasonably practicable) region 

1 Broadly acceptable region 

Table 4: Severity levels 

Level Description 

High (3) 
critical failures that result in severe hazards or 
complete system shutdown. 

Medium 
(2) 

moderate failures that lead to degraded system 
performance or physical damage to equipment. 

Low (1) 
minor failures that have negligible impact, al-
lowing continued operation with manageable 
alerts or routine replacements. 

Table 5: Occurrence levels 

Level Description 

High (3) 
Failures that are expected to occur frequently 
during the operational lifespan or are common in 
similar systems. 

Medium 
(2) 

Failures that might occur occasionally (e.g., 
once) during operation or are theoretically possi-
ble based on design. 

Low (1) 
Failures that are highly unlikely to occur and 
have no documented precedents in actual ser-
vice. 

The occurrence levels shown in Table 5 indicate the likelihood 

of failure. A high occurrence level represents failures that appear 

frequently during service life or are commonly observed in sim-

ilar systems. A medium level denotes events that may occur once 

during operation or have theoretical possibilities based on the de-

sign conditions. A low level corresponds to rare or unreported 

events with a minimal probability in an actual service. 

This structured evaluation framework allows the identification 

of intolerable and high-priority failure modes that require imme-

diate design improvement, as well as the classification of ac-

ceptable or manageable risks that can be addressed through pre-

ventive maintenance and monitoring. 
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3. Results and Discussion

3.1 FMEA Results 

Thirty potential failure modes were identified based on the FMEA 

conducted for the flowmeter applied to liquid-hydrogen storage and 

supply systems of ships. This evaluation considered the functional 

structure, operational environment, and stress factors that occur un-

der cryogenic and vibrational conditions. The assessed severity and 

occurrence ratings for each failure mode were used to calculate the 

RPN, as summarized in Table 6. 

Among the analyzed failure modes, sensor-tube deformation was 

evaluated as having the highest risk level, with an RPN value of 9. 

This failure is likely to occur under cryogenic conditions owing to 

repetitive thermal contraction and vibrational loading, which can 

cause significant functional losses, such as flow-measurement errors 

or process interruptions. 

In addition, the sensor-tube fracture, driver-coil operation failure, 

and pickup-coil output instability showed relatively high risk levels 

(RPN 7). These failures were within the ALARP region, indicating 

that the risk is conditionally acceptable when appropriate mainte-

nance and inspection measures are implemented. These are primarily 

associated with material fatigue, insulation degradation, and sensi-

tivity reduction under continuous vibration, all of which may cause 

inaccurate flow measurements or temporary system shutdowns. 

The results indicate that the electrical and mechanical components 

of the flowmeter are both critical for maintaining measurement sta-

bility in cryogenic hydrogen environments. Accordingly, sensor-tube 

deformation was selected as a representative intolerable failure mode 

requiring structural and material design improvements. Table 7 lists 

the design recommendations and RPN-reduction results derived 

from the proposed preventive measures. 

3.2 QFD Result 

Table 8 presents the results of the first-stage QFD analysis and 

Table 6: FMEA result of flowmeter 

Table 7: Critical failure mode and corresponding design recommendations 

Node 
(type) 

Item descrip-
tion 

Failure 
Mode 

(Initial) 
Recommendation 

(Revised) 
S O RPN S O RPN 

1.4.1 Sensor tube Deformation 3 3 9 

Structural reinforcement measures 
- Tuned natural frequency design 
- Geometry optimization 
Material and manufacturing improvements 

3 2 7 

S O RPN

1

1.1

1.1.1   Cover Protection of internal electronic components Crack/ Loosening External shock/ Vibration Moisture or foreign matter may enter electronics, causing failure 2 1 3 Visual inspection

1.1.2   Reinforced glass Display verification and electronic unit protection Fracture External shock Incorrect reading; moisture ingress may lead to failure 2 1 3 Visual inspection

1.1.3   Housing Protection of internal electronic components Crack/ Loosening External shock/ Vibration Moisture or foreign matter may enter electronics, causing failure 2 1 3 Visual inspection

1.1.4   Cable gland Entry point for power and communication cables Loosening External shock/ Vibration
Moisture or foreign matter may enter electronics, causing failure

Loose cables lead to unstable power and communication
2 1 3 Visual inspection

1.1.5 Sealing(O-ring) Protection of cover sealing and IP66 level Fracture/Deformation External shock/ Vibration Moisture or foreign matter may enter electronics, causing failure 1 1 1 Visual inspection

1.2

Display Error Electrical noise Incorrect local values, sensor unaffected 1 1 1 Visual inspection

Display Failure Overvoltage/ Overcurrent Unable to verify flow data locally 1 1 1 Visual inspection

Intermittent Operation Poor contact, component deterioration Hard to adjust high values, sensor unaffected 1 1 1 Visual inspection

Operation Failure Short/ Open circuit Remotely verifiable, sensor unaffected 1 1 1 Visual inspection

Intermittent Operation Poor contact, component deterioration Hard to adjust low values, sensor unaffected 1 1 1 Visual inspection

Operation Failure Short/ Open circuit Remotely verifiable, sensor unaffected 1 1 1 Visual inspection

Intermittent Operation Poor contact, component deterioration Hard to revert screen, sensor unaffected 1 1 1 Visual inspection

Operation Failure Short/ Open circuit Remotely verifiable, sensor unaffected 1 1 1 Visual inspection

Intermittent Operation Poor contact, component deterioration Hard to select values, sensor unaffected 1 1 1 Visual inspection

Operation Failure Short/ Open circuit Remotely verifiable, sensor unaffected 1 1 1 Visual inspection

1.3

1.3.1   Regulator Stable power supply to the electronics Power Supply Failure Short circuit Flow measurement impossible 3 1 5 Functional inspection

1.3.2   EMI Filter Protection of electronic circuits from electrical noise Lost circuit protection function Short circuit Flow measurement impossible 3 1 5 Check in external system

Signal Transmission Error Noise Incorrect flow data transmitted 2 2 5 Check in external system

Signal Transmission Failure Component damage(overvltage/overcurrent) Unable to verify flow data 3 1 5 Check in external system

Signal Transmission Error Electrical noise Incorrect flow data transmitted 2 2 5 Check in external system

Signal Transmission Failure  Component failure (overvoltage/overcurrent) Unable to verify flow data 3 1 5 Check in external system

Control Signal Fluctuation Circuit degradation Incorrect flow data transmitted 2 2 5 Check in external system

Loss of Control Function  Component damage, software error Flow measurement impossible 3 1 5 Check in external system

Signal Transmission Error Noise Incorrect flow data transmitted 2 1 3 Check in external system

Signal Transmission Failure Component damage Unable to verify flow data 3 1 5 Check in external system

1.4

Fracture Impact, fatigue, errosion Flow measurement error and process shutdown 3 2 7 Detection of abnormal flow signal

Deformation Vibration Flow measurement error 3 3 9 Detection of abnormal flow signal

1.4.2   Driver coil Induces vibration in the tube Operation Failure Breakage, Coil insulation damage Flow measurement error and process shutdown 3 2 7 Detection of abnormal flow signal

1.4.3  Pickup coil Detection of tube vibration and generation of electrical signals Output instability
Decreased vibration sensitivity and wiring fault,
Coil insulation damage

Flow measurement error and process shutdown 3 2 7 Detection of abnormal flow signal

1.4.4  Sensor case Vacuum insulation for sensor protection and thermal isolation Fracture/Damage Impact, fatigue, errosion Flow measurement error and process shutdown 3 1 5
Detection of abnormal flow signal,
Visul inspection

Flowmeter Transmitter

 Cover & Housing

Node Item description Function Failure Mode Failure Cause Failure Effect

Risk
Matrix Detection of Failure

1.2.3   Down button Adjustment of values to a lower setting

1.2.4   Cancel(back) button

 LCD Module

1.2.1   Display Display of measured and configuration values

1.2.2   Up button Adjustment of values to a higher setting

 Sensor

1.4.1   Sensor tube Generation of coriolois effect by fluid vibration

1.3.6

Cancel and return to previous screen

1.2.5   Enter button Selection of desired measured/configuration values

  Signal measurement
Measures flow rate based on the principle of Coriolis force
Detects the phase difference generated as the fluid flows
A larger phase difference indicates a greater mass flow rate

1.3.3   Output signal (pulse) Transmission of flow measurement values

1.3.4
  RS-485/Analog
  Front-End Interface

Transmission of measured/configured values to data acquisition
system (Interface handling of analog and digital HART signals)

 Transmitter electronics

1.3.5   MCU

Execution of measurement algorithms
Storage of configuration values
Communication with data acquisition devices to deliver
measured/configured values
Display control Reception of raw data via RF Communication
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Table 9 summarizes the second-stage results. The first-stage evalua-

tion was performed by examining the correlation between the failure 

modes of each component in the flowmeter and user requirements. 

The primary evaluation criteria consisted of eight technical factors, 

as summarized in Table 8, which represent the essential performance 

and environmental-reliability requirements of the system. 

The analysis revealed that the components of the sensor section, 

which measure the mass flow through the Coriolis effect generated 

by fluid vibration, exhibited the highest importance scores. In partic-

ular, the sensor tube, driver coil, and pickup coil were identified as 

critical components that directly affect the measurement accuracy 

and output stability through their structural integrity and signal sen-

sitivity. These components are prone to stiffness degradation and 

Table 8: QFD result of flowmeter (Level 1) 

Table 9: QFD result of flowmeter (Level 2) 

  Cover
  Reinforced

glass
  Housing

  Cable
gland

Sealing
(O-ring)

     Failure modes

Requirements

Crack/
Loosening

Fracture
Crack/

Loosening
Loosening

Fracture/
Deformation

Display
Error

Display
Failure

Intermittent
Operation

Operation
Failure

Intermittent
Operation

Operation
Failure

Intermittent
Operation

Operation
Failure

Intermittent
Operation

Operation
Failure

Accuracy ▲ ▲ ▲ ▲ ▲ - - - - - - - - - -

Flow Measurement Range ▲ ▲ ▲ ▲ ▲ - - - - - - - - - -
High Reliability ◎ ◎ ◎ ◎ ◎ - - - - - - - - - -
Low Temperature Resistance - - - - - - - - - - - - - - -

Humidity Resistance ◎ ◎ ◎ ◎ ◎ ● ● ● ● ● ● ● ● ● ●

Vibration Resistance ◎ ◎ ◎ ◎ ◎ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲
Electromagnetic Compatibility - - - - - - - - - - - - - - -

Pressure Resistance - - - - - - - - - - - - - - -

Importance Score 33 33 33 33 33 8 8 8 8 8 8 8 8 8 8

Importance : ◎ High(9), ● Medium(5), ▲ Low(3)

Item
  Display   Up button   Down button   Cancel(back) button

 Cover & Housing LCD module

  Enter button

  Regulator   EMI Filter
  Driver

coil
 Pickup

coil
 Sensor case

   Failure modes

Requirements

Power
Supply
Failure

Lost circuit
protection
function

Signal
Transmission

Error

Signal
Transmission

Failure

Signal
Transmission

Error

Signal
Transmission

Failure

Control
Signal

Fluctuation

Loss of
Control

Function

Signal
Transmission

Error

Signal
Transmission

Failure
Fracture Deformation

Operation
Failure

Output
instability

Fracture/
Damage

Accuracy ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎

Flow Measurement Range ◎ ◎ ● ◎ ● ◎ ● ◎ ● ◎ ◎ ◎ ◎ ◎ ◎
High Reliability ◎ ◎ ● ◎ ● ◎ ● ◎ ● ◎ ◎ ◎ ◎ ◎ ◎

Low Temperature Resistance - - - - - - - - - - ● ● - ● -

Humidity Resistance ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ - ◎ -

Vibration Resistance ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ◎ ◎ - ◎ -

Electromagnetic Compatibility ● ● ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ - - -

Pressure Resistance - - - - - - - - - - ◎ ◎ - - -

Importance Score 44 44 40 48 40 48 40 48 40 48 68 68 27 50 27

Importance : ◎ High(9), ● Medium(5), ▲ Low(3)

Item
Transmitter electronics Sensor

  Output signal
(pulse)

  RS-485/Analog
  Front-End Interface

  MCU   Signal measurement   Sensor tube
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coil-insulation damage caused by repeated thermal contractions and 

vibrations under cryogenic conditions, leading to measurement er-

rors and signal instabilities. 

Within the transmitter, the Micro controller unit(MCU), RS-485 

circuit, and output-signal circuit exhibited relatively high importance 

scores. These circuits are responsible for signal amplification, con-

version, and transmission, and are thus vulnerable to electromagnetic 

interference and electrical stress, which may result in signal fluctua-

tion or loss of the control function. In contrast, mechanical compo-

nents such as the cover and housing have a limited direct influence 

on measurement accuracy, but may experience indirect degradation 

owing to vibration and moisture ingress during long-term operation. 

In the second-stage QFD analysis, the importance scores obtained 

from the first stage were used as weighting factors to assess the rela-

tive importance of the environmental-test items related to each fail-

ure mode. The results indicated that the humidity test received the 

highest total score, followed by the lifetime, low-temperature, and 

vibration tests. This outcome reflected the operational environment 

of the marine flowmeter, which was continuously exposed to com-

bined factors, such as humidity, temperature variation, and vibration. 

These factors can lead to insulation deterioration, signal drift, and 

cumulative sensor fatigue, demonstrating their significance as essen-

tial verification parameters for reliability evaluation. 

Overall, the QFD analysis established a priority framework for de-

veloping environmental testing and design-validation strategies for 

flowmeters. In particular, humidity, lifetime, and low-temperature 

tests were identified as the most critical evaluation parameters for 

maintaining stable performance in cryogenic liquid-hydrogen envi-

ronments. These findings complemented the FMEA results by 

providing practical guidance for improving the high-risk compo-

nents identified in the earlier analyses. 

4. Conclusion

This study performed a reliability evaluation of a flowmeter ap-

plied to marine liquid-hydrogen storage and supply systems under 

cryogenic conditions, using FMEA and QFD. The analysis focused 

on identifying the major failure modes of the flowmeter and deriving 

design improvements and environmental-validation strategies to en-

sure stable operation in extreme environments. 

Thirty failure modes were identified in the FMEA. Among them, 

sensor-tube deformation was evaluated as the most critical, with an 

RPN value of 9, owing to the high likelihood of its occurrence from 

repetitive thermal contraction and vibration. Sensor-tube fractures, 

driver-coil operational failures, and pickup-coil output instabilities 

were classified in the ALARP region, indicating conditionally ac-

ceptable risks requiring appropriate inspection and maintenance 

management. These results highlight that both the mechanical and 

electronic elements of the flowmeter are crucial for maintaining 

measurement stability in cryogenic hydrogen environments. 

The QFD analysis established a relationship between user and 

classification requirements and technical-design items, prioritizing 

environmental-test factors. The humidity test had the highest im-

portance, followed by the lifetime, low-temperature, and vibration 

tests. This reflected the combined influence of humidity, temperature 

variation, and vibration as the major factors affecting long-term reli-

ability. Humidity was identified as the primary cause of insulation 

deterioration and signal instability, emphasizing the need for water-

proofing and moisture-resistant design improvements. 

The integrated application of FMEA and QFD provided a system-

atic framework for the design verification and environmental testing 

of marine flowmeters. However, the risk assessment in this study was 

primarily based on expert judgments and proxy data owing to the 

current scarcity of long-term field records for marine liquid-hydro-

gen systems. Furthermore, this study concentrated on establishing 

design guidelines for the initial development phase; therefore, de-

tailed experimental validation of specific failure mechanisms, such 

as sensor-tube deformation and coil-insulation degradation, is in-

tended for future research to further validate the proposed frame-

work. By addressing these aspects with quantitative failure mode, ef-

fects and criticality analysis (FMECA) in subsequent studies, the pre-

cision of the reliability predictions can be further enhanced. The re-

sults of this study serve as practical reference data for the develop-

ment of design guidelines and reliability-assessment procedures for 

cryogenic hydrogen systems, thereby contributing to the develop-

ment of high-reliability flowmeters capable of long-term stable per-

formance under extreme operating conditions. 
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