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Abstract 

The implementation of fuel cells (FC) in transportation systems, as airplanes, requires 

some better understanding and mastering of their mechanical behaviours in vibrating 

environments. To this end, a FC stack is tested on a vibrating platform and characterised 

on the three geometric axes of the equipment. The impacts over the stack assembly of 

sine excitations with different frequencies and magnitudes are estimated using various 

accelerometers placed on different locations of the FC surface. Leak checks are also 

performed in order to verify that no malfunctions occur in the stack. 

In this first part, some descriptions concerning the test facilities and the experimental 

setup are given, as well as some information about the mechanical test procedure 

applied. Some frequency – acceleration diagrams resulting from the experiments are 

shown and analysed. Finally, some assessments concerning the stack behaviour in 

vibrating conditions are made. 

 

Keywords: PEM Fuel Cell; Vibration; Reliability; Complex mechanical system; Leak 

tests 

 

1. Introduction 

Future aircraft designs will require some higher electrical energy due to an increased 

number of passengers and more sophisticated cabin environment for an improved 

comfort. Besides, while the electrical energy consumption will continue to grow, a 

reduction of fuel consumption, reduced noise and gaseous emissions will be expected to 

lower environmental impacts of airplanes. The application of FC systems on board of 

aircrafts can be considered as a promising option to achieve these requests and to 

propose some alternative to gas turbine based generators. Besides, as a drop in 

possibility, FC generators can also be considered for emergency power supply units [1]. 

So, if the FC system application can be a step towards the more electric airplane 

configuration, it has also the potential to achieve a technological breakthrough in the 

aircraft field. Indeed, the FC generator technology can provide high efficiencies. It has 

no nitrogen oxide exhaust and low carbon monoxide exhaust. Furthermore, the noise 

reduction in comparison with Auxiliary Power Unit (APU) can be significant. Although 

these features make the FC system a good candidate for power delivery, the current FC 

technology cannot meet all the requirements of aircraft applications. For instance, the 

power weight ratio and the starting time of a FC system have not reached the current 

APU values yet. Some additional works have thus to be conducted to improve these 

characteristics. Another essential task for the future is, beside the necessary cost 

reduction, the improvement of the reliability in particular with regard to the possible 

large mechanical loads encountered in aircrafts. Indeed, the flight conditions and the 

propulsion engines cause some vibrations on the airplane structure during its cruising. 

Some special impacts of vibrations can also be encountered during start and landing. 

The FC stack can appear as inherently reliable due to its modular design and no (or few) 

moving parts. It can also be considered as a system with a quite complex mechanical 

structure in particular because it is composed of elements with strong dissimilar 

material structures. The FC stack is generally made of several single cells connected 

together, respectively in series and in parallel from the electrical and fluidic points of 

view. Each cell itself is a mechanical assembly of various components. It consists of 

two electrodes sandwiched around a proton-conducting polymer membrane, of gaskets 

on the perimeter of the Membrane Electrode Assemblies (MEAs) with Gas Diffusion 
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Layers (GDLs), and of bipolar plates. The gaskets have generally two sealing functions: 

overboard leak (i.e. gas escape from the stack inside to the external environment) and 

crossover leak (i.e. when some gas from cathode or anode crosses over trough the 

membrane to the other side) [2]. All these entire stack elements are maintained together 

by tie rods, which role is to exert some proper uniform compaction pressures from 

surfaces of the end plates (current collection parts) to the complete stack. The torque 

value on the compression bolts, or pressure in a compression bladder or spring, 

conditions the tightness of the FC [3]. The torque applied has also an influence on the 

contact resistances between the various stack components, and thus on the FC electrical 

performances [4]. No excessive localised pressure shall be produced to prevent the 

formation of small perforations possibly caused by slight irregularities on the areas of 

the electrode – membrane interfaces, also to avoid that some MEA parts extrude into the 

flow fields of the distributive gas plates [5]. The pressure on the stack parts can also be 

impacted by the temperature variations within the stack in operation. Obviously, it can 

also be assumed that the torques on the tie rods are possibly modified by mechanical 

shocks or vibrations. 

Subsequently, in order to implement FCs in transportation systems and in particular in 

airplanes, the mechanical behaviour of these new energy converters and the impacts of 

mechanical loads on their structures have to be accurately determined and well 

mastered. Therefore, experimental investigations under mechanical loads are necessary 

to acquire further knowledge of the FC stack behaviour and reliability under vibrating 

stress. The vibration tests shall notably demonstrate that the FC stack will survive 

different mechanical frequency and magnitude orders. The results of these mechanical 

characterisations can also be of major importance because so far only poor information 

on this specific topic is available in scientific publications. It is true that the interest on 

the mechanical aspects of FC stacks is currently on the rise. Engineers and researchers 

pay more and more attention to the mechanical responses and degradation mechanisms 

of the MEAs [6] under various operating conditions, such as humidity and temperature 

cycles [7, 8]. The mechanical characterisations of other FC stack components like GDLs 

and bipolar plates [9] are also of concern. The mechanical behaviour of the GDLs and 

the influence of these components on the FC performance have been investigated by 

different labs [10, 11]. The current development of composite and metallic bipolar 

plates requires conducting important mechanical studies as well [12, 13]. Nevertheless, 

just a few works dealing precisely with the mechanical impact of vibrations on FC 

stacks are briefly reported in the literature. In [3], M. Fowler et al. claim that PEM fuel 

cell stacks have passed shock and vibrating testing. Two references dealing with FC for 

naval surface ship applications are mentioned [14, 15]. Seals are considered as a 

potential source of failure, which can induce significant leaking of hydrogen, or mixing 

of hydrogen and oxygen within the stack. It is recognized that the sealing and the 

gaskets are prone to material degradation [2, 16] even when no particular vibrating 

conditions are imposed to the FC (note that in this case some mechanical stresses are 

though induced by some pressure gaps between the anode and the cathode 

compartments). Therefore, beside the thin membranes (membrane thickness is usually 

ranging between 25 and 150µm) they may constitute some weak points within the FC 

stack assembly subjected to vibrations or shocks. 

In the framework of the European project CELINA (fuel cell application in a new 

configured aircraft [1, 17]), the mechanical characterisation of a PEM fuel cell has been 

launched. Some vibration tests have been performed with a five cell stack manufactured 
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by IRD [18] and the mechanical loads applied to the stack were derived from airplane 

requirements. The effects of the vibrations had to be investigated to define the 

suitability of a today’s Proton Exchange Membrane (PEM) FC assembly. 

The article is organised as follows. The paper starts with the description of the test 

bench and the test procedure. Then, some test results of the FC mechanical 

characterisation are presented and discussed. Finally, some assessments concerning the 

stack behaviour in vibrating conditions are made, and some outlooks are proposed for 

future experimental studies. Note that the experiment data will also serve for modelling 

purpose in the part II of the paper. 

 

2. The test bench 

 

The test bench is composed of the vibrating platform, the experimental setup, the data 

acquisition systems and the leak rate monitoring.  

 

2.1. Vibrating platform 

 

The vibrating equipment is composed of two different tables: one for the horizontal 

excitations and the other one for the vertical excitations (see Fig. 1). The first table 

vibrates in the X direction, the second one in the Z axis direction. The 90° rotation of 

the studied system on the surface of the horizontal table allows the test in the Y 

direction. The shaker can be rotated either to displace the table for horizontal vibrations, 

or to move the second table in the Z direction. The vibrating equipment has the 

following properties. The frequency sweeping ranges from 6 to 3000 Hz, the maximum 

displacement of the vibrating table (peak to peak) equals 50 mm, the maximum velocity 

is 1.8 m/s, and the maximum force is 35.6 kN. Using specific software, it is possible to 

control excitations as swept sine, shocks and random vibrations. 

 

 
Fig. 1 - The vibrating platform. 
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2.2. Experimental setup 

 

The investigations were led with an existing (low temperature) PEMFC stack delivered 

by IRD [18]. The five cell stack has been assembled with commercially available 

membranes (active cell area of 156cm²), GDLs and machined graphite flow distribution 

plates. The FC can operate either at atmospheric pressure or at higher pressure (up to 

3bar abs. approximately). 

In the experiments, the FC stack is considered as a mechanical system to be studied and 

the aim is to collect some data related with its nonlinear mechanical behaviour. The FC 

is maintained on the vibrating table by using some specific fixations, which were 

designed accordingly to the size of the FC. The test fixture shall be as rigid and 

symmetrical as possible. 

The vibrating movement is parallel to one of the three orthogonal axes. The set of 

photos displayed in Fig. 2 shows the set-up configuration used for the tests in the Y 

direction (table for horizontal vibrations). Various accelerometers were used to perform 

the measurements: one dimensional (1D) and three dimensional (3D) sensors. The 

control accelerometer is placed directly on the surface of the vibrating table while the 

other 1D and 3D accelerometers are distributed on the investigated FC stack: on the top 

surface of the FC end plate (3D), on the top surface of the sole plate (3D), on the top 

surface of the mid position bipolar plate (3D), on the top surface of the mid position 

bipolar plate left side (1D) and right side (1D). The location of the various 

accelerometers can be observed in Fig. 2. The properties of all accelerometers are 

shown in Fig. 3. 
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Fig. 2 - Location of the accelerometers on the FC (tests in Y axis - table for horizontal 

vibrations). 

 



 

 7 

 
Fig. 3 - Characteristics of the accelerometers. 

 

2.3. Data acquisition systems 

 

The installation is equipped with two acquisition systems. The first one, LMS 

acquisition system, gives processed data as signals spectra for example. The second one, 

with a USB interface, allows access to raw data and collects the pressure and flow 

signals. In fact, the frequency bandwidth for the swept sine tests varies from 6 to 2000 

Hz. If data were collected at a constant sample rate, its value should be around 20000 

Hz and a too large data vector would be obtained for the modelling tasks with an 

increase of the training set dimension and eventually the model estimation time. To 

solve this problem, a special acquisition program allowing the collection of data with a 

variable sampling frequency in real time was developed. This permits to cover all the 

frequency bandwidth with a reasonable number of points. 

All the experiment data can be exploited for test analysis and modelling purpose using a 

dedicated MatlabTM [19] program. 
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2.4. Leak rate monitoring 

 

Another objective of the tests is to know if the mechanical vibrations can lead to 

damages in the FC like breaks (or cracks) in MEAs, in gaskets or defective sealings due 

to the displacements of components. To reach this aim, a flow meter and three pressure 

sensors were added to the set-up to perform leak checks (simultaneously to the tests). 

Only the anode compartment is pressurised with nitrogen at about 300 mbar rel (through 

the manual control of an expander) while the other compartments (cathode and cooling) 

are sealed off at ambient pressure. The pressure levels in each one of the compartments 

are monitored in order to detect any possible internal leakage flow between the 

compartments. In addition, a flow meter is used to monitor the potential nitrogen flow 

coming towards the anode compartment (due to the pressure regulation). With the 

adopted test configuration, this flow meter provides some information about a possible 

internal leakage as well as some indications concerning a possible external leakage flow 

(i.e. from the compartments to the outside of the stack). The collection of the pressure 

and flow signals is made trough the second acquisition system. The gas leakage station 

is also equipped with two numerical displays: for the nitrogen pressure and flow. A 

sketch of the set-up used to monitor the leakage flow and the pressures inside the three 

different FC compartments is displayed in Fig. 4. Some technical information related 

with the flow and pressure sensors is given in Fig. 5. 

 

 
Fig. 4 - Fluidic scheme of the set-up used to monitor the compartments pressures and 

the nitrogen leakage flow versus time. 
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Fig. 5 - Technical information about the pressure and flow sensors available for the 

experiments. 

 

3. Test procedure 

 

The system is excited in the three axes directions separately. Therefore, there are three 

data collections that enable to investigate the system mechanical behaviour in each one 

of the three directions of excitations. 

The FC integrated into the tail cone is categorized in DO-160D as Equipment category 

R (robust vibration) [20]. A specific test reference curve for the sinusoidal test 

excitations (acceleration amplitude vs. frequency) is provided by Airbus. 

On each axis, the experimental procedure is the same and it is composed of different 

tests. Each test corresponds to constant acceleration amplitude and variable frequency 

from f1 to f2. It contains two sweeps; the first sweep goes from f1 to f2 and the second 

sweep from f2 to f1. f1 equals 6Hz and f2 is different for each test. The value of f2 is 

calculated from the amplitude of acceleration (g) (different for each test) and the 

amplitude of peek-to-peek displacement (constant for all tests, equals 0.0001 inch or 

0.00254mm).  

For example, the first test corresponds to acceleration amplitude of 1g; the first sweep 

starts with a frequency of 6 Hz and amplitude of displacement (peak to peak) of 0.1 inch 

(2.54 mm). It ends with a frequency of 442 Hz and amplitude of displacement (peak to 

peak) of 0.0001 inch (0.00254 mm).The second sweep starts with the frequency of 442 

Hz (0.0001 inch) and ends with the frequency of 6 Hz (0.1 inch). Then, the acceleration 

magnitude is gradually increased by step of 1 g for each test. The novel test procedure is 

detailed in Fig.6. 
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Fig. 6 - The test procedure details (sweep 1 for each test). 

 

For each new acceleration level and before the complete vibration cycle is applied, a 

short preliminary test is performed by using a sample of random excitations. The aim is 

mainly to verify that the fixations will not move during the achievement of the next 

complete profile. 

Each test related to a specific acceleration profile takes between 10 and 30 minutes. The 

test duration depends on the frequency bandwidth as well as on the adopted logarithmic 

sweep rate (1 octave/minute). For example, for the 12 g profile, the theoretical duration 

of a single sweep (i.e. realised by increasing the frequency) is equal to 8’15”. The total 
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test duration is 16’30” since two sweeps have to be considered: by increasing and by 

decreasing the frequency. Obviously, some additional time is needed between the two 

tests in order to check that the FC and its fixations have not moved.  

For the natural frequencies (specially the natural frequencies of the vibrating table), 

which have some high impacts on the acceleration amplitudes measured by the sensors, 

the vibrating table and its control system cannot be operated. Indeed, a safety procedure 

included in the control software avoids too large amplitude of the accelerometer 

measurements by switching off the shaker operation.  

Due to this effect of the natural frequencies of the table, some frequency intervals 

especially at high frequencies could not be explored. Consequently the related 

experiments had to be performed in several times / parts: the complete frequency range 

had to be decomposed in several sub frequency ranges / intervals and the tests took 

more time. 

 

4. Test results 

 

In this section, some test results and acceleration – frequency diagrams are presented in 

the case of the Y axis tests as an example. Then, some general comments are made 

concerning all the three orthogonal axes. Some information about the results of the leak 

rate monitoring is also provided. 

 

4.1. Example of the excitation in the Y axis direction  

 

The experiments for the Y axis could be performed for acceleration levels ranging from 

1 g to 9 g. As mentioned in the previous section, the high acceleration levels (here, 

beyond 9 g) led to excessive splitting up of the test profile achievement. Because of the 

natural frequency of the table in the horizontal position, the profile could not be realised 

around 700 Hz. For X and Z axes, the experiments could be performed until 9 g and 12 

g respectively. 

Figs 7, 8 and 9 show the spectra of the sole plate accelerometer (3D), the 3 bipolar plate 

accelerometers (one (3D) and two (1D)) and the FC end plate accelerometer (3D) 

measurements for an acceleration of 5 g.  

The natural frequency of the table that occurs around 700 Hz can easily be observed in 

Fig. 7. Indeed, the sensor on the sole plate is more sensitive to the natural frequencies of 

the table since it is screwed on the vibrating table. Note that the natural frequencies of 

the table are also measured by the sensors located on the stack (for instance, see Fig. 8 

and 9 at 700 Hz). 

Each part of the FC shows different dynamical responses. This shows that the stack 

does not behave like a rigid body but instead shows an elastic behaviour due to 

• the mechanical properties of the FC sub components (component materials, 

rigidities),  

• the constraints due to different clamping values related with the FC tie rods,  

• the different sensor locations in the X, Y and Z referential.  

Therefore, some natural frequencies of the bipolar plate and the FC end plate are not the 

same. These frequencies, which were measured by the accelerometers on the bipolar 

plate and on the FC end plate, are summarised in Fig. 10. The natural frequencies of the 

table shall be extracted because they are not due to the stack itself.  
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Fig. 7 - Spectra of the sole plate accelerometer (3D) measurements for Y axis tests 

(acceleration of 5g). 

 

 
Fig. 8 - Spectra of the 3 bipolar plate accelerometers measurements for Y axis tests 

(acceleration of 5g). 
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Fig. 9 - Spectra of the FC end plate accelerometer (3D) measurements for Y axis tests 

(acceleration of 5g). 

 

 
Fig. 10 - Resonance frequencies (Hz) measured by the accelerometers on the bipolar 

plate and the FC end plate for Y axis tests. 

 

Another important remark is that vibrating the FC in the Y direction causes resonance 

frequencies in all directions but especially in the X direction. The measurements in X 

and Y directions show a high correlation. 

An example of this correlation is the dynamical response of the bipolar plate around 890 

Hz. A common natural frequency is measured by the (+X) direction of the 3D 
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accelerometer, the (+Y) and the (-Y) directions of the two (1D) accelerometers on the 

left and right sides of the bipolar plate. But this frequency is not measured by the (+Y) 

direction of the (3D) accelerometers which are located on the centre and top of the 

bipolar plate. A possible explanation is that for this resonance frequency, some 

movements of rotations of the bipolar plate can probably occur. 

An analysis of the temporal signals measured by the three bipolar plate accelerometers 

at this frequency demonstrates that the two lateral sides of the bipolar plate move in the 

same direction. But it shows also that the amplitude of the acceleration measured by the 

left side accelerometer is around three times larger than for the right side. For example, 

if the excitation is in the (+Y) direction (black lines in Fig. 11), the two (1D) 

accelerometers measure some accelerations in the (+Y) direction and the (3D) 

accelerometer measures some accelerations in the (-X), (-Y) and (-Z) directions. Note 

that the amplitude of the acceleration measured in the (-X) direction is around six times 

larger than in the (-Y) and (-Z) directions. If the excitation is in the (-Y) direction, the 

accelerations measured have an opposite sign. Note that no information is available 

about the displacement of the lowest horizontal side of the bipolar plate since no 

accelerometer was attached there during the experiments. 

 

 
Fig. 11 - The analysis of the temporal signals of the bipolar plate accelerometers 

 

4.2. Observations concerning the three directions 

 

The observations made in the Y axis are the same in the other axes (X and Z axes): 
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• Vibrating the system on the Y axis for example causes natural frequencies not 

only on the Y axis but also on the other axes (and vice versa). The responses in 

the three directions are correlated.  

• The frequencies measured on the bipolar plate and at the FC end plate are 

slightly different, especially at high frequencies. The explanation proposed is 

that the stack assembly is composed of several sub-systems. At high frequencies, 

the natural frequencies of these sub-systems are exceeded. Therefore, the 

resonance responses of these sub-systems are coupled and the final response 

depends on the place where the measurement is done. 

Each sensor attached to a different part of the FC can show similar or different 

dynamical responses: 

• Similar: some global vibration modes exist. If a vibration is not measured with a 

specified sensor, it may be due to a node at this location. 

• Different: some local modes exist, generally with few vibrating mass or in a 

fully different frequency domain as the global modes. 

It is not possible at this stage to fully distinguish between local and global vibration 

modes. Only comparison between numerical model and test results could help. 

Therefore, a deeper analysis involving a neural network model of the FC is developed in 

the second part of this paper. 

 

4.3. Leak rate tests 

 

Some comments can be made about the evolution of the pressures inside the three 

compartments during the vibration tests when the FC anode was pressurised. The main 

point and conclusion of the leak rate tests is that no detectable and significant leakage 

from the anode manifold was measured during testing. No increase of pressure due to 

any break in membrane or displaced sealing was detected at cathode side: the cathode 

remained at ambient pressure. The pressure value indicated by the transmitter linked to 

the cooling compartment was also constant during the series of tests (ambient pressure). 

A slight decrease of the pressure at anode side was detected: an average pressure loss 

rate of approximately 25mbar / hour was estimated during the tests. This value 

corresponds actually to measurements performed during the phases in which no 

mechanical vibrations were applied on the FC. This low leakage rate is likely to be 

explained by possible external leakages, from the anode compartment to the outside of 

the stack, and mainly situated at the fluidic stack connections / fittings. A small lack of 

tightness was possibly encountered at these locations due to the necessary use of Teflon 

between the different surfaces of the gas fittings. However, no large and sudden drop-

down of the pressure caused by any FC component break or displacement was detected 

and no rapid increase of the pressures in the other compartment could be observed. In 

addition, the leakage flow signal was measured by the flow-meter placed upstream of 

the anode compartment. As mentioned in subsection 2.4., this flow-meter gives some 

information concerning the nitrogen flow coming towards the anode side (see Fig. 4.). 

No large / significant signal deviation like a flow value superior to 1Nl/min was 

detected. Such a value would then correspond to a clean / sever component break inside 

the FC. Note that other pressure and flow sensors having some more restricted operating 

ranges and higher accuracies shall be used in future tests, possibly in order to enable the 

detection of any minor loss of tightness in the stack operated under vibrating 

constraints.  
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Another technological issue related with the integrity of the FC stack under vibrating 

conditions concerns the gas and water fittings. The fittings used during these 

experiments and made of stainless steel were found as quite long and heavy. As already 

mentioned, no particular problem occurred with the stack in the conducted experiments. 

However, it should be stated that the adopted gas and water connections could have 

damaged the stack inlets during the vibration tests, especially at the locations where the 

stack inlet and outlet pipes meet the end plate surfaces, and because of possible harmful 

torques or unbalances. The lengths and the positions of the gas pipes (“push on” pipes) 

as a function of the pressure sensor locations on their support frame were selected in 

order to reduce the constraints exerted by the pipes on the inlet and outlet connecting 

parts. The use of alternating fittings, a new design of end plates and fluidic connections 

could also probably reduce the risks of getting some broken component parts and fluid 

leakages. 

 

5. Conclusion and outlook 

 

The integration of a FC system into an aircraft is a complex and challenging task. 

Indeed, the state-of-the-art PEMFC technology, which is still under development, has to 

be adapted to extreme ambient operating conditions and designed for extremely high 

dynamic requirements while warranting maximum availability and reliability. In 

particular, the behaviour of FCs subjected to different mechanical loads has to be 

studied and to reach this aim, proper and innovative test procedures have to be 

developed. 

In this work, a mechanical characterisation of a PEM fuel cell stack was done and the 

natural frequencies of the assembly were measured. The analysis of the temporal signals 

measured with 1D and 3D accelerometers and the corresponding spectra leads to the 

following conclusions. First, the stack exhibits 3D nonlinear, multi-body behaviour. 

Second, the investigated stack does not mechanically fail under the aviation-specific 

vibration tests. No significant variation of the leakage rate between the beginning and 

the end of the test series was observed and thus, no problem of membrane cracks or 

other malfunctions in the stack (e.g. defective sealing) could be observed. 

Since the results concern a short FC assembly only, the results related with the test of a 

stack composed of a higher number of cells are likely to be different. For instance, the 

rigidity of such an assembly is for sure not the same. A greater mechanical flexibility of 

the stack could cause vibrations decreasing from time to time the contact forces between 

two cells and therefore lead to some gas leakage. 

The conclusions concerning the results on the mechanical behaviour of stacks with 

different sizes and cell numbers could be helpful especially to determine if the 

association of short / medium stacks is preferable, in terms of mechanical reliability, to 

the use of a single large stack in order to deliver high power levels. If redundancy is 

achieved by this way into the system, the reliability of the complete generator might be 

increased dramatically. To reach this aim, some electrical coupling of stack in series 

could be ensured by the means of dedicated electronic interfaces [21]. 

The mechanical design of the full stack is not the same as the design of the short tested 

stack e.g. concerning the fluid inlets. That could change the behaviour due to dynamic 

mechanical excitations. The analysis of such behaviour could lead to recommendations 

concerning the overall mechanical design. 
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The lifetime problem is another compulsory task for the use of FC systems in future 

airplanes. Indeed, the impact of vibrations on FC stacks should be studied also over 

long time periods. Obviously, the mechanical behaviour and electrical performances of 

FCs operated under vibrating conditions and supplied with reactive gases should be 

determined as well. 

In any case, in order to optimally pilot and control the vibrating tests, some highly 

efficient models with fine performances in static and dynamic operational conditions 

will be required. 
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Nomenclature 

 

Alphabets 

DO-160D       Environmental conditions and test procedures for airborne equipment 

FC                  Fuel Cell 

APU               Auxiliary Power Unit 

MEA               Membrane Electrode Assemblies  

GDL               Gas Diffusion Layers 

PEM               Proton Exchange Membrane 

CELINA         Fuel Cell Application in a New Configured Aircraft 

3D                  Three dimensional accelerometers 

1D                  One dimensional accelerometers 

USB                Universal Serial Bus 

 

Units 

bar abs Indicates bars absolute, measuring the total pressure including the 

pressure of the atmosphere (101.325 kPa). 

bar rel Bar rel indicates bars relative, measuring the difference between the 

pressure of the fluid or gas and the pressure of the atmosphere. 

Nl A unit of mass for gases equal to the mass of 1 liter at a pressure of 1 

atmosphere (101.325 kPa) and at a standard temperature, often 0 °C. Air 

flow is often stated in normal liters per minute (Nl/min). 


