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A BSTRACT
Passively acting safety relevant systems, e.g. automatic fire
extinguishing systems or brakes, rely on the availability of
compressed gases as acting medium and energy storage. Due
to the safety relevance of these systems, it is necessary to
monitor the condition of these elements continuously. However this task is difficult due to the partly abrupt changes in
environmental temperature due to tunnel crossings and the
interrelation of temperature and pressure in gases. As further the direct measurement of the gas temperature is difficult
and costly, it is desirable to use external sensors to estimate
the average gas temperature while at the same time avoiding
false positives as not to reduce availability of the subsystems.
For this reason, the present paper analyses the behavior of a
cylindrical pressure reservoir during changes in the environment temperature. The gas under consideration is Nitrogen
under a pressure of approximately 200 bar at 15 ◦ C. Aiming
to identify a dynamical model of the gas temperature, different temperature profiles were simulated while measuring
gas-pressure and temperatures in two locations within the gas
reservoir as well as on the cylinder wall.
From the recorded data, a dynamical model is identified
which expresses the relation between environmental and
mean gas temperature. The estimated gas temperature from
this system model is used to determine a reference pressure
which can be compared to the observed pressure. In case of
any mass flow from the reservoir, the error grows and an error
can be triggered.
The model was developed using temperature curves resemHenrik Bücking et al. This is an open-access article distributed under the
terms of the Creative Commons Attribution 3.0 United States License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

bling true operational curves simulated in a climatic chamber.
The detection and classification behaviour was tested using
computer simulations.
1. I NTRODUCTION
1.1. Problem setting
The current FOGTEC fire fighting system does not use a constant condition monitoring system for the nitrogen cylinder.
The nitrogen valve is only equipped with an analog pressure
gauge to ensure that the pressure of the nitrogen is not below
160 bar. In case of the pressure going below this limit, a normally closed contact opens and causes a failure. The same
failure appears also if the connection between the pressure
gauge and the CPU gets broken.
The system is not able to distinguish between a failure which
is caused by a gas leakage or a loss of pressure due to a sinking temperature. There is no option to define the size of a
possible leakage or predict a lowering pressure without visual inspections. Due to this, every detected error leads to a
malfunction of the fire fighting system and possibly to a stop
of the vehicle or restrictions in traffic functions.
Especially in railway transportation, the occurrence of thermal shocks, caused by e.g. tunnel entrance and exit, plays a
significant role in assessing the reliability of systems. However the problem at hand exhibits a non-negligible spatial extent of the gas reservoir as well as unknown heat transfer
properties.
The interrelation of the demanding operational conditions,
the economic pressure on the system and customer expectations of a reliable train service indicate that the proposed
solution can be economically feasible and help to differentiate Fogtec systems further from its competitors.
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1.2. Solution approach
The continuous monitoring of the condition of the pressure
reservoir will lead to a classified failure detection. With the
help of the defined condition of the cylinder at any time, the
system is able to decide whether a loss of gas pressure is the
result of a leakage or a sinking temperature. In case of the
leakage a software can calculate its size and also the time
until the fire fighting system is no longer in complete operation. The condition monitoring requires the to know the exact
parameters of the gas. Measuring the gas pressure and the
gas temperature at the same time is complicated. Replacing
the analog pressure gauge by a digital temperature sensor and
measuring the temperature at any place of the reservoir or the
valve seems to be an easier solution.

Figure 1. Results of scenario 2
The multiplikation of the heat capacity with the correlated
masses goes to a heat capacity ratio of:

2. C ONDITION M ONITORING

J
kg·K ·
J
1000 kg·K

460

For a constant condition monitoring it is necessary to detect
the pressure and the temperature of the gas. Because of the
constant volume of the reservoir it might be possible to calculate a nominal gas pressure value out of the gas temperature.
The main question is, if the measuring of the cylinder surface temperature is representative for the inner gas temperature and which sensor position is the most representative. To
get an idea in which way the nitrogen mass in the reservoir
effects the specific heat capacity it is helpful to look at a short
calculation for a reservoir with a volume of VL = 20 l.
The Mass of the empty nitrogen cylinder is mS = 22, 4 kg.
With a pressure of pN = 200 bar and the ideal gas law, a
constant volume, a constant mass and a constant amount of
substance temperature the Volume of the expanded gas is:

22, 4 kg
· 4, 6 kg

=

10304
≈2
4600

So the ratio is 2:1. This shows that the heat capacity of the
nitrogen has a significant influence on the heat capacity of the
whole system.
3. T HERMAL MODEL AND SYSTEM DESIGN
To create a thermal model, the problem of the sensor positioning and its value has to be answered. Therefore a test
reservoir is equipped with a pressure sensor at the valve and
temperature sensors at different positions. Different scenarios
show the behavior of the reservoir under different conditions.
The following scenarios have been simulated:
1.

Temperature shock from room temperature (app. 21 ◦ C)
to −25 ◦ C

2.

Temperature shock from −25 ◦ C to 40 ◦ C, as an example
for passing a large tunnel in winter,

V2 = 4000 l

3.

linear growing temperature from 10 ◦ C to 60 ◦ C in 5 h
and

The density of Nitrogen at ϑu = 20 ◦ C is ρN = 1, 15 kg/m3 .
This leads to the mass:

4.

cooling from 60 ◦ C to 28 ◦ C in 14 h.

pN,1 · VN,1 = pN,2 · VN,2 ⇔ VN,2

pN,1
= VN,1 ·
pN,2

With p1 = 200 bar, p2 = 1 bar and V1 = 20 l = 0, 02 m3 :

mN = ρN · VN = ρN = 1, 15 kg/m3 · 4 m3 = 4.6 kg
So the mass ratio is about 5:1.
This changes if heat capacity will be considered as well: The
J
. Nitrogen in gas
heat capacity of steel is csteel = 460 kg·K
J
form has a heat capacity of cN = 1000 kg·K
.

Figure 1 shows the result of the second scenario. At the point
where the environment temperature begins to increase, the
measured temperatures an the bottle shoulder and the nitrogen valve also begin to increase. The pressure and the calculated temperature follow after a short time delay.
The time delay is caused by the nitrogen’s heat capacity and
the necessary time for the thermal energy transport trough the
steel into the nitrogen. To calculate the temperature value of
the gas, a thermal model for the heat transfer is required. This
model should be able to derive the gas temperature out of the
measured temperature on the surface of the cylinder.
2
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Table 1. Transfer function values
Measuring
point
Shoulder
Valve

expected
accuracy
97.1 %
98.48 %

expected
error
0.6359
0.1748

mean square
error
0.6294
0.173

Figure 2. Calibration of thermal model

3.1. Thermal model
Following the data generation by help of the trial series, a
model is created from the results of the test series, which can
later be used for condition monitoring and leak detection. The
model should be able to calculate a target pressure of the gas
from any temperatures at a reference measuring point of the
nitrogen cylinder. It is important to consider the time delay.
3.1.1. Gas temperature
First, a reference measuring point must be selected. The tests
have shown that both a measuring point on the valve and one
on the bottle shoulder are suitable. A measuring point on
the bottle shoulder is advantageous because it can be implemented or installed very easily without technical changes of
the reservoir or the valve.
3.1.2. Transfer function
The modeling is done using MATLAB’s System Identification Toolbox providing the methods from (Ljung, 1999). This
determines a transfer function from the data of a test series.
To determine the transfer function, the values of the reference
measuring point are transferred to the TFEST function on the
input side. The output receives the values of the calculated
gas temperature. The measurement data from scenarios 1 and
2 of the second series of experiments are used. The transfer function is first determined for the measuring point on the
shoulder.
Figure 2 shows the temperature curves of the shoulder
(TShoulder ), the calculated gas temperature (TGas ), and the
simulated gas temperature (Tsim ). The latter is the temperature curve generated by the transfer function. After a transient, this curve follows very well that of the gas temperature
and differs significantly from TShoulder . The transient can
be reduced by changing the starting value. Performing the
same simulation with the valve measurement point results in
a nearly identical course.
Table 1 shows the accuracies and errors of the transfer functions. It can be seen from this that the measuring point on

Figure 3. Simulation result of thermal model
the valve gives an even better result than the already good
approximation by the measuring point on the shoulder. For
simplicity, the reference point on the shoulder is preferred
and selected for further viewing. The reference point can also
be changed as desired afterwards.
The transfer function for the selected reference measurement
point after the simulation is:
G(s) =

0.003121
s + 0.003021

3.1.3. Validation of the transfer function
With the aid of the transfer function, the gas temperature is
determined from the measured data at the shoulder of scenarios three and four. This is to see how the model deals with
unknown data and how far they deviate from the actual, averaged gas temperature.
Diagram 3 shows not only the known graphs but also the simulated temperature. Again, a transient can be seen, but this is
not so pronounced due to the slower change. This can be
prevented as already mentioned by adding a defined starting
value. It turns out that even a simple transfer function without starting value yields a good result. An even more precise
function is also possible by changing some simulation parameters.
3.1.4. Gas pressure calculation
It is possible to determine the average gas temperature from
a measured temperature on the outside of the pressure vessel.
For a useful application the set value of the gas pressure must
be determined based on this temperature. This is the set value
pressure that the cylinder must have due to a certain surface
3
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temperature at a time. The rise of the linear function is m =
0.8457 bar
◦C .

Figure 5. Error calculation Schematics
Figure 4. Model schematics
The scheme 4 clarifies the scheme of the system simulation.
By means of the transfer function, the input signal TS is transferred to TS in TN2 and then the output signal pN2 is generated by a calculation using the gas law (Zierep, 1976).
However, this model only applies to the pressure vessel used
here with the appropriate filling pressure. It can be transferred
to other cases through further experiments. For this purpose,
tests should be carried out with all cylinder sizes used. Different initial conditions can be interpolated after several test
series. For this, the initial filling pressure of the cylinder must
be known. The more different scenarios per pressure vessel
are simulated, the more accurate the corresponding model becomes. Sufficiently good and many models also allowed for
a transfer of the models to container sizes not considered by
trial series.
3.2. System structure and possible use cases

the threshold value. With the growth rate of the error, so its
positive change over time and by knowing the pressure, the
flow rate of the leak or a pressure loss can be determined, for
example in bar per hour.
3.3. Simulation of particular use cases
In order to get a better impression of the function of the monitoring system, a possible scenario was simulated. An example
of this is the passage through a warm tunnel in winter.
3.3.1. Temperature step at a tunnel passage
At this point a step response is displayed. Diagram 6 shows
the behavior of the monitoring system during a sudden temperature jump. At time t1 the temperature jumps from -10 C
to 35 C. As already mentioned, such a scenario is modeled
on a tunnel passage in winter. However, such a jump is only
to be expected with an exposed container and even then only
as a very rapidly rising temperature.

With the help of the created model a possible monitoring system is designed. For this purpose, the existing model is supplemented so that a complete condition monitoring of a pressure vessel is possible.
The model needs as input the temperature of the shoulder.
Therefore, this must be measured permanently by a temperature sensor. For the target - actual comparison, the current
pressure of the container is required. For this purpose, the
pressure gauge is replaced by a pressure sensor.
As already explained in Figure 4, the thermal model provides
a target pressure which the pressure vessel should have due to
the external conditions. This target pressure must now be set
in relation to the actual pressure of the container. For this, it
is advisable to subtract the current pressure pa from the target
pressure pt . The result is then the deviation of the two values,
which corresponds to the absolute error e.
Figure 5 shows the scheme of this error calculation. This
calculated error must now be interpreted. For this purpose,
a threshold is set, exceeding which means leakage. In addition, it must be ensured that a brief violation due to an error
does not lead to a message. It should also be noted that the
measured data may be contaminated with some noise. This
must either be filtered out or taken into account when setting

Figure 6. Simulation of temperature step response
3.3.2. Leakage
In order to simulate a leak after a temperature jump, the existing system has to be extended. Figure 7 shows the extended Scheme of the Simulation. To generate the pressure pa , the pressure pt is tapped and given a noise floor of
p̂R = 10 mbar. In addition, at a certain point in time, a
constant, negative mass flow Ṁ is introduced. The resulting
loss of pressure ∆pV is subtracted from the tapped pressure
pt . This simulated pressure pa is then subtracted from the
pressure pt as before to obtain the deviation.
Figure 8 shows the time evolution of TShoulder , pt , pa and
the error.
4
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the connection a cloud infrastructure as in (Fumeo, Oneto, &
Anguita, 2015) is desired for future developments.
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Figure 7. Extended scheme incorporating measurement noise

Figure 8. Leakage simulation
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