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Temperature effect on explosion parameters
of hydrogen-air deflagrations in presence
of water vapor
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Results of investigation of hydrogen-air deflagrations phenomenon in closed vessel in various initial temperatures and volume fraction of water
vapor are presented in following paper. Tests were performed in apparatus which construction complies with EN 15967 recommendations—20-litre
sphere. Studied parameters were explosion pressure (Pe,) and maximum explosion pressure (Pua). Defining the influence of the initial conditions
(temperature and amount of water vapor) on the maximum pressure of the hydrogen-air deflagration in a constant volume was the main aim. Initial
temperatures were equal to 373K, 398K and 413K. Initial pressure was ambient (0.1 MPa). Hydrogen volume fraction differed from 15% to 80%,
while humidity volume fraction from 0% to 20%. Ignition source was placed in geometrical center of testing chamber and provided energy between
10-20] from burnout of fuse wire with accordance to abovementioned standard. Common features of all experimentally obtained results were di-
scussed. Maximum explosion pressure (Pm.x) decreases with increasing the initial temperature. Furthermore, addition of the water vapor for constant
initial temperature decreases value of Pp. and shifts the maximum peak to the direction of lean mixtures. Data provided in paper can be useful in

assessment of explosion risk of industry installations working with hydrogen-air atmospheres with high water vapor addition.
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Introduction

Explosion pressure P.,, besides flammability limits, is a
key parameter that features hazardous materials in the field
of their combustible nature. According to definition it is the
highest pressure that occurs in closed vessel (or any confine-
ment) during the explosion of flammable mixture in air or in
air with inert gas. This value is measured for specific volume
fraction of fuel [1]. Conducting a series of measurements for
different volume fractions of fuel leads to discovering its max-
imum value, i.e. maximum explosion pressure P, [1].

There are a lot of well-known examples of industrial
processes at which elimination of flammable atmosphere is
impossible due to their economical and/or physicochemical
determinations. The active methods of explosion protection
are the only solution in order to avoid pressure loading. An
example is using venting devices with no-reusable elements
(e.g. bursting membranes) or with reusable elements (e.g.
weight-loaded explosion doors). Successful designing of men-
tioned systems is impossible without knowledge of a specif-
ic explosion parameters which can be confirmed by various
norms, standards and guidelines [2, 3].

Studies prove that determination of explosion parame-
ters is dependent on factors that can be classified into two (or
three) groups: factors related to the testing procedure and/or
apparatus (e.g. volume and shape of testing vessel or amount
of energy, type and placement of ignition source), factors re-
lated to physicochemical background of determination pro-
cess (e.g. temperature, pressure, turbulence of flammable at-
mosphere at the moment of ignition or humidity of oxidizing
medium) and (in some cases) human factors [4]. Knowledge

of the factors that influence P, can be crucial for designing
proper explosion protection systems.

Hydrogen is considered to be fuel of the future [5]. There
are still some unresolved issues concerning usage of hydrogen
that need to be addressed. Hydrogen can be extracted from
natural gas and coal beds, which results in the great carbon
dioxide emissions into the atmosphere. Another method of
producing discussed element is electrolysis (still not efficient).
In this process chemical bond between constituting atoms of
water compound is being broke due to direct electrical current
[5]. Hydrogen can also be obtained in atomic power plants,
due to zirconium-steam reaction at high temperatures. Neces-
sity of investigation of how hydrogen-air explosion parameters
are dependent on humidity, initial temperature and fuel vol-
ume fraction therefore seems justified.

First sources of information about explosive nature of hy-
drogen were presented by numerous authors [6-8] in the past.
Recently a lot of scientific effort was put into understanding
the flammability characteristics of hydrogen. Some explosion
parameters were determined for hybrid mixtures of hydrogen
with addition of different flammable dusts, e.g. graphite [9],
cork [10] or active carbon [11]. Hydrogen-air mixture com-
bustion parameters, like flame speed, flame duration, peak
pressure, maximum explosion pressure and deflagration in-
dexes, were studied by Li et al. [12], also at the presence of
methane. Great contribution into understanding H, destruc-
tive potential has Van den Schoor [14-16], whose studies were
focused on methods for determination of flammability limits
in methane/hydrogen/air mixtures [13], upper explosion limit
of lower alkanes and alkenes in air at elevated pressures and
temperatures [14], influence of the ignition source location on
the determination of the explosion pressure at elevated ini-
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tial pressures [15] and upper flammability limit of methane/
hydrogen/air mixtures at elevated pressures and temperatures
[16]. Holborn et al. [17] investigated possibility of modeling
the effect of water fog on the upper flammability limit of hy-
drogen-oxygen-nitrogen mixtures. Ren and Zhang [18] eval-
uated influence of hydrogen distribution in presence of air on
measured flammability limits. Rudy et al. [19] studied (both
experimentally and numerically) spontaneous ignition of hy-
drogen and hydrogen-methane jets into air. Liu and Zhang
[20] reported significant influence of initial pressure and tem-
perature on flammability limits of hydrogen-air mixtures.
Sanchez and Williams [21] prepared state-of-art paper in
which they have presented wide and comprehensive overview
on hydrogen flammable nature that was recently reported in
the literature.

Besides hydrogen, Razus et al. [22-25], di Benedetto et al.
[26-29], Li et al. [30, 31], Flasinska et al. [32], Grabarczyk et
al. [33] and Gieras et al. [34-36] independently determined
various explosion parameters of several hydrocarbons in closed
vessels of different geometry, both in shape and volume. Ear-
lier, theoretical work was made by Fan with Crowl [37] and
by Bradley with Mitcheson [38]. Their achievements were de-
veloped further by Giurcan et al. [39] who attempted to pre-
dict flammability limits of fuel-air and fuel-air-inert mixtures
from explosion parameters determined in closed vessels.

This paper presents research results defining explosion
pressure Pex for hydrogen-air mixtures with and without pres-
ence of water vapor (humidity) at various ratios. Initial tem-
peratures were equal to 373K, 398K and 413K. Initial pressure
was ambient. Hydrogen volume fraction differ from 15% to
80%, while humidity volume fraction from 0% to 20%.

Experimental designs

Measurements were performed in 20-liter spherical explo-
sion vessel that complies with EN 15967 recommendations
[1]. Picture and scheme of testing apparatus is shown in Fig-
ure 1. Ignition source was supplied by overvoltage of fuse wire
type Kanthal D with 0.2 mm diameter. This implementation
allows receiving energy between 10 and 20J, which do not in-
fluence obtained results [1]. Performing tests at elevated initial
temperature was possible due to thermal insulation and tem-
perature stabilization modules.

Apparatus has also safety module, mixture preparation
system module and data acquisition system. First consist a
bursting membrane with activation pressure equal to 20 bars.
Second is a set of following devices: pressure transducer, signal
amplifier and computer that records phenomenon with ade-
quate sampling frequency. Obtained signals were smoothed
according to algorithm based on concept of moving average.
Last module works on basis of partial pressure method.

Procedure started with clearing (creating absolute pres-
sure) testing vessel and gradually adding further constitu-
ents. Application of constituents was as follows: water (with
automatic pipette), hydrogen and synthetic air (less than 5
ppm of water). Water priority was justified by need of its full
evaporation. After each step it was necessary to note pressure
inside the vessel as (according to Dalton’s Law and ideal gas
model) volume fraction of single constituent is equal to its par-

tial pressure divided by total pressure in vessel. It was crucial
to consider residual amount of air in vessel while calculating
volume fraction of each component. Pressure gauge installed
in apparatus allowed to measure underpressure with accuracy
up to 1 mbar. Volume of channels that provides constituents
is assumed to be negligible in comparison with whole vessel.

Experiments were performed mostly for fuel-rich atmos-
pheres in which addition of water in vapor state (humidity)
decreases amount of oxidizer in a whole mixture. For com-
position with hydrogen volume fraction lower than its stoi-
chiometric value, the amount of oxygen is great enough for
reaction to be nearly perfect, while difference between heat
capacities of oxygen-nitrogen mixture and water in vapor state
is not significant enough to influence the Pex values.

Upper flammability limits of hydrogen are (depending on
the source) equal to 75% for ambient conditions (298 K and
0.1 MPa) and measured according to T method of EN 1839
standard [40]. Before performing measurements, additional
pre-experimental calculations were made, which covered in-
fluence of temperature on upper lammability limit of hydro-
gen. According to Liu and Zhang [20] for ambient pressure
(0.1 MPa) UFLs of H2 in 294K, 313K, 333K, 348K and 363K
are equal (respectively) 76.5%, 82.5%, 84.5%, 85.5% and
86.5% with possible error of +0.5%. Above values were extrap-
olated with Curve Fitting Toolbox [41] in Matlab 2014b [42]
for 378K, 398K and 423K giving following values of UFLs:
87.1%, 89.0% and 91.7%. Those values were assumed to be
indicative boarder volume fractions of hydrogen for following
measurements.

Amounts of water applied inside chamber were measured
with automatic pipette and were equal

0.5 ml, 1 ml and 2 ml. Tests for dry mixtures were also
performed (0 ml of water). Hydrogen volume fractions in ex-
periments varied from 15% to 80% (or less if addition of water
decreases upper flammability limits faster than temperature
increase it) with 5% step. Synthetic air with less than 5 ppm
of water was applied into the vessel as the last constituent until
total pressure of mixture was equal to the atmospheric one.
Oxygen to nitrogen ratio was equal 0.2939 per its provider
(The Linde Group—DPoland [43]).

Data evaluation

Experimental results were analyzed with Matlab [42]. With
use of Curve Fitting Toolbox [41] tendencies of P, versus hy-
drogen volume fractions were computed for every case (Figure
2-4). P., were described as follows:

Pea: = f (X7 UHzaTO) (1)

where:

— Xis volume fraction of water in its vapor state,

— v, is volume fraction of hydrogen and Tj is initial tem-
perature of vessel. Maximum values of P, are the maxi-
mum pressures of the constant volume explosions (Pp,y)
(see Table 1).

Amounts of water applied inside chamber were measured with

automatic pipette and were equal 0.5 ml, 1 mland 2 ml. Same

amount of water in its liquid state (vi20%) occupy different
volume at different temperature. Table 1 contains information
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Table 1. Maximum explosion pressure (Pme) and volume fraction of water in vapor state (X) for measurement in each tem-

perature (To)

To [K] 378K 398K 423K
Vhzo™ [ml] Pumax [bar] X [% vol.] Pumax [bar] X [% vol.] Pumax [bar] X [% vol.]
0 4.88 0% 4.57 0% 4.31 0%
0.5 4.78 4.18% 4.48 4.48% 4.13 4.77%
4.66 8.35% 4.31 8.95% 3.98 9.54%
2 4.35 16.71% 3.87 17.90% 3.46 19.08%

about volume fraction of water in its vapor state (X) obtained
from applied vio® into the testing vessel. Values of parame-
ter X were obtained from tables containing physicochemical
properties of water and steam [44] and confirmed experimen-
tally with measurements of partial pressures of humidity (in-
jected water).

For each composition of hydrogen-water-air mixture at
every temperature measurements in number of five were per-
formed. Standard deviations (o) were calculated for each case.
Maximum standard deviations (,,.) and mean standard de-
viations (Gpmen) were calculated for each temperature and were
equal to 0.22 bar and 0.06 bar for 373K, 0.18 bar and 0.04 bar
for 398K, 0.17 bar and 0.09 bar for 423K respectively. Mark-
ers on plots represents experimental values, while lines stands
for computed tendencies of P...

Results and discussion
Figure 2-4 presents obtained results for 373K, 398K,

423K respectively. It can be seen that maximum pressure
(Punax) decreases with increasing the initial temperature, which
is in agreement with literature [31, 39]. It is an expected out-
come, because density decreases with increase of temperature.
Consequently, in the same volume can be stored less matter
(e.g. fuel), so less heat from combustion can be released and
lower pressure arise will be observed. What is more, addition
of the water vapor for constant initial temperature decreases
value of P,,,, and slightly shifts the maximum peak to the di-
rection of lean mixtures. Secondly, P, values were measured
for hydrogen volume fractions close to stoichiometric values
(-30%), but from side of fuel rich mixtures. Fuel surplus is
essential for effective extraction of energy from combustion
reaction, because it ensures that every oxygen molecule will
paired with fuel molecule. Additionally, P., tendencies for dif-
ferent temperatures seems to converge towards LFL. Authors
interpret this effect on ground of negligible change of LFL val-
ue between 373K and 423K. It was also noticed that explosion
pressures assume lower values for fuel rich mixtures than for
fuel lean mixtures, but range of flammable fuel volume frac-
tions on their side (fuel rich mixtures) is wider. Additionally,
lack symmetry between fuel rich and fuel lean mixtures was
observed. All P,, tendencies for various amount of water vapor
as well as for various initial temperatures are arranged into
layers in (almost) whole range of hydrogen volume fractions.
For such cases the influence of temperature on UFL is too
gentle to affect the P,, characteristics as a function of hydrogen
volume fraction, therefore no trend inversion can be observed.

The difference between boundary temperatures (373K
and 423K) are equal 0.57 bar, 0.65 bar, 0.68 bar and 0.89 bar
for vino® equal 0 (dry composition), 0.5 ml, 1 ml and 2 ml

respectively. It is noticeable that differences increase with in-
crease of amount of water additive (v11,0"=0). Authors assume
that initial temperature have an impact on physicochemical
properties (like heat capacity or density) of both water and
steam.

Conclusion

This paper presents the results of experimental research
performed in a 20-litre closed spherical explosion vessel where
combustion of hydrogen-air mixture was investigated. The re-
sults show that initial temperature influence maximum pres-
sure of explosion. Addition of water vapor to the hydrogen-air
mixture resulted in decreasing value of the P,,,. Following
measurements may be needed for promoting a database of ex-
plosion parameters of mixtures based on H, in a wide range of
initial conditions. Presented results can also be useful in eval-
uating explosion risk of and/or in selection of explosion pro-
tection systems for hydrogen-based flammable atmospheres.
Results obtained by described means possess high level of safe-
ty for industrial use.
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Nomenclature and abbreviations

po - initial pressure

P. - explosion pressure

Pnx  — maximum explosion pressure

Ty - initial temperature

viz  — volume fraction of hydrogen

vino® — amount of injected water into apparatus in its liquid
state

X - volume fraction of water constituent in its vapor state

Greek letters:

Omex — maximum deviation for measurement in single tem-
perature

Omean — mean deviation for measurement in single temperature
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Figures

Figure 1 [45]. Apparatus picture and scheme with description:1) upper head of reactor carrying ignition source module;
2) thermocouple for measuring temperature inside the reactor; 3) supports on which chamber is founded; 4) homogenizing
system for preparation of tested mixtures; 5) safety module; 6) trigger for initiating data acquisition system coupled with igni-
tion system; 7) ignition source; 8) vacuum pump with filter and shut-off single-sided valve; 9) 1/2" sockets for connecting ad-
ditional components or modules if needed; 10) dynamic pressure sensor with signal transducer and analog amplifier; 11) data
acquisition system that links PC with dynamic pressure sensor; 12) device for regulation of measured value (with display
screen) of temperature inside reactor; 13) system for temperature stabilization of testing reactor (immersion heaters, thermo-
couples and digital controller); 14) thermal insulation of reactor (outer casing that separates surrounding and testing vessel);
15) lower head with evaporation module; 16) system for feeding H,O component in its liquid state into evaporation module;
17) evaporation module (heated tray with temperature stabilization system); 18) pressure gauge for measuring static pressure
inside reactor during measurement preparation procedure (disconnected from apparatus during actual measurement)

Figure 2. Explosion pressure tendencies for initial temperature equal 373K for different volume fractions of fuel (hydrogen) and
volume fractions of water in its vapor state (X)
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Figure 3. Explosion pressure tendencies for initial temperature equal 398K for different

Figure 4. Explosion pressure tendencies for initial temperature equal 423K for different volume fractions of fuel (hydrogen)
and volume fractions of water in its vapor state (X)

References

(1]

(2]
(3]

(4]

BS EN 15967:2011, “Determination of maximum explosion
pressure and the maximum rate of pressure rise of gases and
vapors”

V. Babrauskas, Ignition handbook. Issaquah, WA: Fire Science
Publishers, 2003.

H. Groh, Explosion protection. Amsterdam: Elsevier/Butter-
worth Heinemann, 2004.

G. De Smedt, F. de Corte, R. Notelé and J. Berghmans,
“Comparison of two standard test methods for determining
explosion limits of gases at atmospheric conditions”, Journal of

Hazardous Materials, vol. 70, no. 3, pp. 105-113, 1999.

5]
(6]
(7]

&)

G. Naterer, I. Dinger and C. Zamfirescu, Hydrogen produc-
tion from nuclear energy. London: Springer, 2013.

H. Coward and G. Jones, Limits of flammability of gases and
vapors. Washington: U.S. Govt. Print. Off., 1952.

M. Zabetakis, Flammability characteristics of combustible
gases and vapors. [Washington]: U.S. Dept. of the Interior,
Bureau of Mines; U.S. Govt. Print. Off., 1965.

J. Kuchta, Investigation of fire and explosion accidents in the
chemical, mining, and fuel-related industries. Avondale, MD:
U.S. Dept. of the Interior, Bureau of Mines, 1985.

A. Denkevits, “Explosibility of hydrogen—graphite dust hybrid
mixtures”, Journal of Loss Prevention in the Process Indus-
tries, vol. 20, no. 4-6, pp. 698-707, 2007.

o)
c
g=
o)
o)
c
o)
c
L
—
)
3
(@)
o




Temperature effect on explosion parameters of hydrogen-air deflagrations in presence of water vapor

(10]

(11]

(12]

(13]

(14]

(17]

(20]

(21]

(22]

[24]

(25]

R. Pildo, E. Ramalho and C. Pinho, “Explosibility of cork dust
in methane/air mixtures”, Journal of Loss Prevention in the
Process Industries, vol. 19, no. 1, pp. 17-23, 2006.

Y. Khalil, “Experimental investigation of the complex deflagra-
tion phenomena of hybrid mixtures of activated carbon dust/
hydrogen/air”, Journal of Loss Prevention in the Process Indus-
tries, vol. 26, no. 6, pp. 1027-1038, 2013.

D. Li, Q. Zhang, Q. Ma and S. Shen, “Comparison of explo-
sion characteristics between hydrogen/air and methane/air at
the stoichiometric concentrations”, International Journal of
Hydrogen Energy, vol. 40, no. 28, pp. 8761-8768, 2015.

F. Van den Schoor, R. Hermanns, J. van Ojjen, F. Verplaetsen
and L. de Goey, “Comparison and evaluation of methods for
the determination of flammability limits, applied to methane/
hydrogen/air mixtures”, Journal of Hazardous Materials, vol.
150, no. 3, pp. 573-581, 2008.

F. Van den Schoor and F. Verplaetsen, “The upper explosion
limit of lower alkanes and alkenes in air at elevated pressures
and temperatures”, Journal of Hazardous Materials, vol. 128,
no. 1, pp. 1-9, 2006.

F. Van den Schoor, F. Norman and F. Verplaetsen, “Influence
of the ignition source location on the determination of the ex-
plosion pressure at elevated initial pressures”, Journal of Loss
Prevention in the Process Industries, vol. 19, no. 5, pp. 459-
462, 2006.

F. Van den Schoor and F. Verplaetsen, “The upper flammabil-
ity limit of methane/hydrogen/air mixtures at elevated pres-
sures and temperatures”, International Journal of Hydrogen
Energy, vol. 32, no. 13, pp. 2548-2552, 2007.

P. Holborn, P. Battersby, J. Ingram, A. Averill and P. Nolan,
“Modelling the effect of water fog on the upper flammability
limit of hydrogen—oxygen—nitrogen mixtures”, International
Journal of Hydrogen Energy, vol. 38, no. 16, pp. 6896-6903,
2013.

S. Ren and Q. Zhang, “Influence of concentration distribution
of hydrogen in air on measured flammability limits”, Journal
of Loss Prevention in the Process Industries, vol. 34, pp. 82-91,
2015.

W. Rudy, A. Dabkowski and A. Teodorczyk, “Experimental
and numerical study on spontaneous ignition of hydrogen and
hydrogen-methane jets in air”, International Journal of Hydro-
gen Energy, vol. 39, no. 35, pp. 20388-20395, 2014.

X. Liu and Q. Zhang, “Influence of initial pressure and tem-
perature on flammability limits of hydrogen—air”, Internation-
al Journal of Hydrogen Energy, vol. 39, no. 12, pp. 6774-6782,
2014.

A. Sidnchez and F. Williams, “Recent advances in understand-
ing of flammability characteristics of hydrogen”, Progress in
Energy and Combustion Science, vol. 41, pp. 1-55, 2014.

C. Movileanu, D. Razus and D. Oancea, “Additive effects on
the rate of pressure rise for ethylene—air deflagrations in closed
vessels”, Fuel, vol. 111, pp. 194-200, 2013.

D. Razus, D. Oancea, V. Brinzea, M. Mitu and C. Movileanu,
“Experimental and computed burning velocities of propane—
air mixtures”, Energy Conversion and Management, vol. 51,
no. 12, pp. 2979-2984, 2010.

D. Razus, M. Molnarne and O. Fuf}, “Limiting oxygen con-
centration evaluation in flammable gaseous mixtures by means
of calculated adiabatic flame temperatures”, Chemical Engi-
neering and Processing: Process Intensification, vol. 43, no. 6,
pp. 775-784, 2004.

D. Razus, D. Oancea, F. Chirila and N. Ionescu, “Transmis-
sion of an explosion between linked vessels”, Fire Safety Jour-

nal, vol. 38, no. 2, pp. 147-163, 2003.

(26]

(27]

(30]

(31]

(32]

(36]

(371

(40]

(41]
(42]
(43]
(44]

(45]
[46]

A. Di Benedetto, V. Di Sarli, E. Salzano, F. Cammarota and
G. Russo, “Explosion behavior of CH4/O2/N2/CO2 and H2/
02/N2/CO2 mixtures”, International Journal of Hydrogen
Energy, vol. 34, no. 16, pp. 6970-6978, 2009.

E. Salzano, F. Cammarota, A. Di Benedetto and V. Di Sar-
li, “Explosion behavior of hydrogen—methane/air mixtures”,
Journal of Loss Prevention in the Process Industries, vol. 25,
no. 3, pp. 443-447, 2012.

V. Di Sarli and A. Benedetto, “Laminar burning velocity of hy-
drogen—methane/air premixed flames”, International Journal
of Hydrogen Energy, vol. 32, no. 5, pp. 637-646, 2007.

A. Di Benedetto, “The thermal/thermodynamic theory of
flammability: The adiabatic flammability limits”, Chemical
Engineering Science, vol. 99, pp. 265-273, 2013.

Q. Liu, Y. Zhang, F. Niu and L. Li, “Study on the flame prop-
agation and gas explosion in propane/air mixtures”, Fuel, vol.
140, pp. 677-684, 2015.

Q. Li, Y. Cheng and Z. Huang, “Comparative assessment of
the explosion characteristics of alcohol-air mixtures”, Journal
of Loss Prevention in the Process Industries, vol. 37, pp. 91-
100, 2015.

P. Flasiiska, M. Fraczak, T. Piotrkowski, “Explosion hazard
evaluation and determination of the explosion parameters for
selected hydrocarbons C6 — C8”, Central European Journal of
Energetic Materials, vol. 9, pp. 399-409, 2012.

M. Grabarczyk, R. Porowski, A. Teodorczyk, “Flammability
characteristics of butanol fuel blends at various initial tempera-
tures”, Archivum Combustionis, vol. 34, pp. 49-70, 2014.

M. Gieras, R. Klemens, A. Kuhl, P. Oleszczak, W. Trzcinski
and P. Wolaniski, “Influence of the chamber volume on the up-
per explosion limit for hexane—air mixtures”, Journal of Loss
Prevention in the Process Industries, vol. 21, no. 4, pp. 423-
436, 2008.

M. Gieras, R. Klemens, G. Rarata and P. Wolariski, “Deter-
mination of explosion parameters of methane-air mixtures in
the chamber of 40dm3 at normal and elevated temperature”,
Journal of Loss Prevention in the Process Industries, vol. 19,
no. 2-3, pp. 263-270, 2006.

M. Gieras, R. Klemens and P. Wolariski, “Experimental and
theoretical study of ignition of single coal particles at zero grav-
ity”, Acta Astronautica, vol. 13, no. 5, pp. 231-239, 1986.

Y. Fan and D. Crowl, “Predicting the maximum gas deflagra-
tion pressure over the entire flammable range”, Journal of Loss
Prevention in the Process Industries, vol. 13, no. 3-5, pp. 361-
368, 2000.

D. Bradley and A. Mitcheson, “Mathematical solutions for ex-
plosions in spherical vessels”,Combustion and Flame, vol. 26,
pp- 201-217, 1976.

V. Giurcan, D. Razus, M. Mitu and D. Oancea, “Prediction
of flammability limits of fuel-air and fuel-air-inert mixtures
from explosivity parameters in closed vessels”, Journal of Loss
Prevention in the Process Industries, vol. 34, pp. 65-71, 2015.
BS EN 1839:2012, “ Determination of explosion limits of gas-
es and vapors”
http://www.mathworks.com/products/curvefitting/
http://www.mathworks.com
http://www.linde.pl/en/index.html

W. Wagner, H. Kretzschmar and W. Wagner, International
steam tables. Berlin: Springer, 2008.
http://www.anko-lab.com/

http://www.cnbop.pl/en





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


