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The problems of assessing the consequences of fuel-air mixtures and their prevention are topical and of practical interest. Such the
explosions pose a real danger during processing, transportation and storage of fuels at various industrial and civil facilities. Forecast of
possible consequences of explosions of fuel-air mixtures is a key element in development of protective measures. Today, various
calculation methods have been developed and approved by different departments and organizations. The authors of the article have
previously verified methods of Gosatomnadzor (RB G-05-039-96), Rostechnadzor (RD 03-409-01, PB 09-540-03, Method for
assessment of consequences of accidental explosions of fuel-air mixtures, General explosion safety rules for exploswe chemicals,
petrochemicals and refineries), EMERCOM of Russia (GOST R 12.3.047- 98 GOST R 12.3.047-2012, SP 12.13130.2009), Netherlands
Organisation for Applied Scientific Research, Dorofeev, Baker-Strehlow and Baker-Strehlow-Tang for prediction of consequences of
air-fuel mixture explosions at the example of real exploswns It is established that the detonation regime is best described by the
Dorofeev's method and multi-energy method of Netherlands Organisation for Applied Scientific Research (ME-TNO) for deflagration
regime. Thus, it is promising to create a synthesis method that could combine approaches of the methods. Detonation mode was picked
out using the ME-TNO method and replaced by Dorofeev's method. Such a technique allowed proposing a new equation for predicting
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atmosphere pressure, R, is reduced distance (Sachs’s parameter), a—/ are empirical constants that depend on the class of blast
transformation. As a result of the research, a new equation is proposed. An equation allows calculating the overpressure of explosion,
which more accurately predicts the consequences of fuel-air explosions at petroleum and gas, petrochemical and chemical industries.

explosion pressure of fuel-air mixtures: AP:E,[a+ j, where Py is

T1poGIeMBI OLICHKH MOCIIC/CTBHI B3PHIBOB TOIUTMBOBO3YIIHBIX CMECEH M MX MPEAYIIPEKICHHSL SIBIISOTCS 31T000/{HEBHBIMU U UMEIOT
TMPAKTHYECKUIT HHTEpeC. DTU B3PbIBbI NIPEICTABISIIOT PEAbHYIO OIIAaCHOCTH IIPH NepepadOTKe, TPAHCIIOPTUPOBKE U XPAHCHHH TOILTHB
Ha pa¥IMYHBIX TPOMBIIUICHHBIX M TPOKIAHCKMX OObeKTax. IIPOrHO3MPOBAHME BO3MOXKHBIX —IOCICACTBUI  B3PHIBOB
TOIUTMBOBO3JLYIIHBIX CMecell SBISIETCS OCHOBHBIM DJIEMEHTOM B pa3pabOTKe 3allMTHBIX MeponpusThid. B Hactosimee Bpems
Pa3HYHBIME BEZIOMCTBAMHM M OPraHM3aLMsIMH Pa3paOOTaHbl M YTBEPIICHBI Pa3Hble pacyéTHbIe METOAMKH. Panee aBropamu Obuia
TIPOBEZICHA Bepmbvrkamm Merozo T'ocaromuansopa (Pb I-05-039-96), Pocrexsamsopa (P 03-409-01, TIb 09-540-03, Merowixa
OLICHKH TIOCIIC/ICTBHIT aBApUIHBIX B3PHIBOB TOIUTMBO-BO3IYIIHBIX cMecei, OfIe npasma B3pLIB06630HaCHOCTP[ JUTS1 B3PBIBOOIACHBIX
XUMHYECKHX, HePTeXUMHUUYEeCKHX U HedTernepepabaThIBarOIINX HpOI/ISBO/IlCTB) MUC Poccun (I'OCT P 12.3.047-98,
T'OCT P 12.3.047-2012, CIIT 12.13130.2009), Huneprnanackoii opraHusaiiy NpUKIaaHbIX HayqHbIX uccnenoannii (TNT, ME-TNO),
Jopodeesa, beiikepa—Crpenoy n beiikepa—Crpenoy—Tanra Juis NMPOrHO3MPOBAHMS TOCNEICTBHM B3PHIBOB TOILUIMBOBO3IYIIHBIX
cMeceii Ha TIpHMepe PeaibHBIX B3PHIBOB. Y CTAHOBIICHO, YTO PEKUM JICTOHALIMH JTyUIle BCErO OMHChIBaeT Metox Jlopodeesa, a pexum
nedmarparpi MynbTIRHEpreTHYeckuii Meton Hueprmanackoi OpraHusaiiyl NpHKIAAHBIX HaydHbIX HccnenoBannii (ME-TNO).
Takum 00pa3oM, CO3NAHHE CHHTE3-METO/d, B KOTOPOM COYCTATINCh Obl MOJAXOIbI JTHX METOJMK, SIBISIETCS IEPCICKTHBHBIM
HanpasieHreM. M3 meroma ME-TNO ObUl BBIWJICHEH PEKHM JETOHALMM M 3aMeHeH MeTouukod Jlopodeepa. [laHHBIH mprem
MO3BOJIJT TIPE/UIOKHUTH HOBOEC YPABHEHHE Ul TPOTHO3MPOBAHMS [IABJICHWS B3pbIBA TOIUIMBOBO3MYIIHBIX CMECEH, KOTOpoe

OINCBIBACTCSL  CIIGAYIOLICH  hopMyItoii: AP =F, a+i+%+ d3+ 64+ f5+ g6+ —|, rtme Py -
R R) R) R) R) R) ([R)

armocepHoe JaBieHne; R, — npuBeaeHHoe paccrosinve (mapamerp Caxca); a, b, ¢, d, e, f, g, h — SMIEpHYeCcKre KOHCTAHTBI,

3aBHCAIINEC OT KJIacCa B3PBIBHOTO IIPEBPAIICHHUA. B PE3YNIBTATe MMPOBECACHHOI'O UCCIICAOBAHMS TIPEAJIOKECHO HOBOC YPAaBHCHUC UL

pacuera HM30BITOYHOTO JaBJICHUS B3pbIBa, KOTOPOC 0oJj1€€ TOUHO TIPOTHO3UPYET MOCICACTBH B3PbIBOB TOIUTMBOBO3YIITHBIX cMecel
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Introduction

The problems that emerge with estimation of
explosiveness of fuel-air mixtures (FAM) and
prevention of explosions of FAM are topical and
of practical interest, because they pose a real
danger in processing, transportation (pumping)
and storage fuels in various industrial and
civil facilities. Prediction of the possible
consequences of FAM explosions is the key
element in development of protective measures
[1-10]. Today, various computational methods
have been developed and approved by various
departments and organizations. Previously, we
conducted studies on the capabilities of domestic
and foreign techniques for predicting the
consequences of FAM explosions. On examples
of solving similar types of computational
problems, poor compatibility of the methods
of Gosatomnadzor, Rostechnadzor, EMERCOM
of Russia, Netherlands Organisation for Applied
Scientific Research (Nederlandse Organisatie
voor Toegepast Natuurwetenschappelijk
Onderzoek, in short TNO), Dorofeev, Baker-
Strehlow (BS) and Baker-Strehlow-Tang (BST)
[11-23]. An analyzis of the consequences of real
FAM explosions allowed to establish that the
Dorofeev method describes the detonation mode
best when the deflagration mode is described best
by the multi-energy method TNO (ME-TNO).
A Rostechnadzor's method gives satisfactory
results [21-23] at a known flame propagation
velocity. Thus, creation of a synthesis method
where approaches of Dorofeev and ME-TNO
would be combined is a promising direction.

The main aspects
of the Dorofeev and ME-TNO methods

Since S.B. Dorofeev is one of the developers
of the RD 03-409—01' [27] the Dorofeev's method
[24-26] can be considered as a further
development of the approach of the
Rostechnadzor method. The main difference
between these methods lies in the method for
determination of the explosion parameters of
FAM in the detonation mode. The RD 03-409-01
[27] and RB “Method for assessment of

! Today, RD 03-409-01 is countermanded and replaced by the RB “Method
for assessment of consequences of accidental explosions of fuel-air mixtures” [28].
Nevertheless, the method of calculating the explosion pressure and compression
phase pulse remained unchanged in a new document of Rostechnadzor.

consequences of accidental explosions of fuel-air
mixtures” [28] use following equations:

In(P,)=—1.124—1.66In(R,) +

+0.26(In(R,))’, (1)
In(/,)=-3.4217-0.898In(R,) -
~0.0096(In(R,))’", 2)
AP =PFF, €)
I = ﬂ, (4)
CO

the Dorofeev’s method uses formulas (3), (4) and

0.34 0.062 0.0033
P = T >t 3 0 (5)
()" (R) (R)
0.0353
Sl

where P,, I, are for reduced explosion pressure and
the momentum of a positive air shock wave
compression phase (ASW); R, is for the reduced

. R
distance or the Sach’s parameter R, = ——

(54)

R is for distance from the center of the
explosion, m; E is for explosion energy, J; Py is
for normal pressure, kPa; C, is for sound speed
in the air, m/s.

There is in the ME-TNO method for FAM
description formula (3) and following ones

are used
JE /P,
(7N

b

t =t!
P 'p
G,

Pt
I=—*, ®)

where ¢, is for the time of ASW (s) and
special nomograms describing the dependence
of the reduced explosion pressure (P,) and time

of the positive compression phase of the HSV (#))
on the Sach’s parameter (R,) are also used. In this

case, all explosions are divided into 10 classes
(Table 1) [29].
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Table 1
Classification of explosive situations by TNO [26]

choose the smallest value of P,, which is obtained by
calculation from the formulas for explosive
conversion in detonation and deflagration regimes

Class | Conditions of | Clutter of | Parallel ;{lﬁ‘g’uﬁzﬂz [27, 28]. In this case we take into account that
: ses 1 2 243 . .
ignition space” jconstramt’ 4 equation (5) starts to work at R, > 0.33 [25, 26]. Since

7-10 |Favorable Strong Yes  |Closed in the ME-TNO method the I, indicator is not

7-10 |Favorable Strong No__ [Non-closed determined, only one parameter is chosen for the

5-7 ?:jgf:ge Strong Yes  |Closed comparative analysis such as reduced explosion
57 [Favorable Weak Yes  |Closed pressure P,. Calculations were performed using Excel
4-6 |Favorable Weak No |Non-closed 2010 and a previously developed computer program
4-6 |Favorable None Yes  |Closed “Calculation of parameters of gas-steam-air mixture
Scarcely ST
. - xplosion Table 2).
4-5 favorable Strong No Non-closed €xplosio [30] ( ble )
4-5 lgz;ifcr:lbyle None No Closed Table 2
3-5 Weak Y Closed .
favorable cd ° ¢ Results of calculations of Py by the methods
5.3 |Scarcely Weak No  [Non-closed of Dorofeev and ME-TNO under R, = 0.33
favorable
Scarcely ME-TNO
12 favorable None Yes  |Closed Parameter| Dorofeev Explosion class
Scarcely 10 9 8 7
' |favorabler None No  |Non-closed P, 215 | 623 | 466 | 2.00 1.00

Note: 1. “Favorable” means any source of ignition in
conditions of limited ventilation. “Scarcely favorable” means
open source of ignition (spark, open flame, heated surface etc.).

2. “Strong” means that in the field of an explosive cloud
there are numerous obstacles that make it difficult to move the
cloud freely. At the same time, more than 30 % of the total
volume of FAM is located on the territory with obstacles and
barriers, the distance between that is no more than 3 m. “Weak”
means that in the FAM there are obstacles and barriers. The
distance between them is more than 3 m. The total volume of gas
and steam-air cloud in the territory with obstacles and barriers
does not exceed 30 %. “None” means in FAM there are no
obstacles and barriers for its free diffusion. In adoptation to the
approach of Rostechnadzor, the classification of TNO cluttering
of space (strong — weak — none) should be interpreted as “strong
—medium — weak (no)” [21].

3. “Yes” means FAM is bounded by walls and barriers from
two or three sides. “No” means that there is no restrictions for an
explosive cloud, excluding the ground (floor) surface.

4. “Closed” is a room. “None-closed” is an open space.

Synthesis technique

In order to create a synthesis technique that could
combine the approaches of the Dorofeev and ME-
TNO methods, it is necessary to isolate the detonation
mode in the ME-TNO method and replace it with
Dorofeev's approach. In fact, in the ME-TNO method
there is no separation of FAM explosions into
detonation and deflagration [29]. However, it is clear
that explosions of high classes (see Table 1) will
correspond to the detonation regime. To solve this
problem, we use the approach of Rostechnadzor,
which for deflagration FAM explosions consider to

Based on the data of Table 2, it can be
concluded that the 9™ and 10™ classes of TNO
explosions belong to the detonation mode of FAM.
Thus, the 10" class in the synthesis methodology,
which unites the approaches of Dorofeev and
ME-TNO, is excluded. The 9" class is replaced by
Dorofeev's method. With help of the program
TableCurve 2D (version 5.01.05) it is established
that the reduced explosion pressure in the synthesis
technique is well described by the equation with
the correlation coefficients (0.998—0.999):

P=a+ b +—< 4 4 +
) R, (R) (R)
+—S 4 A +—5 4 U .
(R)* (R) (R) (R)

©)

Thus, the excess explosion pressure can be
calculated depending on the explosive conversion
class according to the formula

b c d
AP:E) a+—+ T t—=+t
R, (R) (R)

j (10)

where a—h are for empirical constants that depend
on the class of explosive transformation (Table 3).

2 A +—5 4 i
(R)* (R) (R) (R)
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Table 3
Empirical constants for the equation (9)
Constants
Class a b c d e f g h

9* —0.00113 0.14003 0.42948 —0.26310 0.13025 —0.03291 0.00326 0.00000
8 —0.00115 0.18519 1.03553 -3.31372 4.53397 —2.52705 0.61063 —0.05355
7 —0.00486 0.42504 —-1.21857 3.18796 —2.77262 1.10151 -0.20798 0.01517
6 0.00106 0.16827 0.51056 —0.48531 0.17496 —0.02869 0.00178 0.00000
5 0.00067 0.10223 0.06329 —0.04327 0.00138 0.00274 —0.00039 0.00000
4 —0.00017 0.07668 —0.05025 0.09424 —0.07766 0.02803 —0.00462 0.00028
3 —0.00002 0.03459 0.00359 -0.01747 0.02022 —0.01163 0.00298 —0.00027
2 0.00078 0.00542 0.03084 —0.03664 0.01947 —0.00577 0.00093 —0.00006
1 —0.00017 0.01057 —0.01574 0.02993 —0.02616 0.01087 —0.00215 0.00016

Note. * detonation mode.

As a result of the study, the synthesis technique
and new equation for calculation of the excess

pressure of FAM are proposed. Both combine the
approaches of the Dorofeev and ME-TNO methods.
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