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pabort B mociieaBapuiiHbIi iepuoy. [IpeacraBiieHHBIH aHATH3 JCUCTBHIA STIOHCKOI CTOPOHBI M MEXTyHAPOIHBIX OpraHH3anuit
[0 CMSATYCHHIO M JIMKBUAAIMH TOCJICACTBHII aBapUu U U3BECTHBIC PE3yJIbTAThl MOJCIUPOBAHUS PACIPOCTPAHCHUS PaIHOAK-
THUBHBIX MPOIYKTOB B OKPYIKAIOIICH Cpejie MO3BOJISIOT CAEIaTh BaXKHBIC IIarM B MOHHMMAaHHHA OCHOBHBIX MPHYUH, YPOKOB U
nocieacTuit 6onbuioit aBapun Ha ADC Fukushima-Daiichi. Tlony4eHHbIe OLIEHKM HOCSAT NMPEABAPUTENIBHBIA XapakTep U
MPEINOoIATaloT JANbHEHITNHA MOHUTOPUHT M aHAIN3 Pa3BUTHUS BOIPOCOB IO OOECIICUCHHE HKOJIOTMYECKON 0€e30MacHOCTH U
yCTpaHEHHIO NocIeACcTBUI aBapuit Ha ADC.

Kniouesvie cnosa: ®yxycumckas aBapus, SKOJIOTHUECKHIE TOCIEACTBIS, PaANOAKTUBHBIE BEIOPOCEHL.

LL. Kozlov. Analysis of ecological consequences and lessons of the Fukushima accident. The events that occurred
at the nuclear power plant (NPP) Fukushima-Daiichi forced all the world nuclear community and government bodies of eco-
logical safety regulation to return again, after Chernobyl accident, to the need of revaluating the safety of all operating and
designed NPPs. The consequences connected with emissions of radioactive products to the environment increase the validity
of studying and analyzing the environmental issues, while evaluating the works done in the postemergency period. The pre-
sented analysis of the actions of the Japanese side and of the international organizations on mitigation and elimination of
consequences of the accident, as well as the results of modeling of radioactive products distribution in environment allow to
take important steps in understanding the main reasons, processes and consequences of the big accident on the nuclear power
plant Fukushima-Daiichi. The obtained estimates are preliminary and require further monitoring and analysis of issues on
ecological security and elimination of consequences of accidents at NPPs.
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DEFLAGRATION-TO-DETONATION TRANSITION
AND THE DETONATION INDUCTION DISTANCE
ESTIMATION

Introduction. Turbojet and turbofan engines at flight Mach numbers exceeding 3 are very ex-
pensive. In particular, pulse detonation engine (PDE) is more attractive energetically for flight Mach
numbers of about 3...4 [1]. But in order to use detonations for propulsion and to realize the corre-
sponding thermodynamic advantages (they lead to reduced fuel consumption) some problems must be
resolved. These problems deal mainly with achievement and control of detonations in a propulsion
device. Among these problems are [1]:

— necessity of low-energy source for the detonation initiation;

— knowledge of geometry of the combustion chamber to promote detonation initiation and sur-
vival at lowest possible pressure lost.

Both problems are related to fundamental problem of deflagration-to-detonation transition and
calculating of the detonation induction distance. Calculating of the detonation induction distance (and
the detonation wave formation time) is also very important for explosion safety. And yet there are no
reliable analytical methods for such calculating.
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Literature review. Results of experimental researches for the deflagration-to-detonation transi-
tion (DDT) are summarized by Michael Nettleton [2]. The key ideas for physical and chemical mech-
anisms of transition from deflagration to detonation are described in book [3]. Multidimensional time-
dependent solutions of the Navier-Stokes equations are used to study the processes leading to DDT in
an energetic reactive gas mixture [4, 5]. Numerical simulations of DDT, obtained by Elaine Oran (US
Naval Research Laboratory) and her co-authors [4, 5], describe the transition phenomena in details,
e.g. the development of hot spots (ignition centers) and spontaneous reaction waves are investigated.
But either these numerical solutions or others [6...8] need a lot of computer time. And it is not con-
venient for problems of the DDT control, i. e. for real-time computing (especially for the explosion
safety control).

Research goal. Developing a mathematical model of DDT that leads to simple analytical esti-
mates for the detonation induction distance (DDT run-up distance) and the detonation wave formation
time (DDT time) without detailed phenomena consideration

Research description. The reason of DDT is instability of laminar flames. Physical model for
DDT contains the next stages:

— there exists a possibility of the laminar flame instability;

— as the result of two-dimensional (multidimensional) flame instability the flame front distortion
and turbulent combustion take place;

— flame accelerates because of the burning-surface area increase [9];

— accelerating flame generates shock wave and detonation.

Solutions for the detonation induction distance X, and the DDT time t, are obtained by H.

Jones and M. Nettleton [2] for different types of the flame acceleration g,. If g, =const, that is

flame acceleration is constant, distance X , between the point of ignition and the point, of flame

positioning during the shock wave formation can be estimated as [2]
2a;
T N2
gMBr (i +1)

where B, =const (0<B, <1,B,=0,9in most cases);

Xy

a, sonic speed for inflammable mixture;

v, the ratio of specific heats for this mixture.

Distance X, between the point of ignition and the point, where the shock wave is generated can
be assessed as [2]

X, =B, (ri +DX,,
that is
2a;
fE———. (D
gB (v +1)
For open spaces either wide channels and tubes with smooth walls [2]
X, =X,.

So to obtain of the detonation induction distance X, (or X, ) formula it is necessary to estimate
the flame acceleration g .

Such estimate is based on the flame stability problem solution. This problem is solved for the
flames propagating in open spaces through viscous incompressible environment [10]. The solution is
enlarged to cylindrical tubes. Case of instability wave length A,, for the fastest growth rate of pertur-

bation amplitude is obtained [10].
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Arc distance [ for the distorted flame, corresponding to A,, /2 is

s 2

I= j l+|:£(R681)} dy,
/4 oy

where &,(y, 1) = Ay,h " exp(ihy —iot) flame leading edge perturbation;

h=2n/X\>0wave number;

A wave length;

i unit imaginary number;

® complex number (eigen-value);

y spatial coordinate;

¢t time;

Ay, arbitrary constant;

Reeg, real part of g, .

2
The quantity [;(Re 81):| is small [10]. So
v

Do /4 1_5 12
I= 1+—| —(R dy,
_[ { 2_ay( 681)_ } 'y

/4
and
A Ao 14 3 2
[=—+ —(Reg)) | dy. 2
: j 5 e | & 2
It is obvious that for A =24,
Reg, = 4, Mcos 2y cos 21y exp(zizultj,

o . . . .
where z =——— is dimensionless eigen-value [10];
U,

u, is laminar combustion velocity.
Let us assume

K =4, exp(zmult) (3)
}\'ﬂ’l
Then
o /4 2 Do /4
" 0 2 " .2 ZTcy
—(Resl)} dy=K sin" ——dy,
! {ay { Ao
2, /4 2 A /4
j i(Regl) dy=K’ X—hsinﬂ ,
o Loy 2 8rn A
0
and finally
A /4 2
| 9 Ree)) | dy=k>e. (4)
o Loy 8
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Substituting (4) into (2), we obtain

It is evident that

S

+ .
Ay /2 4

So the ratio of areas for the disturbed flame and the planar flame will equal

By law of areas

2 2 2

! K
=1+ .
(xm/zJ ( 4}

where u, is the flame propagation velocity.

Quantity K is small. So

and

KZ
M/»Zul(l'i‘TJ, (5)
d
My = ule—K .
dt dt

Obviously the shock wave is generated when flame propagating velocity is close to the sonic
speed a, for initial inflammable mixture. Let us assume that such velocity can be reached within time

1, . Then, due to (5)

and

u
where M, =— the Mach number.
a

Due to (3)

SO

2
a, =u, [1+—K ;TS)J,

M, (6)

d_K: 2nzu, K.
dt A

m

%: 2mzu,” <
dt A

m
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and, in particular,

du, 2mzu,’
—(1,)= K (t,). 7
= ) ” (t,) (7)

Substituting (6) into (7), we obtain
du_f(m _ Amzu” (1-M,) .
dt AaM,
Thus, at the moment when the flame propagating velocity is close to the sonic speed g, the flame
is acceleration
Anzu” (1-M,)
With regard to [10]

142 |z =2, l(1+ﬁj(282+1)+ S ylisn( 2t s 43|+
5, +1 22 5, 5,

1 z:
—&, =D 1+2z,+2 |,
W
2 2
Zouy (1-M,)
Sl ISk E A 8
& 2z,LM, ®

where 9, = Py , P, is the initial inflammable mixture density, p, is density of combustion products;
P2

o, -1

b

8y =5,

e

m = const exponent in dependence of dynamic-viscosity coefficient on temperature;
L is the flame thickness.

Substituting (8) into (1), we obtain

4z,.L
X, =- = . ©)
(I=M)MzB (v, +1)
Formula (9) represents an is analytical estimate for the detonation induction distance.
For DDT time T, such approximate estimate will be:

T, =—. (10)

Thus the analytical estimates for DDT run-up distance and for the detonation wave formation
time are obtained. Calculation these algebraic formulae is very simple requiring a minimal computer
time, but such calculating does not describe the deflagration-to-detonation transition phenomena and
its nature in detail.

Results. To verify the proposed mathematical model the calculations of the detonation induction
distance X, and of DDT time t, have been implemented for different combustible environments. The

results are given in Table.
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Detonation induction distance X, and DDT time t, for different combustible media

Combustible medium X, T,

Gas mixtures near stoichiometry 10 mm...50 cm 0,001s...5s
Gas mixtures near concentration combustion limits 50 cm...5m 5s...15s
Fine-dyspersated aerosols and dust suspensions Im...10 m 5s...1 min
Aerosols and dust suspensions S5m...15m 15s...2 min
Aerosols and dust suspensions near concentration .

. . more than 15 m more than 2 min
combustion limits

Those results are in good agreement with experimental data for open spaces, wide channels and
wide tubes with smooth walls. It is well known [2] that wall roughness and obstacles in channels and
tubes do significantly reduce DDT run-up distance and DDT time (in some cases in several times, up
to 20...50 times).

Conclusions. Main conclusions of research effected are the following:

— the mathematical model for DDT is based on the flame stability problem solution;

— simple algebraic formulae for estimates of the detonation induction distance (9) and DDT
time (10) are obtained;

— formula (9) for the detonation induction distance estimate is useful for PDE designing and for
explosion proof projecting;

— formula (10) for DDT time first of all amplifies mathematical support of the automated con-
trol systems for the potentially explosive objects;

— due to (9) the detonation induction distance for slow-burning mixtures is much more than for
fast-burning mixtures, because this distance is directly proportional the flame thickness L and inversely
proportional Mach number M, .
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AHOTAIISI / AHHOTALIUA / ABSTRACT

B.E. Boaxos. Ilepexin ropinHsi B 1eTOHALIIO Ta OLIHKA TOB:KUHH MepeaaeToHaUiiHol AiisHkM. [lepexin ropiHas B
JIETOHALIIO € IIKaBUM SIK 3 TOUKH 30py BHOYX00€3MeKH, TaK 1 AJs MPOEKTYBaHHA IMITYyJIbCHUX JETOHAIIIMHUX OBUTYHIB. Taki
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JBUTYHH BHT1JHI €HEPreTHYHO MPH MOJI0Tax 3 YhciaaMu Maxa, mo rnepeBuinyors 3. I[Ipore mepexin 103ByKOBOTO TOPIHHS B
JIETOHALII0 HA IIeif Yac HeAOCTaTHBO JOCII/KEHO, IO € CYTTEBOKO MEPELIKOIO0I0 SIK JUTs PO3B’si3aHHs rpobiieM BuOyxobesme-
KH, TaK i JJIsl KOHCTPYIOBaHHS JIeTOHALIHHNX JIBHUTYHIB (aBiallilHUX 1 pakeTHUX). MeToo poOOTH € IOCIiIKEHHS MaTeMaTH-
YHUX BJIACTHBOCTEH 3a3HAYEHOTO IIEPEX0.y. 3alPOIOHOBAHO MaTeMaTHYHY MOJIENb Tepexony Aediarpauii B A€TOHALiIO, 110
6a3yeTbcsi Ha PO3B’sI3aHHI 3aa4i PO CTIMKICTh mosyM’s. Ll Moziesib TOMOBHIOE CydacHy TEOpiro ropiHHs Ta BUOYXy Ta Teo-
pito TypOyneHTHOCTI. 3pO0JICHO TEOPETHYHY OLHKY JOBKHHHU TEpeAeTOHANIHHOT TUISTHKY Ta Yacy YTBOPEHHS AETOHAIiN-
Hoi xBuWIIi. JloBEeHO, IO JOBKHHA TEepeIACTOHAIHOT JUISHKH JUIA MTOBUTFHO 3rOPal0YrX CyMiIllel OibIne HiXK JUIs IBH-
Ko 3roparounx. OTpuMaHi pe3yJbTaTH JO03BOJSIOTH BJOCKOHAJIUTH MaTeMaTHYHE 3a0e3NedYeHHs aBTOMATH30BAHHX CHCTEM
KepyBaHHS BUOyXOHeOe3IIeuHIMH 00’ €KTaMH Ta IPOSKTYBaHHS JICTOHAIHNX JBUTYHIB.
Kniouoei cnosa: ropiHHs, JETOHAITISI, HECTIMKICTh, MATEMAaTHYHA MOJIEIb, TICPEICTOHAIIIHHA JITHKA.

B.D. Boakos. Ilepexon ropeHusi B 1eTOHALUIO M OLIeHKA JUIMHBI NIPeJIeTOHAIIMOHHOr0 yuacTKa. [lepexos ropeHus
B JICTOHALIUIO NPEACTABISIET UHTEPEC KaK C TOYKM 3PEHHsS B3PbIBOOE3ONACHOCTH, TaK U JUIS IPOCKTUPOBAHUS MMITYJIbCHBIX
JIeTOHALIMOHHBIX JBUraTeneil. Takue ABUraTean BHITOAHBI SHEPIeTHYECKHU IIPH MOJIeTax ¢ yuciaMu Maxa, MpeBbllIalomuMu
3. OzHaKo mepexo/| JO3BYKOBOTO TOPEHHsI B ICTOHALMIO B HACTOSIIIEE BPEMSI UCCIIEJOBAH HEIOCTATOYHO, YTO SBISCTCS Cepb-
€3HBIM IPETSATCTBUEM KaK JUIsl pEIICHHUs NPOoOIeM B3pBIBOOE30MACHOCTH, TaK U AJI1 KOHCTPYHPOBAHHUS IETOHALMOHHBIX JIBU-
rareniell (aBHAIMOHHBIX M pakeTHHIX). Llenb pabGoTel COCTOMT B MCCIIENOBAHMH MAaTEMAaTHUECKUX 3aKOHOMEPHOCTEH yKa3aH-
Horo nepexona. [Ipemnoskena MareMaTH4ecKkass MOJIeNb Iepexona aedarpayu B JeTOHAUIO, 0a3upyIONIascs Ha PEIIeHUN
3ama4n 00 yCTOWYMBOCTH ITaMeHU. JlaHHas MOJIeNIb JOIOJIHIET COBPEMEHHYIO TEOPHIO TOPEHUSI U B3phIBa M TEOPUIO TypOy-
neHTHocTH. [Ipon3BeneHa TeopeTHueckas OleHKa AJIMHBI IPEAJeTOHAIMOHHOTO Y4acTKa U BpeMEeHH 00pa30BaHusl JeTOHAIM-
OHHOM BOJIHBI. JI0OKa3aHO, YTO JUIMHA MPEJICTOHALMOHHOTO Y4acTKa 1711 MEUICHHOTOPAIMX CMeceid OoJblie, yeM Uit ObICT-
poropsiux. [TomyueHHbIEe pe3yabTaThl MO3BOJIAIOT YCOBEPLUICHCTBOBATh MAaTEMAaTHYECKOE OOeCIeueHHEe aBTOMATH3UPOBAH-
HBIX CHCTEM YIPaBJICHHUs B3PBIBOOIIACHBIMU O0OBEKTaMH U IIPOCKTHPOBAHUE ICTOHAIIMOHHBIX JIBUTATEIICH.

Knrouegvie cnosa: ropeHne, NeTOHAINS, HEYCTOHYMBOCT, MaTEMaTHUECKask MOJIENb, PE/ICTOHAIIMOHHBIH Y4acTOK.

V.E. Volkov. Deflagration-to-detonation transition and the detonation induction distance estimation. Deflagra-
tion-to-detonation transition is interesting both for explosion safety and for the pulse detonation engine designing. Such en-
gines are energetically favorable at flight Mach numbers exceeding 3. But transition from subsonic combustion to detonation
is not investigated enough at present, and that is a serious difficulty both to the explosion safety problem solution and to en-
gineering of detonation engines (both acroengines and rocket engines). The aim of the study is investigation of mathematical
laws for the mentioned transition. A mathematical model for deflagration-to-detonation transition that is based on the solu-
tion of the flame stability problem is offered. This model amplifies modern theory of combustion and explosion and turbu-
lence theory. Theoretical estimates for the detonation induction distance and for the detonation wave formation time are
made. It is proved that the detonation induction distance for a slow-burning mixture is greater than for a fast-burning one.
The obtained results make it possible to improve mathematical support of the automated control systems for the dangerously
explosive objects and the detonation engine designing.

Keywords: deflagration, detonation, instability, mathematical model, detonation induction distance.
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