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EMERGENCY BURNING OF SOLID ROCKET PROPELLANT: DAMAGE
RISK ASSESSMENT TO PEOPLE IN THE WORKPLACE

Purpose. This work includes the development of a computer model to calculate the risk of thermal damage to
people in the shop in case of emergency burning of solid rocket propellant. Methodology. To calculate the tempera-
ture field in the shop in order to determine the zones of thermal damage to workers in the building, the equation ex-
pressing the law of energy conservation was used. Based on this modeling equation, the temperature field in the
shop is calculated in the presence of a source of heat emission — burning solid rocket propellant. To calculate the
velocity field of air flow in the shop, taking into account the location of obstacles in the path of heat wave propaga-
tion, we used the model of vortex-free air motion — the equation of the velocity potential. A two-step finite differ-
ence scheme of conditional approximation is used to numerically solve the equation for the velocity potential.
A difference splitting scheme was used to numerically solve the energy equation. At the first stage of construction of
the difference splitting scheme of the two-dimensional energy equation into the system of one-dimensional equa-
tions is performed. Each one-dimensional equation allows you to calculate the temperature change in one coordinate
direction. The point-to-point computation scheme is used to determine the temperature. When conducting a compu-
tational experiment, the air exchange in the building is taken into account. The risk assessment of thermal damage to
personnel in the building is performed for different probabilities of the place of emergency combustion of solid
rocket propellant. Findings. Using numerical model prediction of the potential risk areas of thermal damage to staff
in the shop for a variety of emergency situations was performed. Originality. A computer model for rapid assess-
ment of the potential risk of damage to people in the shop in case of emergency burning of solid rocket propellant
was constructed. Practical value. The authors developed a code that allows you to quickly simulate the temperature
fields formation in the shop in case of emergency burning of solid rocket propellant and to identify potential areas of
thermal damages to workers based on this information. The developed computer program can be used to assess the
risk of thermal damage in the chemical industry in case of emergency.

Keywords: numerical modeling; risk of damage; emergency burning of solid rocket propellant; thermal pollution
of air
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Introduction

Particularly dangerous are industrial sites,
where emergencies are possible with the sudden
formation of intense, diverse impact factors (shock
wave, heat wave, emission of toxic substances). In
this case, it is extremely important to predict the
risk of damage to personnel in the workplace dur-
ing emergencies.

Analytical and numerical forecasting methods
are used to determine the risk of personnel damage
in case of emergencies [3, 6-15]. These methods are
focused on assessing the risk of toxic damage to
humans during accidental releases of toxic sub-
stances. At the same time, the task of predicting the
risk of thermal damage to people during emergen-
cies is also relevant. This is especially important in
cases where there is a fire inside industrial shops
with a significant number of workers. The risk of
thermal damage may occur, for example, in the
event of emergency ignition of solid rocket propel-
lant in the shops. The temperature of the combustion
products of solid rocket propellants is very high.
Due to the high emission of heated propellant com-
bustion products, the area of thermal contamination
spreads across the shop and there is a risk of thermal
damage to personnel in the work areas. To assess
the risk of thermal damage to personnel, it is neces-
sary to have mathematical models.

Purpose

Fig. 1. Solid propellant engine of Thunder-2 rocket
in the working room
(https://allkharkov.ua/news/state/grom-grianet-v-etom-
gody.html)

The paper envisages the development of
a numerical model for assessing the risk of thermal
damage to people in the workplace in the event of
emergency burning of solid rocket propellant
(SRP) for Thunder-2 rocket (Fig. 1).

Methodology

To assess the risk of thermal damage to people
in the workplace in the event of emergency burn-
ing of solid rocket propellant, we will use the equa-
tion of convective heat transfer (two-dimensional,
planned model, Boussinesq approximation) [4, 7]:

ﬂwtﬂ+ﬂ:div(agradT), (1)
o ox oy
where T — is the air temperature; u,v — compo-
nents of the air velocity vector in the building;

a=(a,a,) — temperature conductivity coeffi-

cients; x,y; — Cartesian coordinates; t — time.

Statement of boundary conditions for energy
equation (1) is as follows [7]:
1. At the entrance to the calculation area:

=T,

where T,, — known air temperature (for example,
T,=20°C).

2. At the boundary of the outflow of the calcu-
lation area:

T.

i+1, j =

T

where T, ;
cell; T; ; — the temperature in the previous cell.

— temperature in the last difference

3. On the hard boundaries 2—1- =0.
n

For the moment of time t =0, i.e. at the begin-
ning of the calculation, we set the condition
T =T,, where T, is the known air temperature in

the calculation area, for example T,=T,,. The

temperature of burning products is set at the place
of solid propellant combustion [7].

By solving equation (1) we can determine the
temperature distribution in the working areas in the
shop. The important thing is that one can obtain
a non-steady solution to the problem — the data of
changes in the temperature distribution in the shop
over time. The risk of thermal damage [7] is de-
termined from the following condition: if the air
temperature in the working area is more than
100 °C, at which there is a complete protein dena-
turation, then at this point in the working area it is
assumed that the risk of damage is 100 %.
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To numerically solve equation (1), we split the
energy equation at the differential level into a se-
guence of such equations [5, 7]:

5_T+5U_T:2[axalj; 2
o ax axl M ox
T 2T
ot gy oy\ "oy

Next, we use a non-explicit difference scheme
to numerically integrate one-dimensional energy
equations [5, 7]. Let us perform the following
transformations:

ouT ou'T ouT,
= =+ X

OX oX OX
ovT :8V+T+8V_T_
o oy
sl e
2 2
V+_v+|v| V__v—|v|
2 2

Let us perform further approximation of deriva-
tives for equations from system (2), (3) [7]:
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The splitting scheme for equation (2) is written
as follows [5, 7]:

—in the first step, the difference equation has
the form:

T -T"
L L TE=ME T M TS (4)
At
—in the second step, the difference equation
takes the form:

T_H_Jrl —T-k-
- T =M T M T
At
The splitting scheme for numerical integration
of equation (3) will be as follows:
— in the first step we obtain the difference equa-
tion:

()

Tikj _Tinj K k —
i +LT =M TR+ M T

—in the second step of splitting, the difference
equation will have the form:

(6)

Ti,nj+1 _Tif(j — —+n+l +n —n+l
T+LyT =M T"+M_ T (7)

The unknown value of temperature T at each
splitting step (4) — (7) is calculated by the formula
of the point-to-point computation.

The air velocity field u, v, in the presence of
obstacles at the industrial site, is determined based
on the model of the movement potential [2, 3, 7]:

O’P  O°P

EarTa

(8)
oP
u=P.

oP
=—) V=—
OX

N
The boundary conditions for equation (8) are as
follows [2, 3, 7]:
1) g—i =0 — on the hard boundaries;

2) @:Vn — at the boundary where the flow
on

enters through the ventilation system, V, — is the
known air velocity;
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3) P = const — at the boundary of the outflow of
the calculation area.

To numerically solve this equation, we will use
the scheme of conditional approximation [5]. The
difference splitting equations in this case are as
follows [5]:

— in the first step of splitting:

o n+%
—R.i % +Ra

At AX?

1 1
n+= n+=
2

-P.2+P ¢
—H 2 (9)
y

— in the second step of splitting:

1
PRy 2[R R [RGA-RY
At AX?

} . (10)

1
Unknown values of the velocity potential PiTZ

P"* in each splitting step (9), (10) are determined

by the method of point-to-point computation.
The calculation according to dependences (9),
(10) ends when [7]:

<g,

n+l n
Pi R

where F’if‘j*l — the value of the velocity potential

on the new iteration; PB; — the value of the veloci-

ty potential on the previous iteration; ¢ — small
number.

To start the calculation it is necessary to set the
«initial» value of the velocity potential in the cal-
culation area, during the calculation we take the

value R’ =0.

The components of the air velocity vector are
calculated on the sides of the computational cell as
follows [3, 7]:

R—Pu; P

ij . ij I:)i,j—l
Uj = =] V= ————.
AX Ay
After calculating the velocity component, we
perform the solution of the energy equation where

this field is used.

Let us consider the algorithm for solving the
problem of determining the potential risk of ther-
mal damage to personnel in the shop [1, 2, 7].
First, based on numerical integration of fundamen-
tal equations (energy equations and equations for
velocity potential) we perform the calculation of
the temperature distribution in the shop for differ-
ent emergencies. When assessing the risk, we as-
sume that the probability of each emergency is
known. After calculating the temperature field for
different accident scenarios in the shop, the com-
puter program determines the areas where the val-
ue of air temperature is greater than the tempera-
ture of the damage.

Then we print the forecast results of the thermal
damage risk for a certain time point. In this article
the various probability of fire point of rocket pro-
pellant in shop is considered.

The numerical solution of all difference equa-
tions has been programmed. FORTRAN was used
to create computer code to simulate the process of
thermal air pollution.

Findings

The constructed numerical model was used to
assess the potential risk of thermal damage to peo-
ple in the shop where the solid rocket propellant of
Thunder-2 rocket is located. In the event of emer-
gency that leads to the burning of solid rocket pro-
pellant inside the shop, there may be a «domino»
effect — the ignition of the propellant of a neigh-
boring rocket engine.

The scheme of the calculation area is shown in
Fig. 2. The arrow in the Figure shows the direction
of air movement in the shop. During the calcula-
tions, the task was set to determine the level of
temperature pollution in the shop over time and in
the working area (position no. 2 in Fig. 2). The air
exchange rate in the shop is equal to k, = 15. The
initial air temperature in the shop is 20 °C. We as-
sumed that the temperature of combustion products
at the accident site is equal to 1 000 °C [7]. For the
calculations, the influence of the engine housings
in the shop on the formation of temperature fields
was taken into account. Below Fig. 3 and 4 show
the changes dynamics in air temperature in the
shop for different time periods after the emergen-

cy.
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Y

Fig. 2. Scheme of the calculation area:
1 — fire point of propellant in the shop;
2 —solid propellant engines of the Thunder-2 rocket
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Fig. 3. Zone of thermal pollution (isotherms)
inside the shop, t = 11 sec:
1-T=789°C;2-T=625°C;3-T=377°C
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Fig. 4. Zone of thermal pollution (isotherms)
inside the shop, t = 15 sec:
1-T=812°C;2-T=671°C;3-T =388 °C

The analysis of the given Figures shows that
the thermal pollution zone is formed very quickly
in the shop. A zone with a high temperature gradi-
ent is formed near the emission source.

Fig. 5 shows the temperature change over time
in the working area.
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Fig. 5. Change in air temperature over time
in the working area

As we can see from the Figure, the air tempera-
ture rises very quickly in the working area. In
7 seconds it almost reaches the value of 270 °C, i.e.
there is a risk not only of thermal damage to per-
sonnel, but also of a «dominoy effect — ignition of
a neighboring rocket engine, which is located at
a distance of 5 m from the engine where the fire
started. Fig. 7, 8 show the results of solving anoth-
er problem to assess the risk of thermal damage to
personnel in the shop. The situation when several
solid propellant engines are located in the shop is
considered (Fig. 6), and the further probability of
emergency — the probability of engine ignition in
zone no. 1is 25 %, and in zone no. 2 — 75 %.

L 4

— J i —
= m ~
-_2P\1 D - =>

0 X

Fig. 6. Scheme of the calculation area (shop where solid
propellant engines are located):
1 — fire point no. 1 (fire probability 25 %);
2 —fire point no. 2 (fire probability 75 %)
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Fig. 7, 8 show the matrix of potential territorial
risk of thermal damage to people in the shop for
different points in time in the case of the realiza-
tion of these probable situations.

Y

X

Fig. 7. The probability of thermal damage
to personnel in the shop at time t = 12 sec

X

Fig. 8. The probability of thermal damage
to personnel in the shop at time t = 24 sec

As we can see from the given Figures, for the
considered situations the risk of thermal damage to
the personnel in the shop is extremely high, be-

cause the zone of thermal damage is formed very
quickly.

It should be noted that it took about 5 seconds
computer time to solve the problem.

Originality and practical value

A computer model has been built to quickly
assess the potential risk of thermal damage to
people in the shop in the event of emergency
ignition of solid rocket propellant. A code has been
developed that allows to quickly model the
formation of temperature fields in the shop in case
of emergency ignition of solid rocket propellant
and to determine the areas of potential thermal
damage to workers based on this information.

The developed computer program can be used
to assess the risk of thermal damage in the
chemical industry in the event of emergency.

Conclusions

1. A computer model has been proposed to pre-
dict the risk of thermal damage to shop workers in
the event of emergency that results in the ignition
of solid rocket propellant.

2. Based on computer simulation data, it can be
concluded that in the event of emergency in the
shop, there will be lethal thermal damage to work-
ers.

3. The formation of thermal damage zones in
the shop is very quickly, so it is necessary to de-
velop measures to save the lives of workers.
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ABAPIMHE I'OPIHHS TBEPJOI'O PAKETHOI'O ITAJIUBA: OILIIHKA
PU3UKY YPAKEHHSA JIOJEN B POBOUYOMY ITPUMIIIEHHI

Mera. Ll pobora nepenbayae po3poOKy KOMIT'FOTEpHOT MOAEINI Ul PO3paxyHKy PU3MKY TEPMIYHOTO YparKeHHS
JIoJIed y 1exy B pasi aBapiifHOro ropiHHS TBEPAOro pakeTHOro nainuea. Merognka. /i po3paxyHKy OIS TeMIepa-
TYpH B 1IEXY, 3 METOI0 BU3HAUEHHS 30H TEPMIUYHOTO Ypa)K€HHS IPAliBHUKIB Y NMPUMILICHHI, BUKOPUCTAHO PiBHSIHHS,
10 BUpakae 3aKOH 30epekeHHs eHeprii. Ha 6a3i 1boro MoJenioBaIbHOTO PIBHSHHS PO3PAaXxOBaHO I0JIE TEMIIEpaTyp
y LIeXy 3a HassBHOCTI JKepena eMicii Tera — TBepI0T0 PaKeTHOTO TalluBa, 10 TOPHUTh. PO3paxyHOK TOJIsI MIBUIKOCTI
MOBITPSIHOTO TIOTOKY B II€XY, 3 YpaxXyBaHHIM PO3TAIlyBaHHS MEPEIIKO/ Ha IUISIXY PO3IMOBCIOMIKEHHS TEIIOBOT XBIJII,
MIPOBEACHO Ha 0a3i Mojesi 0e3BUXPOBOTO PyXy MOBITPS — PIBHSIHHS MOTEHINATY MIBUAKOCTI. YucenbHe PO3B’I3aHHS
PIBHSHHS U MOTEHIIATY MBUAKOCTI BUKOHAHO 32 JOMOMOTOIO JBOKPOKOBOi CKiHYEHHOPI3HHUIIEBOI CXEMH YMOBHOI
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anpokcumanii. s 4mcensHOTo po3B’Si3aHHs PIBHSHHS €HEprii BUKOPUCTaHO DI3HHLEBY CXeMy posiieruieHHs. Ha
HepuoMy erarti moOy0oBH Pi3HHUIEBOI CXEMU BHKOHAHO PO3IIEIICHHS JABOBUMIPHOTO PIBHSHHS €HEprii Ha CHCTEMY
OIHOBUMIpHHX piBHSIHB. KOoJKHE OHOBMMIpHE PIBHSHHS TO3BOJISIE PO3PaXyBaTH 3MiHY TEMIIEpaTypy B OTHOMY KOOp-
JMHATHOMY HanpsMmKy. /st BU3HAUCHHS TEMIIEpaTypy BHKOPHUCTaHO cxeMy ObkKydoro paxyHky. Ilin ac mpoBeneHHS
00YHCITIOBAIFHOTO €KCIIEPUMEHTY BPaxOBaHO MOBITPOOOMiH y mpuMinieHHi. OUiHKy pH3HKY TEPMIYHOTO ypaKeHHS
TIepCOHANY B IPUMIIIEHHI BUKOHAHO IS Pi3HHUX BipOT1THOCTEH MICII aBapiifHOTO TOPiHHS TBEPJOTO PAKETHOTO TTajH-
Ba. Pe3yabTaTn. 3a JOIOMOTOI0 pO3pOOIICHOT YHCENBHOT MOJIeTTi BUKOHAHO IPOTHO3YBAaHHS 30H MMOTEHIIAIEHOTO PH-
3UKYy TEPMIYHOTO Ypa)KeHHsI IEpCOHaly B LieXy Ui pi3HMX aBapiliHuii curyauiii. HaykoBa HoBu3Ha. [loOynoBaHo
KOMIT'IOTEPHY MOJIEIIb JUTSl eKCIIPEC-OL[IHKY ITOTEHIIaJIbHOTO0 PH3UKY TEPMIYHOTO YpasKeHHsI JIFOJIeH B 1IeXy B pasi aBa-
piiiHOTO TOpPIHHS TBEpAOrO pakeTHoro najiusa. IIpakTu4yHa 3HaYUMicTh. Po3po0ieHO KOJ, IO JO3BOJISE IIBUIKO
MozemoBaTi (GopMyBaHHS TEMIIEPaTYPHUX IOJIB Y 1IeXy y BUIIAJIKy aBapiiHOTO TOpiHHS TBEPAOro paKeTHOTO IAJINBa,
Ta Ha Oa3l wmiei iHdopmarii BU3HAUATH 30HM MOTEHLIAILHOTO TEPMIYHOTO ypaKeHHs NpauiBHHKIB. Po3pobiena
KOMII'IOTE€pHa IporpaMa Moxke OyTH BUKOPUCTaHa JUIsl OL[IHKY PU3UKY TEPMIYHOTO ypa)KeHHs Ha MiJIPUEMCTBAX XiMi-
YHOI MPOMHCIIOBOCTI B Pa3i BUHUKHEHHS aBapiiHUX CUTYyaliil.

Knrouosi crosa: aucensHe MOICIIOBAHHS, PU3NK YPaXKCHHS; aBapiiHe TOPIHHS TBEPAOTO PaKeTHOTO ITalnBa; Te-
IUTOBE 3a0pyIHEHHS TOBITPS
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ABAPUMHOE T'OPEHUE TBEPJOI'O PAKETHOI'O TOILIUBA:
OLIEHKA PUCKA MOPAXKEHUSA JIIOJEN B PABOYEM IIOMEIIIEHUU

Hean. Ota pabora npenycMaTpuBaeT pa3pabOTKy KOMIIBIOTEPHOH MOJAENH Ui pacueTa pHcKa TePMHYECKOTO
TIOpPAXEHUsI JIIOAEH B [IeXe NPU aBapHiHOM TOPEHHH TBEPAOTO pakeTHOro torumBa. Meroanka. [lyis pacuera mosns
TEMIIEPaTypHI B LIEXe, C LEIbI0 ONPEIeJICHHs] 30H TEPMHYECKOT0 MOPAXKEHUsI paOOTHUKOB B TIOMEIIEHHH, UCTIONB30-
BaHO ypaBHEHHE, BBIpAXKAIOIee 3aKOH COXpaHeHHUs sHepruu. Ha 0a3ze 3TOro Moaenupyroero ypaBHeHUS paccuu-
TaHO T0JIE TEMIIEPATyp B IeXe MPU HATMYUN UCTOYHUKA AIMHUCCHH TeIlIa — TOPSIIETro TBEPAOTO PaKeTHOTO TOILIHBA.
Pacyer mosst CKOpOCTH BO3AYIIHOTO MOTOKA B IIEXE, C YYETOM PaCIIOJIOKEHHS MPENATCTBUN Ha ITyTH paclpocTpaHe-
HUS TEIJIOBOI BOJIHBI, TIPOBEICH Ha 0a3ze MoJeny Oe3BUXPEBOr0O JBIDKEHHS BO3/yXa — YPaBHEHHUS OTEHIMAIA CKO-
poctu. UucneHHOe pelieHne ypaBHEHHs Ui MOTEHI[Hala CKOPOCTH BBIIIOJIHEHO € IMOMOIIBIO JIBYXIIArOBONW KOHEY-
HOPA3HOCTHOM CXEMBl YCJIOBHOHM amNpoOKCHMalWu. [[Jis YHCIICHHOTO pelIeHus] YpaBHEHUS! SHEPIHU HCIIOIb30BaHA
pasHOCTHas cxeMma pacuiernieHus. Ha mepBoMm 3Tame MOCTPOEHUs] pa3HOCTHON CXEMBbl BBINOJIHEHO PACLIECTIICHUE
JIBYMEPHOT'O ypaBHEHUs SHEPIUU HA CUCTEMY OJHOMEPHBIX ypaBHeHuH. Kax1oe oqHOMEpHOE ypaBHEHHE MO3BOJIS-
€T paccuuTaTh U3MEHEHHE TEMIIEPaTypbl B OJHOM KOOPAMHATHOM HampaBieHUU. /[ ompeneneHus TeMneparypsl
UCTIONIb30BaHa cxema Oerymero cyera. [Ipy mpoBeeHNH BBIYMCIUTEIBHOIO HKCIIEPUMEHTa yUTEH BO3yXOOOMEH
B nomeleHnd. OLEHKy pHCKa TEPMHUYECKOrO MOpPa)KCHUs MepCcoHala B MOMEMIEHUH BBINOIHEHO JUI Pa3IHMYHBIX
BEPOSATHOCTEW MecTa aBapHHOTO TOPEHUs] TBEPJOTO pakeTHOro ToruuBa. PesyapTarnl. C nmomomeio pa3paboTaH-
HOW YHCIICHHON MOJEN! BBHINOJHEHO MPOTHO3MPOBAHME 30H IMOTEHIIMAIBHOTO PHUCKA TEPMHUUYECKOTO MOPaKEHUS
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NepcoHaja B LeXe JJIsl Pa3IMYHbIX aBapuiHbIi cutyanuii. Hayunass noBu3Ha. [TocTpoeHa KoMmbloTepHas MOJIENb
JUISl 9KCIPECC-OLCHKU MMOTEHIMAIBLHOTO PUCKA TEPMUYECKOTI0 MTOPAKEHUS JIIOJIEH B LieXe B Cydae aBapUHHOIO ro-
PEHHS TBEpAOro pakeTHOro Tommmsa. IlpakTu4yeckasi 3HAYUMOCTb. Pa3paboTaH Kol, NO3BOJSIIOIMK GBICTPO MO-
JEeTHPOBaTh (OPMUPOBAHUS TEMIIEPATYPHBIX MOJIEH B [IeXe IIPH aBapuilHOM TOPEHHH TBEPIOTO PaKEeTHOTO TOILIHBA,
u Ha 0aze Toi MHPOPMALIUH OIPEeITh 30HHI IIOTSHIIHAIEHOTO TEPMUYECKOTO ITOpaXeHNs1 padoTHIKOB. Pazpabo-
TaHHas KOMIIBIOTEpHas IporpamMma MoOXeT OBITh HCIONB30BaHa JJIS OLCHKH PUCKA TEPMHYECKOTO IOpaKeHHs Ha
NPEINPHUATHAX XUMHUYECKON MPOMBIIIJICHHOCTH B CIIy4ae BOSHUKHOBEHHS aBapUIHBIX CHUTYaLIHIA.

Kniouegvie cnosa: ducieHHOE MOIEIMPOBAHUE; PUCK IOPaKEHHS; aBapUilHOE TOpPEHHE TBEPAOTO PaKETHOTO
TOIUIMBA; TEIJIOBOE 3arps3HEHHE BO3IyXa
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