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MODEL OF THERMAL EFFECT OF FIRE WITHIN A DIKE
ON THE OIL TANK

Purpose. Building a mathematical model for the heat build-up in the oil tank shell under the thermal effect of a

combustible liquid pool fire within the tank dike.

Methodology. A thermal balance equation for an oil tank exposed to heat from the pool fire has been worked out.
Both radiant and convective heat transfer processes between the pool fire and the environment have been taken into
account. Estimates for the distribution of temperatures and airflow velocities in the plume above the fire have been
used to account for the convection component of the heat flux from the pool fire.

Findings. Dynamics of the tank shell temperature change in time under the thermal effect of the pool fire within
the dike has been obtained. The obtained expression is the solution of the differential equation worked out on the
basis of the thermal balance analysis for the oil tank shell exposed to heat.

Originality. The convective component of the heat flux from the pool fire to the oil tank is taken into account and
estimates of the distribution of temperatures and velocities in the plume are built.

Practical value. The proposed model of the tank shell heat exposure to the pool fire within the dike could provide
the basis for building a decision-making system for the fire response manager, outlining safe zones for positioning the
equipment and personnel involved in fire-fighting, while developing fire pre-plans at the oil refining facilities and

designing security systems for oil tanks.
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Introduction. The pool fire of combustible liquid with-
in the dike of the tank is one of the most dangerous situa-
tions for an oil depot. The heat flux from the combustion
to the tank can lead to heating of the tank elements to the
ignition temperature of petroleum vapors. Such heat ex-
posure carries a threat of explosion of the vapor-air mix-
ture in the gas space of the tank, posing danger to the per-
sonnel of the fire-fighting and rescue units involved in the
fire response operations as well as to the technical person-
nel of the oil depot. In addition, the containment failure
of the tank could lead to the heavy spill of the fuel into the
combustion and an increase of the fire area.

Unsolved aspects of the problem. Each tank is
equipped with a cooling system that supplies water to the
outer surface of the tank shell. However, such systems
are normally designed to protect against the heat flux
from a fire at another tank. In the case when the com-
bustion zone is located in the immediate vicinity, i.e.
within the dike of the tank itself, such a cooling system
may not be sufficiently effective. Heating of the tank
shell portion above the level of the fuel (the so-called
“dry shell”) poses a particular danger, because it has no
contact with the liquid and does not benefit from its
cooling effect. Therefore, the priority task of the fire-
fighting units arriving at the site of the fire is the cooling
of tanks adjacent to the fire. For the safe positioning of
the equipment and personnel involved in the fire re-
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sponse operation, it is necessary to have estimates of the
thermal effect of the fire on adjacent oil tanks.

Analysis of the recent research and publications. Ra-
diant heat is the main type of heat transfer from an open
pool fire to surrounding objects. Therefore, this type of
heat transfer receives most attention. In the experiment
[1], the radiant heat from the flames of combustible and
flammable liquids is studied depending on the type of
liquid and the diameter of the spill. In [2], additionally,
the absorption of radiant heat by combustible liquid va-
pors and particles of smoke is taken into account. Deter-
mining the safety distance from the pool fire is consid-
ered in [3]. Such researches were conducted also for
justification of the lengths for unboundaries systems [4,
5]. The radiant heat from continuous spill fires is studied
in [6]. The model of the thermal effect of the fire in an
oil tank on the adjacent tank is built in [7], taking radi-
ant heat into account. In [8] the model of radiant heat
from a fire is used to determine the fire resistance of the
tank. The location of the combustion in the upper part
of the tank causes the heat transfer to the neighboring
tanks to occur only through radiation, eliminating the
convective component. In [9], models of the thermal ef-
fect of a pool fire within a dike on the tank are consid-
ered; however, they do not take into account the con-
vective plumes that rise over the combustion. In [10], a
model has been developed describing the dynamics of
temperature change in the tank shell during a fire in an
oil depot which takes into account the inclination of the
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flame by the wind; however, only the radiant compo-
nent of the heat flux from the fire has been taken into
account. The regulatory documents relied on by the fire
response managers are also based on the case of the fire
within the tank [11]. The influence of wind on the spread
of smoke from burning crude oil is studied in [12].

Previously unsolved part of the general problem. Existing
models of the thermal effect of a pool fire on the oil tank do
not take into account the convective component of the
heat flux from the combustion to the tank. At the same
time, if the oil spill is close enough to the tank, the contri-
bution of the convective component can be significant.

Objectives of the article. The objective of this re-
search is to construct a model of the oil tank shell heat-
ing under the thermal effect of a pool fire from a com-
bustible liquid spill within the tank dike, taking into ac-
count the heat transfer both from the radiant and con-
vective components.

Explanation of scientific results. When building the
model of the oil tank thermal exposure, we shall proceed
from the following assumptions.

1. The heat transfer from the combustible liquid flame
is carried to the tank shell by radiation from the flame
surface in accordance with the Stefan—Boltzmann law

=Cy€,E L, 4— L, 4 (1)
9= 100 ) ~(100) |*
W
where ¢, =5.672—K4 is a constant; g, ¢, are the de-
m

grees of thermal emissivity of the flame and surface ele-
ment; T,, T, are the temperatures of the radiating sur-
face of the flame and of the surface element, respective-
ly; v is the view factor.

2. The shell is involved in the convective heat transfer
with the combustion gases and the plume of heated air
rising above the combustion according to Newton’s law.

QC:a(Y}_Tw)a (2)

where a is the convective heat transfer coefficient; 7 is
the temperature of the airflow in contact with the tank.

3. The dry shell of the tank heats up and then trans-
fers heat to the environment and inside the tank.

4. The dry shell of the tank is involved in the convec-
tive heat transfer with a vapor-air mixture inside the
tank’s gas space. The temperature of the vapor-air mix-
ture is equal to the ambient temperature.

5. The temperature of the tank shell is consistent
through its thickness.

6. The thermal conductivity of the shell in the longi-
tudinal direction does not affect the distribution of tem-
peratures along it.

The assumption (5) is based on the results present-
ed in [8], which shows that the temperature of the dry
shell heated under the effect of the fire is almost the
same throughout the thickness — the temperature dif-
ference between the outer and inner surfaces does not
exceed 1.0 K.

Assumption (6) is based on the results of calculations
[7], which indicate that the areas on the tank shell lo-
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cated at a distance of 30 cm are practically thermally in-
sulated from each other. In particular, the cooling effect
of the liquid in the tank does not extend more than
30 cm above its level.

To build a mathematical model of the thermal effect
of the pool fire within the dike on the dry shell of the
tank, taking into account the convective effect of the fire
plume, let us consider a surface element A with the area
Son the dry shell of the oil tank. It is involved in the fol-
lowing types of heat transfer (Fig. 1):

1. Radiant heat transfer from the flame — ¢,.

2. Convective heat transfer from the fire plume — g,.

3. Radiant heat transfer with the environment — g;.

4. Radiant heat transfer with the tank interior — g,.

5. Convective heat transfer with vapor-air mixture in
the tank’s gas space — ¢s.

In accordance with the Stefan-Boltzmann law, the
heat flux density of the flame radiant heat is determined
by the formula (1), where

el

where S'is the surface of the flame; 7 is the position vector
connecting points on the surface of the flame and surface

element; 7, # are unit normal vectors to the surfaces of
the flame and surface element, respectively. In this case, the
integral is taken only for those points of the surface .S, where
the position vector forms an acute angle both with the nor-

mal vector A, and normal vector 4, i.e., both scalar prod-
ucts in the numerator of the integral (3) are positive.

According to Newton’s law (2), the density of the
heat flux to the surface element through the convective
heat transfer from the plume flows rising above the com-
bustion is equal to

¢ =0(Ty—T,), 4

where a, is the coefficient of convective heat transfer.
Depending on the distance between the combustion and
the surface element A as well as the direction and speed
of the wind, both 7,> 7|, and T,< T, are possible. In the
first case, the surface element would receive heat from
the air stream (¢, > 0), and in the second one it would
give up heat (¢, <0).

Since the view factor of the surface element with the
whole environment (including the flame) is equal to 1,
the density of radiant heat flux to the environment,

Fig. 1. Heat transfer of the tank shell in case of the fire
within the dike:

1—spill; 2— flame; 3 — plume above the combustion
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without taking into account the flame, is

4 4
T T
q3=coe{(ﬁJ —(mj ](l—w), (3)

where T is the ambient temperature.

The internal surface of the surface element is involved
in the radiant heat transfer to the surface of the fuel, the
shell and the roof of the tank. Taking the thermal emis-
sivity of the fuel surface as approximately equal to the
thermal emissivity of the shell, we obtain the density of
the radiant heat flux from the surface element to the shell
and the roof of the tank, and to the surface of the fuel

4 4
_ o[ L) (T
q“_%g{(woj (100} ] ©)

where the view factor for the above-mentioned surfaces
equals 1, and the temperature of these surfaces is as-
sumed to be equal to the ambient temperature.

The density of the heat flux due to convective heat
transfer to the vapor-air mixture in the gas space of the
tank is equal to

gs=as(Ty— T), (7)

where o is the coefficient of convective heat transfer.
The density of the total heat flux to the surface ele-
ment is expressed as

q=q1+ g+ qs+qs+gs, (®)

where ¢, >0, ¢;<0, g4 <0, g5 <0; g, could assume both
negative and positive values depending on the tempera-
ture of the surface element, the location of the combus-
tion, the direction and speed of the wind.

The total amount of heat received by the area A over
a period of time df goes into its heating to the tempera-
ture dT,,

qSdt = mcedT,,= pVedT,, = pSécdT,,

where m, V are mass and volume of the tank shell within
the surface element A; & is the tank shell thickness; p, c are
the density and heat capacity of the shell material (steel).

Thus, the dynamics of the surface element temperature
change A is described by the following differential equation

t  pdc

By combining (1, 4—8) and substituting them into
(9), we obtain the differential equation of the heat build-
up in the surface element on the tank dry shell under the
thermal effect of the fire

4
dr poc |\100) (100 |V

4 4 _

pdc | { 100 100 pdc
pdc | 100 100 pdc
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with the initial condition
T,(0) = Ty (11

Let us note that the location and size of the spill, as
well as the direction and speed of the wind affect the
parameter values of v, a,.

Let us denote the spill area of the combustible liquid
in the dike as Q. The height of the flame at an arbitrary
point of the spill (x, y) € Q will be equal to [13]

z2(x,y)=r-c, (12)

where r is the distance from the point (x, y) € Q to the
spill boundary 0Q; ¢ is a constant depending on the type
of the fuel: ¢ = 2.8 for flammable liquids and ¢ = 2.4 for
combustible liquids.

This allows us to express the radiating surface of the
flame in a parametric form [13]

X=u+r-c-sina-cose
y=v+r-c-sino-sing, (13)
Z=r-c-cosa

where (u, v) € Q; ris the distance from the point (u, v)
to the spill boundary 0Q; (cos, sin) is the vector de-
fining the wind direction; a is the angle at which the
flame deviates from the vertical under the influence of
the wind [7]. It can be expressed as

o= arctgE
2

for wind velocity in the range w < 10 m/s [13].

Parametric description of the radiating surface of the
flame allows expressing its unit normal vector in the fol-
lowing form

1

fi =———(4,B,C),
where
Y& 0y,
dudv oudv’
p_fudx_oxdg,
oudv Ouodv
c_ Y yax
oudv Ouodv

Thus, the view factor is
1 [A(x—xo)+B(y—y0)+C(z—z0)] .

2
B S
Lbx=n)eno-)]

V3 +2

where (x,, yy, %) is a point on the tank surface; (x, y, )

is a point on the radiating surface of the flame, which is

specified in the parametric form (13); x(u, v) = y(u, v) =
z(u, v) =0, if (u, v) ¢ Q; integration is carried out only

dudv,
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for the part of the area QQ, in which each of the multipli-
ers in the numerator is positive

A(x —xo) + B(y — yo) + C(z— 29) > 05
Xo(X = Xo) +yo(¥ =) > 0.

The value of the convective heat transfer coefficient
o5 can be determined from the expression for the Nus-
selt number (Nu) [14]

Nuh 7 s

o = ,
s=—7 (15)
where A, is the thermal conductivity coefficient of the
vapor-air mixture in the gas space of the tank, which we
take as equal to the air thermal conductivity; L is the
typical size.

Since the convective heat transfer is free, the Nu val-
ue can be determined from the expression [14]

Nu=0.135(Gr - Pr)'73, (16)
where Gr is the Grashof number

3
Gr:BATng, (17)

A%

where AT = T,,— Tj; B is the temperature coefficient of
the air volumetric expansion, § = 1/T,; g is the accelera-
tion of gravity; v is the air kinematic viscosity; Pr= 0.7 is
the Prandtl number of air. Substituting (16, 17) into
(15), we obtain an estimate of the convective heat trans-
fer coefficient of the tank shell with the vapor-air mix-
ture in the gas space of the tank

1/3
2 ; 2
o :0.135(Gr-Pr)1/3Tf:0.135(ATTL2g -Prj Lo
wV

(18)

P 1/3 y
_ gPr 13
_0.135xf[TV2] (1,-T,)".

w

For the forced convective heat transfer (from the
plume over the combustion), the Nu value can be esti-
mated from the expression [14]

Nu=0.0364 Re’$ P4,

where Re = wl/v is the Reynolds number; w is the ve-
locity of the air flow in contact with the area A; g, is the
adjustment factor

_ (p,f/uw)o'“, T, <T,
(1w, /m)"s 157,

t
where p;, p,, is the air dynamic viscosity at temperatures
T, and T, respectively, which is related to the kinematic
viscosity v through the expression

Qw=vp,

where p is the air density. Thus, the estimation of the
convective heat transfer coefficient with fire plume takes
the following form
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0.8
N 0.0364(wL) " Pr'*e, _0.03642w" Pri*e

LVO.S LO.ZVO.S

L. (19)

Ay =

Assessments of the speed w and temperature 7} of
the plume flows over the combustion contained in ex-
pressions (10, 19) is presented in [15].

As a use case of the above model, let us consider the
combustion of a gasoline spill within the dike of the
RVS-10000 tank (diameter 34.2 m, height 12 m, capac-
ity 10* m), filled with the fuel to the level of 5 m — Fig. 2.

Fig. 3 shows the dynamics of the temperature change
of the tank shell part facing the fire, whereas Fig. 4 shows
the temperature distribution along the circumference of
the tank shell, 15 minutes after the start of the fire.

The analysis of the plot in Fig. 3 indicates that the
dangerous temperature of 250 °C (the ignition point of
crude oil and some petroleum products) is reached on
the side of the tank, facing the flame 2 minutes after the
start of the fire. This means that this part of the tank
shell needs to be cooled. Fig. 4 shows which parts need
to be cooled, i. e. the segment of about 60° (Fig. 2). And
the cooling should begin no later than 2 minutes from
the start of the fire in order to prevent the temperature of
the steel tank shell from reaching dangerous values.

The results of calculations of vertical temperature
distribution on the tank shell part facing the fire have

Fig. 2. Burning gasoline spill within the dike of the RV'S-

10000 tank:
1 — tank; 2 — flame above the spill; 3 — part of the tank
shell to be cooled
T,C
400 I
350 2
300 3
250 4
200 / %
w0t S
00 L2 5- 677
50
O ! J ! ! .
0 3 6 9 12 t, min.

Fig. 3. Dynamics of temperature change of the tank dry
shell facing the fire, depending on the height above the
ground level:
1—6m;2—75m;3—9m; 4—105m; 5— 12m; 6 —
13.5m; 7— 15m; 8— 16.5m
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been compared according to the model (10), which
takes into account the effect of the plume from the com-
bustion, and to the model [9], which does not take into
account such effect, showing (Fig. 5) that the latter may
produce an error of up to 20 %.

Moreover, the closer the spill is to the tank and the
higher the point whose temperature is studied, is on the
shell, the greater this error will be.

Conclusions and recommendations for further re-
search. A model has been built for the thermal effect of
the pool fire of a combustible liquid spill within a tank
dike of the tank containing a petroleum product. The
model takes into account both radiant and convective
heat transfer of the fire to the tank and the environment.
It has been shown that if the convective flows from the
heated combustion plume are not taken into account, it
can lead to a 20 % error in the assessment of the tem-
perature distribution along the tank shell.

The obtained expressions can be useful for the devel-
opment of fire pre-plans at the oil refining facilities, de-
sign of oil depot protection systems, outlining of zones
for safe positioning of the equipment and personnel in-

T,C
400

350 A
300 /A

250
200
150
100

50

0 T T T T T
0 50 100 150 200 250

300 ¢, deg

Fig. 4. Circumferential distribution of temperatures on
the tank shell, depending on the height above the
ground level:
I—6m;2—75m;3—9m;4—105m;5— 12m; 6 —
135m; 7— 15m; 8— 16.5m

T.C 5
450
400 AN /102

N\ /3
0 AN 7 oss

250

200 N 0.1
150 2
100 0.05
50
0 : . : : : 0
0 3 6 9 12 15 h, m

Fig. 5. Vertical distribution of temperatures on the tank
shell facing the fire:

1 — taking into account convective flows from the combus-
tion; 2 — without convection flows,; 3 — relative error (on
the right axis)
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volved in fire-fighting, as well as for the design of early
fire detection systems [16].
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Mogeb TEII0BOrO BILIMBY MOXKEXKi
B 00BaJIyBaHHI Ha pe3epByap 3 HAGTONPOIYKTOM

10. O. Abpamos, O. €. bacmanos, lxc. Caramos,
A. O. Muxaiiniox
HauioHanbHuit yHiBEepCUTET LMBIJILHOIO 3aXUCTy YKpaiHu,
M. XapkiB, YKpaiHa, e-mail: alksey.basmanov@nuczu.edu.ua;
mihayluk.nuczu@gmail.com

Mera. IloOygoBa MaTemMaTU4yHOI MOJEJi HarpiBy
CTIHKHU pe3epByapa 3 HaDTOMPOAYKTOM ITiJ TETIJIOBUM
BIJIMBOM TTOKE3Ki TOPIOYOI PiIUHU, pPO3JTUTOI B 00BaJTy-
BaHHI pe3epByapa.

Metomuka. [ToOynoBaHO piBHSIHHSI TEIMJIOBOro Oa-
JIaHCY JUTS CTiHKM pe3epByapa 3 HahTOMPOAYKTOM, 1110
HarpiBa€TbCsl Mil BIUIMBOM TIOXEXi. YpaXoBaHO SIK
MpPOMEHEBUIA, TaK i KOHBEKLIMHUI TemI000MiH 3 IO~
JKexXelo I HaBKOJMIIHIM cepemoBuieM. s Bpaxy-
BaHHS KOHBEKLIMHOT CKJ1a0BOI TEIJIOBOTO MOTOKY Bi/l
MOoXeXi roprovoi piAMHA BUKOPUCTAHI OLIIHKU PO3I10-
NIy TeMIepaTyp i IIBUIKOCTE Y BUCXITHUX MOTOKAaX
HaJ OCepenKoM TOpiHHS.

Pesymprat. OTpriMaHa AMHaAMiKa 3MiHU TeMIIepa-
TYypM CTiHKHU pe3epByapa 3 4aCoM IIiJl TETUIOBUM BILIV-
BOM TIOKeXi TOplouYoi piauHu B oOBajyBaHHI LIbOTO
pe3epByapa. OTprMaHa 3aeXHiCTb € PO3B’SI3KOM I~
(epeHLiabHOTO PiBHSIHHS, 1TOOYI0BAaHOrO Ha MiAcTa-
Bi aHaIi3y TEMI0BOro 6ajaHCy M5l CTIHKU pe3epByapa,
1110 HArpiBa€ThCs.

HaykoBa HoBu3Ha. [Tojsirae y BpaxyBaHHI KOHBEK-
LiAHOI CKJIaJI0BO1 TETIJIOBOTO MOTOKY Bijl OCEPEAKY IO-
piHHSI 10 pe3epByapa 3 Ha(TONMPOAYKTOM i MOOymoBi
OLIIHOK pO3MOilly TeMmepaTyp i IIBUIKOCTEN Yy KOH-
BEKILiMHOMY TTOTOLli, 110 YTBOPEHUIA MOXKEXKEI PO3JIU-
TOI rOPIOYOI PiTUHU.

IIpakTHuHa 3HAYMMicTb. 3arpoIrlOHOBaHA MOIE/b
HarpiBy pe3epByapa BiJ MoXkexXKi B 00BaJlyBaHHi € OCHO-
BOIO IIJII MOOYIOBU CUCTEMM MiATPUMKU MPUAHSTTS
pillleHHsI KepiBHUKOM TaciHHS TOXeXi, BU3HAYCHHS
Oe3IeuHMX 30H PO3TalllyBaHHS CUJI i 3aC00iB, 3a1isTHUX
y TaciHHi MoXexXi, Tpu po3podlli KapTOK MOXKexkKora-
CiHH4 Ha 00’ekTax HaTONMEepepoOHOTO KOMIUIEKCY, a
TaKOX ITPU TIPOCKTYBAHHI CUCTEM 3aXMCTY pe3epByapiB
i3 HapTONPOAYKTaAMMU.
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Mozeib TEII0BOro BO3IEiCTBHSI M0KApa
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Hens. [TocTpoeHne MaTeMaTUUYECKON MOAEAM Ha-
rpeBa CTEHKU pe3epByapa ¢ He(TeIpOayKTOM IO Te-
IUIOBBIM BO3JEHMCTBMEM TMOXapa pasjiiBa Troprovyeit
JKMIKOCTHU B 00BaJlOBaHUHU pe3epByapa.

Metoauka. [TocTpoeHO ypaBHEHME TeIIOBOro a-
JTaHca U1t CTEHKU pe3epByapa ¢ HeTepoayKToM, Ha-
TpeBaloOIIeCsT IO BO3ACHCTBUEM TOXapa. YUTeH KakK
JIYYUCTBIN, TAK M1 KOHBEKTUBHBIN TEIIOOOMEH C ITOXKa-
pPOM U OKpyKaromeil cpemoii. [Imsa yuera KOHBEKTUB-
HOW COCTAaBJIFIOLIEH TEMJIOBOTO MOTOKA OT TTOXapa ro-
pIoueii XKMIKOCTH UCIIOIb30BaHa OlLIEHKA pacipenese-
HUS TeMIIepaTyp U CKOPOCTEil B BOCXOISIIINX MMOTOKAX
HaJll 0YaroM ropeHusl.

Pesyabrarpl. [lonyyeHa AuHaMuKa W3MEHEHUS
TeMIlepaTypbl CTEHKHU pe3epByapa BO BpeMeHU MOJ Te-
IUTOBBIM BO3ICHCTBUEM IOXKapa TOProYeil JKUIKOCTH B
00BajsI0OBaHUM 3TOTrO pe3epByapa. [ToaydyeHHas 3aBUCH-
MOCTb MPEICTaBIsIeT co00i pemeHue auddepeHun-
aJbHOTO YpaBHEHMSI, IOCTPOCHHOTO Ha OCHOBAaHUU
aHaIM3a TEIUIOBOro OajlaHca IJjI HarpeBaloIIeics
CTEHKM pe3epByapa.

Hayunas HoBu3Ha. CocTOUT B yueTe KOHBEKTUBHOM
COCTaBJISIONIEH TEIJIOBOTO MOTOKA OT OYara ropeHus K
pesepByapy ¢ He(TEIPOAYKTOM 1 TOCTPOCHUU OLIEHOK
pacnpeneieHus TeMIepaTyp U CKOpocTeil B KOHBEK-
TUBHOM ITOTOKE, 0Opa30BaHHOM I10XapOM pa3jiuBa ro-
proyeit XuaKoCTH.

IIpakTuyeckas 3HauumMocTh. I[IpeaioxeHHass Mo-
JleJib HarpeBa pe3epByapa OT Ioxkapa B OOBaJIOBAHUU
SIBJIIETCSI OCHOBOW IIJIT TIOCTPOCHUSI CUCTEMBI ITOMI-
IEepPKKN TIPUHSITUS pEIIeHUs] PYKOBOIUTEIEM TYyIIe-
HUS TI0Xapa, oIpeaeIeHns 0e30TaCHBIX 30H IS pa3-
MEIIIeHUsI CHJI M CPEICTB, 3aleCTBOBAHHBIX B TYIIIC-
HUU TToXapa, IpH pa3padoTKe KapTOUYeK MOKaAPOTYIIIe-
HUS Ha oObeKTax HedTernepepadaThiBaIOIIETO KOM-
TJIeKca, a TakKe MPU MPOSKTUPOBAHUM CUCTEM 3alllM-
ThI pe3epPBYapoB C HEPTETPOTYKTAMMU.

KioueBble ciioBa: noscap pasiusa, pesepgyap c He-
@menpodykmom, 006a108aHUe, 20PHOUAS HCUOKOCMb, Me-
naonepedaua, KOHGEKUUs
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