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Abstract

The storage of flammable liquids in tanks constitutes a significant fire-related threat. In the event of a major fire,
a domino effect occurs causing neighbouring tanks and adjacent objects to be hit by fire and the fire will continue
to spread. The main objective of this paper is to evaluate the usability of the calculation methods used to estimate
the burning rate, flame height and intensity of released heat in the combustion of pure flammable liquids (n-Hep-
tane) and liquid mixtures (gasoline, diesel fuel S-500) and compare them with experimental values which have
been already published. The obtained results of the calculation methods indicated a better match with the experi-
mental results of chemically pure liquids compared to the liquid mixtures. The burning rate is not a constant value;
and in real fire conditions it varies depending on several factors, e.g. temperature, vessel diameter, the height of
level liquid, liquid composition. In the case of the heat release rate, the water contained on the bottom of the tank
affected the achieved results. In the case of a mean flame height of n-Heptane at a vessel diameter of 0.30 m, the
experimental result at 96 % was consistent with the Thomas computation method.
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1 Introduction 1 Uvod

The number of liquid fuel tanks and storage Pocet nadrzi a skladov kvapalnych paliv
facilities due to the worldwide increase in de- vzhladom na celosvetovy narast dopytu po
mand for energy along with the development of energii spolu s rozvojom modernych priemysel-
modern industrial technologies is rapidly in- nych technologii rychlo rastie. Tieto nadrze ob-
creasing. These tanks containing flammable lig- sahujiice horlavé kvapaliny predstavuji vy-
uids represent a significant threat associated znamn hrozbu stvisiacu s poziarom [1]. V mi-
with a fire [1]. In the past several theoretical and nulosti bolo vykonanych niekol’ko teoretickych
experimental studies have been conducted a experimentalnych $tudii horenia horlavych
about burning flammable liquids stored in kvapalin skladovanych v nadrziach. Experi-
tanks. The experiments were carried out mainly menty boli realizované najméd v nadobach
with tanks with a diameter of few centimetres S priemerom niekol’kych centimetrov [2].
[2].
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Jiang, Lu [3] investigated the influence of
the crosswind on the mass burning rate and
flame tilt when burning aviation fuel in open-air
tanks. They found that the course of the mass
burning rates can be divided into three stages: a
radiation dominant stage, combined radiation
and convection dominant stage and a convec-
tion dominant stage.

Zhen, Xiaolin [4] based on experiments of
burning crude oil in vessels analyzed several
models in relation to burning rate, flame shape
and radiation intensity. They conclude that the
calculation model of the burning rate proposed
by Babrauskas [5], with a diameter of about 10
m, is accurate. Thomas [6] model for flame cal-
culation is suitable for tank diameter of 5m. On
the contrary, model Heskestad [7] is more suit-
able for diameters over 10 m. If the intensity of
heat radiation is greater than 5 kW-m? the
Shokri Beyler model is more suitable. But, if the
heat radiation intensity is less than 1 kW-m the
point source model is more appropriate. Chatris
et al. [2] conducted experimental studies of hy-
drocarbon combustion (gasoline, diesel) in ves-
sels with diameter of 1 m, 5 m, 3 m and 4 m.
They studied the mass burning rate, the temper-
ature of the flame, and the influence of wind
speed on the rate of combustion. They analyzed
periods at the onset of burning and the end of
the process, as well as determined the average
burning rate during a steady fire as a function of
the tank diameter. Kang et al. [8], based on ex-
perimental combustion tests of n-Heptane in
vessels with a diameter of 0.10 m, 0.14 m, 0.20
m and 0.30 m, studied burning rate, flame
height and fuel temperature. Based on the re-
sults, four phases of combustion have been es-
tablished: the pre-steady burning stage; the
guasi-steady stage; the boiling stage and the de-
cay stage. Kong et al. [9] conducted experi-
ments focusing the crude oil burning in the open
space. They used three circular vessels with di-
ameters of 0.1 m, 0.15 m and 0.2 m. During the
experiments, they recorded the burning rate,
flame height and fuel temperature distribution.
Similarly, Kang's et al. [8] divided the burning
process into four phases. They concluded that
the mass burning rate and the height of the
flame in the boiling phase are significantly
higher than in the steady-burning phase. In the
steady state of burning, the initial thickness of
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Jiang, Lu [3] skamali vplyv bo¢ného vetra
na hmotnostnu rychlost’ odhorievania a uhol
sklonu plamena pri spalovani leteckého paliva
vV nadobach Vv otvorenom priestore. Zistili, Ze
priebeh zmeny hmotnostnej rychlosti odhorie-
vania je mozné rozdelit’ na tri stupne: radiany
dominantny stupeni, kombinovany dominantny
stupeni radiacie a konvekcie a stupeit dominant-
nej konvekcie.

Zhen, Xiaolin [4] na zaklade experimentov
horenia ropy v nadobach analyzovali niekol'’ko
modelov v stvislosti s rychlost’ou horenia, tva-
rom plamena a intenzitou Ziarenia. Dospeli k za-
verom, ze vypoctovy model rychlosti horenia,
ktory navrhuje Babrauskas [5] je presny s prie-
merom okolo 10 m. Thomasov [6] model na vy-
pocet plamena je vhodny do priemeru nadrze 5
m, naopak model Heskestad [7] je vhodnejsi pre
priemery nad 10 m. AK je intenzita tepelného
Ziarenia vi&Sia ako 5 kW-m? je vhodnejsi mo-
del Shokri Beyler. Naopak, ak je intenzita tepel-
ného Ziarenia mensia ako 1 kW-m je vhodnejsi
model bodového zdroja. Chatris et al. [2] reali-
zovali experimentalne §tidie horenia uhl'ovodi-
kov (benzin, nafta) v nddobach s priemermi 1
m, 5m, 3ma4 m. Studovali rychlost odho-
rievania, teplotu plamenov a vplyv rychlosti
vetra na rychlost” horenia. Analyzovali obdobia
na zaciatku horenia a zanik celého procesu, ako
aj stanovenie priemernej rychlosti horenia po-
¢as ustaleného poziaru ako funkcie priemeru na-
drze. Kang et al. [8] na zaklade experimental-
nych skasok horenia n-Heptanu v nadobach s
priemermi 0,20 m, 0,14 m, 0,20 m a 0,30 m §tu-
dovali rychlost’ horenia, vySku plamena a tep-
lotu paliva. Na zaklade vysledkov stanovili Styri
fazy horenia. Fazu rozhorievania, fazu ustale-
ného stavu horenia, fazu varu a fazu dohorieva-
nia. Kong et al. [9] uskuto¢nili experimenty ho-
renia surovej ropy v otvorenom priestore. Pou-
zili tri kruhové nadoby s priemermi 0,1 m, 0,15
m a 0,2 m. Pocas celej doby horenia zazname-
navali rychlost’ horenia, vysku plamena a rozlo-
zenie teploty paliva. Podobne ako v praci Kang
et al. [8] rozdelili proces horenia do Styroch
faz. Dospeli k zaverom, ze hmotnostna rychlost’
odhorievania a vyska plamena vo faze varu st
vyrazne vysSie ako vo faze ustaleného horenia.
Vo faze ustaleného stavu horenia ma pdvod-
na hrubka palivovej vrstvy obmedzeny
vplyv na rychlost’ horenia a vy$sku plamena.
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the fuel layer has a limited effect on burning rate
and flame height.

The boiling phase and intensity of boiling in-
crease with the initial thickness of the fuel layer
and decrease with the diameter of the tank. Fer-
rero et al. [10] conducted diesel fuel experi-
ments and concluded that the burning rate and
flame height has rising tendency with the in-
creasing diameter of the vessel and increases
when the liquid in boiling. Kuang et al. [11] ex-
amined the effect of ambient pressure on etha-
nol burning in round vessels. The results of the
experiment showed that the mass burning rate is
lower with decreasing ambient pressure. The
flame height increased when the ambient pres-
sure decreased, until it reached the turning point
and then dropped.

The tanks of flammable liquids nowadays
have much larger dimensions and store several
times larger volume than the volumes studied
under experimental conditions. One of the ways
to get data at larger tank diameters are compu-
tational methods that can be used to obtain val-
ues that are useful for rating the burning of
flammable liquids.

The aim of this study was to evaluate the ap-
plicability of the calculation methods used to es-
timate the burning rate, the flame height and the
intensity of released heat in combustion of pure
flammable liquids and liquid mixtures in ves-
sels of different diameters and to compare them
with experimental values published by other au-
thors. In the case of pure combustible liquids,
the combustion values of n-heptane will be
compared, in the case of the combustion exper-
iment of liquid mixtures, this will be gasoline
and diesel fuel S-500.

2 Material and Methods

For the study the experiment published by
Kang et al. [8], about combustion of pure com-
bustible liquid n-Heptane in tanks of different
diameters, was chosen. In experiment, four
stainless steel circular vessels of 0.10 m, 0.14
m, 0.20 m and 0.30 m diameter were used, a
vessel height of 0.04 m with a wall thickness of
0.003. Electronic scales, temperature measuring
device and a CCD cameras were used. In each
test, at each vessel, the following volume of n-
Heptane was burnt: 1.02-10* m? (for tank with
diameter D = 0.10 m), 2.0-10* m® (for D = 0.14
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Fazy nabehu varu a intenzita varu sa zvysuju
s pociato¢nou hribkou palivovej vrstvy a kle-
saju s priemerom nadrze. Ferrero et al. [10] us-
kuto¢nili experimenty s motorovou naftou a do-
speli k zaveru, Ze rychlost’ horenia a vyska pla-
mefa maju stipajicu tendenciu so zvac¢sujucim
sa priemerom nadoby azvacSuju sa taktiez
Vv pripade vyskytu varu kvapaliny. Kuang et al.
[11] skamali vplyv okolitého tlaku na horenie
etanolu v okrtihlych nadobach. Vysledky expe-
rimentu ukazali, ze hmotnostnd rychlost’ odho-
rievania sa znizuje, ked’ tlak okolitého prostre-
dia klesa. Vyska plamenia pri znizovani okoli-
tého tlaku sa zvySovala az do dosiahnutia bodu
obratu a potom klesala.

Aktualnost’ témy ¢lanku vyplyva zo skutoc-
nosti, Ze zasobniky horl'avych kvapalin v sicas-
nosti predstavuju niekol’ko nésobne vicsi ob-
jem, oproti objemom S$tudovanych v experi-
mentéalnych podmienkach. Jednym zo sposobov
ako ziskat’ udaje pri vacsich priemeroch nadrzi
si vypoctové metody, kde mozno ziskat’ hod-
noty, ktoré maju praktické vyuzitie pri hodno-
teni horenia horl'avych kvapalin.

Ciel'om prace je hodnotenie aplikovatel'nosti
vypoctovych metod pouzivané na odhad rych-
losti odhorievania, vysky plamena a intenzity
uvolneného tepla pri horeni Cistych horlavych
kvapalin a kvapalnych zmesi v nadobach roz-
nych priemerov a porovnat’ ich s experimental-
nymi hodnotami publikovanymi inymi autormi.
V pripade Cistej horlavej kvapaliny budd po-
rovnavané hodnoty horenia n-Heptanu, v pri-
pade experimentu horenia kvapalnych zmesi to
bude benzin a motorova nafta S-500.

2 Material a metédy

Pre spracovanie experimentalnej Casti bol
vybrany experiment publikovany Kangom et al.
[8] horenia ¢istej horlavej kvapaliny n-Heptanu
v nadobach réznych priemerov. Experimen-
talne zariadenie pozostavalo z nadoby, pristroja
na meranie hmotnosti, pristroja na meranie tep-
loty a CCD kamier. Boli pouzité $tyri kruhové
nadoby znehrdzavejucej ocele s priemermi
0,10 m, 0,14 m, 0,20 m a 0,30 m, vysky nadoby
0,04 m s hrabkou steny 0,003 m. Pri kazdom
teste a pri kazdom priemere naddoby bol spaleny
nasledovny objem n-Heptanu: 1,02-:10* m?
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m), 4.08-:10* m? (for D = 0.20 m) and 9.19-10*
m? (for D = 0.30 m).

The measurement was carried out at a tem-
perature range from 5 °C to 14.5 °C with humid-
ity of air from 10% to 54% (climatic conditions
in the test room at the time of measurement).
During the test, changes in the weight of the lig-
uid were recorded by electronic scales every
second. Flame height values were captured by
CCD cameras.

In case of combustion of liquid mixtures
(gasoline, diesel S-500) the experiment pub-
lished by Leite, Centeno [1] was chosen. Five
tanks with following dimensions (diameter D x
height H) were used: 0.04 m x 0.012 m, 0.20 m
x 0.06 m, 0.40 m x 0.12 m, 0.80 m x 0.24 m and
4.28 m x 0.65 m. At each test and at each vessel
diameter, there were burnt the following fuel
volumes: 3.77-107 L (for tank with diameter D
= 0.04 m), 94.25-10° L (for D = 0.20 m),
377-103 L (for D=0.40m), 1.51 L (for D=0.80
m) and 43.16 L (for D = 4.28 m). The total vol-
ume of liquid (fuel + water) was 80% of the vol-
ume for all tanks. During the burning, no influ-
ence of the presence of water under the fuel was
observed, which is manifested by the sudden
evaporation of water. The test with a 4.28 m di-
ameter vessel was performed in an open envi-
ronment. Tests were conducted in days without
wind, ambient temperature ranging from 20 °C
to 25 °C, ambient pressure was 1 atm. Gasoline
density was 745 kg'm™ and diesel density was
S-500 840 kg-m™. The tanks were opened (with-
out the roof) during the test, approaching the
real fire conditions in the liquid tanks. The tests
were repeated 6 times. The variation in fuel
mass measurement was + 0.1 g.

To calculate the selected fire properties were
used the following calculation relations:

e The mass burning rate

The mass burning rate of the free burning
plash depends on the diameter and the two em-
pirical material constants that represent the spe-
cific fuel used and are a function of the heat flux
from the flame to the surface of the fuel [12].
The dependence of the mass burning rate on the
diameter of the burning area for a particular
flammable liquid is expressed by the relation:

m' =1 (1 — e *FP) (1)
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(pre nadrz s priemerom D = 0,10 m), 2,0-10* m?
(pre D = 0,14 m), 4,08:10* m? (pre D = 0,20 m)
a 9,19-10* m® (pre D = 0,30 m). Meranie pre-
biehalo pri teplote od 5 °C do 14,5 °C s vlhkos-
tou vzduchu od 10 % do 54 % (klimatické pod-
mienky v testovacej miestnosti v ¢ase merania).
V priebehu skusky boli zmeny hmotnosti kva-
paliny zaznamenavané elektronickymi vdhami
V intervale raz za sekundu. Hodnoty vysky pla-
meia boli zachytené CCD kamerami.

V pripade horenia kvapalnych zmesi (ben-
zin, motorova nafta S-500) bol vybrany experi-
ment publikovany autormi Leite, Centeno [1].
Bolo pouzitych pét’ nadrzi o velkosti (priemer
D x vyska H): 0,04 m x 0,012 m, 0,20 m x 0,06
m, 0,40 mx 0,12 m, 0,80 mx 0,24 ma 4,28 m
x 0,65 m. Pri kazdom teste a pri kazdom prie-
mere nadoby boli spalené nasledovné objemy
paliv: 3,77-10° L (pre nadrz s priemerom D =
0,04 m), 94,25-10°° L (pre D = 0,20 m), 377-10°
3L (pre D =0,40 m), 1,51 L (pre D = 0,80 m)
a43,16 L (pre D =4,28 m). Celkovy objem kva-
paliny (palivo + voda) predstavoval 80 % ob-
jemu pre vSetky nadrze. Pocas horenia nebol
spozorovany vplyv pritomnosti vody pod pali-
vom, ¢o sa prejavuje prostrednictvom nahleho
odparovania vody. Skuska s nadobou o prie-
mere 4,28 m bola vykonana v otvorenom pro-
stredi. Testy prebiehali v diioch bez vetra, tep-
lota okolia sa pohybovala v rozmedzi od 20 °C
do 25 °C, tlak okolitého prostredia bol 1 atm.
Hustota benzinu bola 745 kg-m™ a motorovej
nafty S-500 840 kg-m=. Nadrze pocas testu boli
otvorené (bez strechy), ¢im sa priblizovali k
podmienkam realnych poziarov v zasobnikoch
kvapalin. SkuSky boli opakované 6-krat. Od-
chylka pri merani hmotnosti paliva predstavo-
vala+ 0,1 g.

Na vypocet vybranych poziarnotechnickych
charakteristik boli pouzité nasledujiice vypoc-
tové vztahy:

e Hmotnostna rychlost’ odhorievania

Rychlost’ ubytku hmotnosti volne horiacej
kaluze zavisi od priemeru a od dvoch empiric-
kych materialovych konstant, ktoré predstavuju
konkrétne pouzité palivo a s funkciou tepel-
ného toku z plamena k povrchu paliva [12]. Za-
vislost hmotnostnej rychlosti odhorievania od
priemeru plochy odhorievania pre konkrétnu
horl'avi kvapalinu vyjadruje vztah:
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where " (kg'm?s?) is the mass burning
rate, ., (kg-s*-m?) asymptotic mass burning
rate of the liquid, k-8 (m™) material constant of
combustible liquid, D (m) diameter of the area
of burning [13].

e Heat release rate

The course of the fire is generally character-
ized by the rate of heat release depending on
time. This variable is the basic parameter for de-
termining the burning intensity. It is true that the
higher the rate of heat release, the greater the
risk of fire [14, 15]. If we know the total area of
burning A (m?), one way of determining the rate
of heat release Q (KW), is the calculation using
area velocity of burning, total combustion heat
AH; (kJ-kg) and combustion efficiency y, (%)
[13]:

Q:Af'm"'Xs'AHc 2

The rate of heat release can also be calcu-
lated in the following way [16]:

Q=m -AH.-A;-(1—e ®FP)  (3)
e Flame height

Flame height along with flame temperature
are important parameters when assessing the
possibility of ignition of inflammables [14]. In
order to calculate the flame height, it is first nec-
essary to define the mean flame height. This is
best determined by averaging the visible flame
height depending on time. The intermittency,
denoted I, is shown on the vertical axis. The
value of 1 on this axis indicates the complete
appearance of the flame.

A

1.0 —

N

m =t (1—e *FP) 1)

kde " (kg'rm?s™) je hmotnostna rychlost’ od-
horievania, i, (kg'sm?) asymptoticka hmot-
nostna rychlost’ odhorievania kvapaliny, k-8 (M
1) materidlova konstanta horl’avej kvapaliny, D
(m) priemer plochy odhorievania [13].

e Rychlost’ uvolnovania tepelnej energie

Priebeh poziaru je vSeobecne charakterizo-
vany rychlostou uvolfiovania tepla v zavislosti
na Case. Tato veli¢ina je zakladnym parametrom
pre urCenie intenzity horenia. Plati, ze ¢im je
rychlost’ uvolfiovania tepla vysSia, tym je vic-
Sie nebezpecenstvo poziaru [14, 15]. Ak po-
zname celkovi plochu odhorievania Af (m?),
jednym zo spdsobov stanovenia rychlosti uvol’-
fovania tepla Q (kW), je vypo&et pomocou
plosnej rychlosti odhorievania, celkového spa-
lovacieho tepla AH,. (kJ-kg™) a u¢innosti spalo-
vania y, (%) [13]:

Q.=Af‘m"')(s‘AHc 2

Rychlost’ uvolnovania tepla mozno vypoci-
tat’ aj nasledovnym spésobom [16]:

Q=m -AH.-A;-(1—e ®FP)  (3)
e Vyska plamenia

Vyska plamena spolu s teplotou plamena
patria medzi dolezité parametre pri posudzovani
moznosti vznietenia okolitych horlavin [14].
Na vypocet vysky plamena je potrebné najskor
definovat’ strednti vysku plamena. T4 sa naj-
lepsie urcuje s priemerovanim viditel'nej vysky
plamena v zavislosti od ¢asu.

g e N s

Intermittencv 1 ()

A J

Fig. 1 The mean flame height [12]
Obr. 1 Stredna vyska plamena [12]
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The horizontal axis shows the distance above
the fire source, z. At point 0.5 on the vertical
axis is height at which the flame occurs in half
the time. This flame height in Fig. 1 is defined
as the mean flame height Lf [12].

Based on experimental correlations,
Heskestad [7] deduced flame height in burning
flammable liquids on a solid surface according
to the following relation:

L2
Ly =023 Q5 —1.02-D 4)

where L¢ (m) is the flame height, Q (kW) is the
rate of heat release and D (m) is the diameter of
the fire [17].

According to Thomas, the mean flame
height can be calculated as follows:

mn 0.61
pa'\/g'_D> (5)
where Ly (m) is the height of the flame, m’
(kg'm?s1) is the mass burning rate, p, (kg-m
%) density of ambient air and g (m's?) is gravita-
tional acceleration [18].

Lf:42-D-<

3 Results and discussion

3.1 Results of calculated n-Heptane parameters

We used the equation (1) to calculate the
mass burning rate by the calculation method,
even though the calculation relation was derived
for vessels with a diameter above 0.2 m. The
variables that enter the calculation were taken
over from the table reported by Stroup et al. [19]
and that are listed in Tab. 1.

The value of the empirical constant -8 was
taken from experimental data from the SFPE
Handbook that Babrauskas determined [19].

Calculated values of the mass burning rate
(") and the rate of heat release (Q) according
to the relation (2) for the different vessel diam-
eters are given in Tab. 2.
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Prerusovana ¢iara oznacend ako | je zobrazena
na zvislej osi. Hodnotou 1 na tejto osi je ozna-
¢eny celkovy vzhl'ad plamena. Horizontalna os
znazornuje vzdialenost’ nad zdrojom poziaru, z.
V bode 0,5 na vertikalnej osi je vyska, v ktorej
sa plamei objavi za polovicu ¢asu. Tato vyska
plamena na obr. 1 je definovana ako stredna
vyska plamena L; [12].

Na zaklade experimentalnych korelécii Hes-
kestad [7] odvodil vySku plamena pri horeni
horlavych kvapalin na pevnom povrchu podl'a
nasledujiceho vztahu:

.2
Ly =0.23-Q5—1.02-D 4)

kde Ly (m) je vyska plamefia, Q (kW) je rych-
lost’ uvolnovania tepla a D (m) je priemer po-
ziaru [17].

Podl'a Thomasa mozno strednu vysku pla-
mena vypocitat’ nasledovnym spésobom:

e \061
Lr=42-D -

f <Pa~\/ﬁ) (5)
kde Ly (m) je vyska plametia, " (kgm?s™) je
hmotnostna rychlost’ odhorievania, p, (kg'm?)
hustota okolitého vzduchu a g (m's?) je gravi-
tacné zrychlenie [18].

3 Vysledky a diskusia

3.1 Vysledky vypocitanych parametrov n-
Heptanu

Pre vypocet hmotnostnej rychlosti odhorie-
vania vypoctovou metddou sme pouzili vzt'ah
(1), aj napriek tomu, Ze vypoctovy vzt'ah bol od-
vodeny pre nadoby s priemerom nad 0,2 m. Ve-
li¢iny, ktoré vstupuju do vypoctu sme odcitali
z tabul’kovych hodndt, ktoré uvadzaju autori
Stroup et al. [20] a st uvedené v tab. 1.

Hodnota empirickej konstanty 4+ bola prev-
zatd z experimentalnych udajov z prirucky
SFPE Handbook, ktoré ur¢il Babrauskas [19].
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Tab. 1 Characteristics of n-Heptane required for calculation [20]
Tab. 1 Charakteristiky n-Heptanu potrebné pre vypocet [20]

N,

Flammable liquid / kB AH, p Xs

HorPava kvapalina  (kg'sm) (m?) (kJ-kg?) (kg'm?) )

n-Heptane / 0.101 11 44 600 675 0.7
n-Heptan

Experimental values of the mass burning rate
are divided into several groups, depending on
the burning rate and flame height, at a stable
mass burning rate representing the second phase
of steady combustion 7y, the maximum mass
burning rate at the boiling point of the liquid
m,, the average mass burning rate during the
entire process of burning 7, the mass burning
rate in the second and third phases of combus-
tion 7, and the mass burning rate in the third
stage of combustion .

Vypocitané hodnoty hmotnostnej rychlosti
odhorievania (') arychlosti uvolfiovania
tepla (Q) podla vzt'ahu (2) pri rozdielnych prie-
merov nadob st uvedené v tab. 2.

Experimentalne hodnoty rychlosti odhorie-
vania su v zavislosti na rychlosti horenia
a vysky plamena rozdelené do niekol’kych sku-
pin, a to na stabilnu rychlost’ odhorievania pred-
stavujiicu druhu fazu ustaleného horenia 1y, na
maximalnu rychlost’ odhorievania pri vare kva-
paliny 711,, na priemernt rychlost’ odhorievania
pocas celej doby horenia 713, na rychlost’ odho-
rievania v druhej a tretej faze horenia 11, ana
rychlost odhorievania v tretej faze horenia ..

Tab. 2 Calculated values 1" and Q depending on vessel diameter required to calculate mean
flame height
Tab. 2 Vypoéitané hodnoty " a Q Vv zavislosti od priemeru nadoby potrebné na vypocet
strednej vySky plamena

Vessels Diameter /

Priemer nadoby D (m) i (kgrm®s”) Q (kW) Q (KW-m?)
0.10 0.011 2.747 343.375
0.14 0.014 6.556 437.067
0.20 0.020 19.356 624.387
0.30 0.028 62.065 874.155

Comparison of experimental values and re-
sults from the calculation relation are shown in
Fig. 2. Calculated values of the mass burning
rate i obtained by the calculation method for
vessels with diameter of 0.10 m and 0.14 m
most closely approximated to the experimental
value of average mass burning rate during the
whole time of burning. Calculated values ap-
proximate the experimental values obtained in
the third burning phase at the vessels with a
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Porovnanie experimentalnych hodnét a vy-
sledkov z vypoc¢tového vzt'ahu st zobrazené na
obr. 2. Nami vypocitané hodnoty hmotnostnej
rychlosti odhorievania 1" vypoétovou metddou
sa pri nadobach s priemermi 0,10 m a 0,14 m
najviac priblizuji k experimentalnej hodnote
priemernej rychlosti odhorievania pocas celej
doby horenia. Pri nadobach s priemermi 0,20 m
a 0,30 m sa vypocitané hodnoty priblizuji k ex-
perimentalnym hodnotam ziskané v tretej faze
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diameter of 0.20 m and 0.30 m. The experiment
showed that the rate of burning is gradually in-
creasing when the vessels with larger diameter,
from 0.1 to 0.3 m are used. The calculated val-
ues of the mass burning rate were also gradually
increasing.

Furthermore, in Fig. 2, we can see that the
burning liquid rate in vessels of different diam-
eters is not the same. As mentioned by Demidov
[21], this change in the rate of burning is related
to the character of the vapor flux, which pro-
cessing from the surface of the liquid to the
combustion zone. At a diameter of more than
0.1 m, the flame begins to change its shape in
the upper position, pulsates and divides into sec-
tions of varying volumes, transition from lami-
nar to turbulent flow. This results in more in-
tense heat transfer from the burning area to the
surface of the liquid and consequently in in-
crease in the rate of burning.

According to Novotny and Turekova [22],
the other parameters of the vessel, the thickness
of the walls, the height of the vessel, filling of
the vessel with combustible liquid, the material
of the vessel and the temperature of the liquid
also have a significant influence on the rate of
burning. Last but not least, combustible liquid
representing pure substance or liquid mixture
has also the impact.

Delta 2018, 12(1):17-32.
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horenia. Z experimentu vyplyva, Ze rychlost
horenia sa od priemeru 0,1 az 0,3 m postupne
zvysuje. Nami vypocitané hodnoty rychlosti od-
horievania sa taktieZ postupne zvysuju.
Dalej na obrazku 2 mbzeme vidiet, Ze rychlost
horenia kvapaliny v nadobach réznych prieme-
rov nie je rovnaka. Ako uvadza Demidov [21]
tato zmena rychlosti horenia stvisi s charakte-
rom prudu par, ktoré postupuju od povrchu kva-
paliny do pasma horenia.Pri priemere viac ako
0,1 m plamen zacina v hornej polohe menit
tvar, pulzuje a rozdel'uje sa na Casti o roznych
objemoch, prechod z laminarneho do turbulent-
ného toku. To ma za nasledok intenzivnejsi pre-
nos tepla z priestoru horenia k povrchu kvapa-
liny a nasledne aj k zvaéseniu rychlosti horenia.
Ako uvadza Novotny a Turekova [22], vy-
razny vplyv na rychlost’ odhorievania maju aj
ostatné parametre nadoby definujuce hribku
stien, vySku nadoby, zaplnenie nadoby horl’a-
vou kvapalinou, material nadoby a teplota kva-
paliny. V neposlednom rade ma vplyv aj sa-
motna horlava kvapalina predstavujucu ¢istl
latku alebo kvapalnt zmes.
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Fig. 2 Comparison of the experimental and calculation values of the mass burning rate
Obr. 2 Porovnanie experimentalnych a vypocitanych hodnét hmotnostnej rychlosti odhorie-

We used two methods to calculate the mean
flame height. The method by Heskestad and the
method by Thomas. The results of the calcula-
tion of the mean flame height depending on the
vessel diameter, differ slightly, where the higher
flame values are achieved by the Heskestad
method. This difference may be due to the input
variables considered in the calculation.
Heskestad considers the rate of heat release and
the diameter of the vessel at the calculation.

On the contrary, according to Thomas, the
mean flame height can be determined based on
the vessel diameter, mass burning rate, air den-
sity and gravitational acceleration. Differences
in values are shown in Fig. 3.

Delta 2018, 12(1):17-32.
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Na vypocet strednej vysky plamena sme po-
uzili dve metddy. Metdédu podla Heskestada
a metddu podla Thomasa. Vysledky vypocto-
vych hodndt strednej vysky plamena v zavis-
losti od priemeru nadoby sa mierne odliSujua,
kde vyssie hodnoty plamena sa dosahuju pri
metdde podl'a Heskestada. Tento rozdiel moze
byt spdsobeny vstupnymi veli¢inami, s ktorymi
sa uvazuje pri vypocte. Heskestad uvazuje pri
vypocte najmi s rychlost'ou uvoliiovania ener-
gie a priemerom nadoby. Naopak podla Tho-
masa strednt vysku plamenia mozno urcit’ na za-
klade priemeru nadoby, hmotnostnej rychlosti
odhorievania, hustoty vzduchu a gravitaéného
zrychlenia. Rozdiely v hodnotach su znazor-
nené na obr. 3.
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Fig. 3 Comparison of the mean flame height calculated by Heskestad and Thomas
methods

Obr. 3 Porovnanie vypocitanej strednej vysky plamena podl'a metod Heskestada a
Thomasa

In Table 3, we compared the results of the
calculation methods with the experimental
value for a 0.30 m diameter vessel. The experi-
mental value obtained by Heskestad method
corresponds to 96 % with the calculation
method according to Thomas. The difference
could be due to the values of the variables en-
tering the calculation. The value of the combus-
tion efficiency of 0.7 may differ from the actual
burning value in the experiment. The difference
can also be caused by the value of heat release
rate entering the calculation.

V tabulke 3 uvadzame porovnanie vysled-
kov vypoctovych metod s experimentdlnou
hodnotou pri hadobe s priemerom 0,30 m. Ex-
perimentalna hodnota sa na 96 % zhoduje s vy-
poctovou metddou podla Thomasa. Tento roz-
diel mohol byt sposobeny hodnotami veli¢in
vstupujucimi do vypoc¢tu. Nami dosadzovana
hodnota uc¢innosti spalovania 0,7 sa moze lisit’
od skutocnej dosiahnutej hodnoty pri horeni
v experimente. Taktiez mdze byt rozdiel sposo-
beny hodnotou rychlosti uvolfiovania tepla,
ktora vstupuje do vypoctu.

Tab. 3 Comparison of the mean height obtained by the calculation method with the experimental va-

lue

Tab. 3 Porovnanie strednej vySky plamena ziskanej vypo¢tovou metodou s experimentalnou hodnotou

Calculation method / Vypoctova

Experimental

Flammable 3 .

liquid / metoda value / Experi-

L i Diameter / mentalna hod-
Horlava . Ls (m) Ls (m)
. Priemer D (m) nota L¢ (m)
kvapalina Heskestad Thomas (8]
n-Heptane / 0.30 0.919 0.876 0.839
n-Heptan
26
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3.2 Results of S-500 diesel and gasoline cal-
culation methods

We used the equation (1) to calculate the
mass burning rate by the calculation method.
The values of the variables entering the calcula-
tion were obtained from the experimental values
and are presented in Tab. 4.

3.2 Vysledky vypoctovych metod benzinu a mo-
torovej nafty S-500

Pre vypocet hmotnostnej rychlosti odhorie-
vania vypoctovou metédou sme pouzili vztah
(1). Hodnoty veli¢in vstupujuce do vypoctu sme
ziskali z experimentéalnych hodnoét a st uvedené
v tab. 4.

Tab. 4 Gasoline and diesel S-500 fuel characteristics needed for calculation [20]
Tab. 4 Charakteristiky benzinu a motorovej nafty S-500 potrebné pre vypocet [20]

Flammabile liquid / T, kp AH, p
HorPav4 kvapalina  (kg-s*m?) (m™) (kJ-kg?) (kg'm?)
Gasoline / Benzin 0.055 2.1 43 700 745

Diesel fuel S-500 /
Motorova nafta 0.045 2.1 44 400 840
S-500

Calculated values of the mass burning rate
and (") the rate of heat release (Q) calculated

according to the relation (3) at the different ves-
sel diameters are given in Tab. 5 and 6.

Vypocitané hodnoty hmotnostnej rychlosti
odhorievania (m) arychlosti uvolmovania
tepla (Q) vypocitanej podl'a vzt'ahu (3) pri roz-
licnych priemerov nadob st uvedené v tab. 5 a
6.

Tab. 5 Comparison of calculated values ("), experimental and literature data
Tab. 5 Porovnanie hodnét (m) vypocitanych, experimentalnych a udajov z literatury

m (kgm?s?)

Calculated values /

Experimental value / Experi-

Data from literature /

. .. , I'Jdaje z literatiry
Diameter / Vypocitané hodnoty mentalna hodnota
. [23, 18]
Priemer D -
(m) Diesel fuel Diesel
Gasoline / S-500/ . Diesel fuel .
i i Gasoline Gasoline fuel
Benzin Motorova S-500 S-500
nafta S-500
0.04 0.0044 0.0036 0.0141 0.0162 - -
0.20 0.0188 0.0154 0.0165 0.0085 0.019 -
0.40 0.0313 0.0256 0.0199 0.0133 0.030 -
0.80 0.0447 0.0366 0.0313 0.0252 0.045 -
4.28 0.0550 0.0450 0.0451 0.0306 0.055 0.044

As we can see in the Tab. 5, calculated val-
ues of the mass burning rate of fuel per unit sur-
face area of the liquid mixtures increase with the

Delta 2018, 12(1):17-32.

Ako moézeme vidiet' v tab. 5, vypocitané hod-
noty plosnej rychlosti odhorievania kvapalnych
zmesi sa zvySuju s priemerom nadob. Pre vicsie
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diameter of the vessels. For larger diameters,
the mass burning rate for gasoline is about 0.055
kg'm?st, which is in line with the value in lit-
erature [23]. However, the comparison with the
experimental value of 0.0451 kg-m?s* differs
substantially. This difference may be due to a
different methodology for determining this pa-
rameter. Also, in the case of a liquid mixture,
the combustion process is more complicated op-
posite pure flammable liquids.

Similar results can also be observed for
smaller vessel diameters. Further, we can notice
that in the case of a vessel (D = 4.28 m), the
gasoline and diesel fuel values approximate to
the asymptotic mass burning rate.

priemery sa hodnota rychlosti odhorievania pre
benzin pohybuje okolo 0,055 kg:-m?s?, o je v
zhode s hodnotou z literatury [23]. AvSak po-
rovnanie s experimentalnou hodnotou 0,0451
kg'm?2s? sa podstatne liSi. Tento rozdiel moze
byt spdsobeny rozdielnou metodikou stanove-
nia tohto parametra. Taktiez v pripade kvapal-
nej zmesi je proces horenia komplikovanejsi
oproti ¢istym horlavym kvapalinam.

Obdobné vysledky hodnot mézeme pozoro-
vat aj v pripade mensich priemerov nadob. Da-
lej si mozeme vSimnut’, ze v pripade nddoby (D
=4,28 m) sa hodnoty benzinu a motorovej nafty
priblizuju k hodnote asymptotickej hmotnostnej
rychlosti odhorievania.

Tab. 6 Comparison of values (@) calculated, experimental data and from the literature
Tab. 6 Porovnanie hodnét (Q) vypogitanych, experimentalnych a udajov z literatiry

Q (kw)

Calculated values /

Experimental value / Experi-

Data from literature /

. .. , deaje z literatiary
Diameter / Vypocitané hodnoty mentalna hodnota
. [23, 18]
Priemer D :
(m) Diesel fuel Diesel
Gasoline / S-500/ . Diesel fuel .
i i Gasoline Gasoline fuel
Benzin Motorova S-500 $-500
nafta S-500
0.04 0.0196 0.0163 0.0624 0.0718 - -
0.20 8.853 7.3679 7.7881 4.0191 8.9458 -
0.40 97.677 81.169 62.229 41.577 93.623 -
0.80 799.432 655.054 559.42 451.13 804.25 -
4.28 34 574.84 28 741.64 28 347 19 227 34 575 28103

Asimilar trend of values we can observe also
in the case of the rate of heat release, where the
calculated values according to the equation (3),
approximate more the values introduced in
available literature than the experimental val-
ues. This difference is mainly caused by the
value of the mass burning rate, but also by the
amount of water contained under the fuel. With
increasing diameter of the vessels, the rate of
heat release increased, what is the consequence
of the larger volume of fuel in the combustion
zone.

Tables 7 and 8 shows the results of the mean
flame height values calculated by the above
mentioned methods. Differences of calculated
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Obdobny trend hodn6t mézeme pozorovat’ aj
Vv pripade rychlosti uvolfiovania tepla, kde nami
vypocitané hodnoty podla vztahu (3) sa pribli-
zuju viac K tidajom z dostupne;j literatry ako k
experimentalnym hodnotam. Tento rozdiel je
ovplyvneny najmi hodnotou hmotnostnej rych-
losti odhorievania, ale i mnozstvom vody ob-
siahnutej pod palivom. So zvdcSovanim prie-
meru nadob sa rychlost’ uvolfiovania tepla zvy-
Sovala, ¢o je dosledok vacsieho objemu paliva
V zone horenia.

V tabulkach 7 a 8 uvadzame vysledky hod-
ndt strednej vysky plamena vypocitané podla
spominanych metéd. Rozdiely vypocitanych
hodndt metédami Heskestada a Thomasa st



12(1): 17-32, 2018

ADelta

FIRE PROTECTION & SAFETY Scientific Journal

DOI:10.17423/delta.2018.12.1.35

values by the Heskestad and Thomas method
are distinct especially at vessels with a diameter
0f 0.04 mand 4.28 m. Compared to a pure flam-
mable liquid, where the flame height corre-
sponded to 96 % with the calculated value, the
differences are markedly different in case of lig-
uid mixtures. The reason is that the process of
burning in the case of liquid mixtures is more
complicated and takes place in several phases.
One of the processes is e.g. cracking, where dur-
ing burning, a part of

the energy is consumed to cleave hydrocarbons
to radicals with shorter-chain. In addition, if a
chemically pure liquid burns, the composition
of the vapor above the level does not differ from
the composition of the liquid. In the case of
burning of the liquid mixtures, fractional distil-
lation is carried out in the upper layer and the
vapor composition differs from the composition
of the liquid. In their burning, lighter fractions
are evaporated more intensely and the liquid
phase changes its composition and properties.
Also, in the case of real fires, all real effects are
considered, e.g. the presence of water at the bot-
tom of the vessel.

zrete'né najmd pri nadobach s priemermi 0,04
m a 4,28 m. Oproti Cistej horlavej kvapaline,
kde sa hodnota vysky plamena zhodovala na 96
% s vypocitanou hodnotou, V pripade kvapal-
nych zmesi su rozdiely markantne odlisné.
Dovodom je, ze proces horenia v pripade kva-
palnych zmesi je komplikovanejsi a prebieha vo
viacerych fazach. Jednym z procesov je napr.
krakovanie, kde poc€as horenia sa Cast’ energie
spotrebuje na stiepenie uhl'ovodikov na radikaly
s kratSimi retazcami. Okrem toho, ak hori che-
micky ¢istd kvapalina, zlozenie par nad hladi-
nou sa nelisi od zlozenia kvapaliny. V pripade
horenia kvapalnych zmesi prebieha v jej hornej
vrstve frak¢na destilacia a zloZenie par sa lisi od
zlozenia kvapaliny. Pri ich horeni dochadza
k intenzivnejSiemu vyparovaniu 'ah$ich frakeii,
v dosledku ¢oho kvapalna faza meni svoje zlo-
zenie a vlastnosti. Takisto v pripade realnych
poziarov st zohladnené vsetky realne vplyvy
napr. pritomnost’ vody na dne nadoby.

Tab. 7 Comparison of the mean flame height of the gasoline obtained by the calculation method with
the experimental value
Tab. 7 Porovnanie strednej vySky plamefia benzinu ziskanej vypo¢tovou metddou s experimentalnou
hodnotou

Calculation method / Vypoctova metoda

Experimental value /

Diameter / Priemer

Experimentalna hod-

D (m) L (m) Ly (m) nota Ly (m) [1]
Heskestad Thomas
0.04 0.007 0.073 0.109
0.20 0.346 0.542 0.510
0.40 1.030 1.197 0.560
0.80 2.517 2.409 1.400
4.28 10.674 8.769 5.000
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Tab. 8 Comparison of the mean flame height of the diesel S-500 obtained by the calculation method
with the experimental value
Tab. 8 Porovnanie strednej vySky plamenia motorovej nafty S-500 ziskanej vypoétovou metddou s ex-
perimentalnou hodnotou

Calculation method / Vypoétova metéda

Experimental value /

Diameter / Priemer Ls (M) Ly (m) Experimentalna hod-
D (m) Heskestad Thomas nota Ly (m) [1]
0.04 0.004 0.065 0.074
0.20 0.307 0.480 0.270
0.40 0.927 1.059 0.455
0.80 2.262 2.132 1.160
4.28 9.602 7.759 3.800
4 Conclusions 4 Zaver

In combustion process of flammable liquids,
it is important to monitor their fire properties,
especially the mass burning rate, the rate of heat
release, the flame height, which
are the main indicators of the fire hazard of
flammable liquids.

In this work, we focused on implementation
of calculation methods used to calculate the
above-mentioned characteristics. We compared
the calculation values with experimental values
obtained from burning of pure flammable lig-
uids (n-Heptane) and liquid mixtures (gasoline,
diesel fuel S-500) in vessels of different diame-
ters.

The mass burning rate of liquid mixtures
varies in the course of a fire depending on their
characteristic and the amount of heat transfer
from the burning zone to the surface of the lig-
uid. The burning rate is not a constant value and
varies in real fire conditions depending on tem-
perature, vessel diameter, vessel level, liquid
composition, wind speed and many other fac-
tors. Therefore, it is important for the calcula-
tion relation also to take in account other fac-
tors, not just the diameter of the vessel.

Experimental values of the mass burning
rate of n-Heptane are divided into several
groups according to the burning phases. Calcu-
lated values of the mass burning rate at the ves-
sel diameter of 0.10 m and 0.14 m corresponded
to the average burning rate during the entire
combustion process obtained by the experi-
ment. With the vessels diameter of 0.20 m and
0.30 m, the calculated values approximately
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Pri procese horenia horlavych kvapalin je
dolezité sledovat’ ich poziarnotechnické charak-
teristiky najma rychlost’ odhorievania, rychlost’
uvolmnovania tepla, vysku plamena, ktoré s
hlavnymi ukazovatel'mi nebezpecenstva pri po-
ziaroch horlavych kvapalin.

V praci sme sa zamerali na zistenie zhody
vysledkov vypoctovych metdd sliziace na vy-
pocet vysSie uvedenych charakteristik. Porov-
navali sme vypoctové hodnoty s experimental-
nymi hodnotami pri horeni c¢istych horlavych
kvapalin (n-Heptan) a kvapalnych zmesi (ben-
zin, motorova nafta S-500) v nadobach rdznych
priemerov.

Rychlost’ odhorievania kvapalnych zmesi sa
V priebehu poziaru meni v zavislosti na ich
vlastnostiach a mnozstvom prestupujiiceho
tepla z pasma horenia na povrch kvapaliny.
Rychlost’ horenia nie je konStantnou hodnotou
aVvrealnych podmienkach poziaru sa meni
v zavislosti na teplote, priemeru nadoby, vyske
hladiny v nadobe, zlozenia kvapaliny, rychlosti
vetra a mnoho dalsich faktorov. Preto je dole-
Zité, aby vypoctovy vzt'ah zohl'adnoval i ostatné
faktory, nie len priemer nadoby.

Experimentalne hodnoty hmotnostnej rych-
losti odhorievania n-Heptanu sme rozdelili do
niekol’kych skupin podla faz horenia. Vypoci-
tané hodnoty hmotnostnej rychlosti odhorieva-
nia pri priemere nadoby 0,10 m a 0,14 m sa zho-
dovali s priemernou rychlostou odhorievania
pocas celej doby horenia ziskanej autormi expe-
rimentom. Pri priemere nadob 0,20 m a 0,30 m
sa vypocitané hodnoty priblizne zhodovali
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correspond with the experimental values ob-
tained in the third combustion phase.

In case of the rate of heat release, the value
increased with increasing the diameter of the
vessel and the larger volume of fuel delivered.
Differences in the results related to the calcula-
tion values, the experimental values and the val-
ues published in the literature can be attributed
to the composition of mixed flammable liquids
(gasoline, diesel fuel S-500).

In case of the mean flame height, the results
of the calculation methods are consistent with
the chemically pure liquids, compared to the lig-
uid mixtures. In the case of n-Heptane at a ves-
sel with diameter of 0.30 m, the experimental
result at 96 % was consistentwith the Thomas
calculation method. As mentioned in the article,
not only the diameter of the vessel has a major
effect on the flame height, but there are other
parameters that affect it considerably.
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