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NUMERICAL CALCULATION OF THE FLAME SPREADING OVER
A METHANE HYDRATE SURFACE

Otabek NIGMATOV"? (nigmatovotabek@gmail.com)

Oksana ISMAILOVA" (oismailova56@gmail.com)
"Uzbekistan-Japan Innovation Center of Youth, Tashkent, Uzbekistan
*Turin Polytechnic University in Tashkent, Uzbekistan

The Methane Hydrate is expected as an energy source and is being as a medium distance transport means of natural gas alterna-
tive of LNG (Liquefied Natural Gas). During the natural gas transportation, fire accidents are concerned. In the present stud‘gz, the flame
spreading over a methane hydrate surface has been studied numerically as a function of hydrate surface temperature, T,. When T, = 173 K
({)1()()°C), lower than the dissociation temperature (T, = 183 K (—90°éj), the flame spreading speed is around 6.5 mm/s, while the flame
spreading speed at T, = 193 K (-80°C), is around 950 mm/s, which is 150 times higher than at T, = 173 K (-100°C). This indicates that the
fﬁzme spreading speed drastically changed at the dissociation temperature. These results correspond to experimental results. When T, > T,
the flame spreades gaseous methane/air mixture formed on the hydrate suy’ace and then the flame spreading speed is very fast. When T, <
Ty the flame spreads, dissociating the methane hydrate in front of the leading flame edge by the heat from the flame. Then the dissociation
rate determines the flame spreading speed, and it is very slow.

Keywords: , Natural Gas, Numerical Simulation, Flame Propagation, Solid Combustion

YNC/IEHHBIA PACHET PACIIPOCTPAHEHHA II/IAMEHH I1O
MOBEPXHOCTH I'MAPATA METAHA

Omabex HHTMATOB"? (nigmatovotabek@gmail.com)

Oxcana HCMAHIIOBA" *(oismailova56 @gmail.com)

TVs6excro-Anonckuii monodercnulii yenmp unnosayuit, Tawkenm, Y3oexucman
2Typunckuii nonumexnuuecxuii ynusepcumem ¢ Tawikenme, Tawkenm, Y3oexucman

Odicudaemces, umo 2udpam Memana cmaHnen UCMOYHUKOM SHEPSUU U CPEOCNBOM MPAHCHOPIMUPOSKU NPUPOOHO20 2a3d HA CPeOHUe
paccmosinus, anomepramugoti CIII (coicusicennomy npupoonomy eazy). Ilpu mpancnopmupoeke npupoono2o 2asa ciyyaromes noxcapul. B
Hacmosuel pabome YUCIEHHO UCCIe008AHO PACHPOCIPAHEHUE NAAMEHU NO NOGEPXHOCU 2UOPAMa Memand 6 3a8UCUMOCTNU Om memnepa-
myput nosepxnocmu eudpama T3, Hpu T, = 173 K (-100 °C), umo nusice memnepamypul ouccoyuayuu (T, = 183 K (-90 °C)), ckopocmuo
PACNPOCMpanerus: NIaMeHu cocmaegisiem oxkoino 6,5 mm/c, a ckopocms pacnpocmpanetus niamenu npu Ty = 193 K (-80 °C), cocmasnsem
okono 950 mm/c, umo 6 150 pa3z svuwe, uem npu Ty = 173 K (-100 °C). gmo yKasvieaem Ha mo, Ymo CKOpOCHb pacnpoCmpaHeHus Raamenu
Pe3KO UBMEHUNACL Npu memnepamype ouccoyuayuu. dmu pe3yavmamyl COOMEemcmeayon dKcnepumenmanvivbim pesynomaman. Kozoa T, >
Ty, naamsa pacnpocmpansiem 2a3000pasHyio MemaHo8030VUIHYIO CMeChb, 00PA308ABULYIOCA HA NOBEPXHOCMU 2udpamad, U mo2od cKopochb
pacnpocmpanenusi niamenu ouenv gvicoxa. Koeoa T, < T, naama pacnpocmpansemcs, ouccoyuupys uopam memaua nepeo nepeoweil
KpOMKOUL gﬂa,wenu 3a cuem menna om niamenu. Toeda ckopocms ouccoyuayuu onpeoensem CKOpOCMb pacnpoOCmpanenus niameHu, a OHa
oueHb MeONeHHAsL.

KitoueBble cj10Ba: ropeHue, NPUPO/IHBII a3, YNCIEHHOE MOJIEIMPOBAHHE, PACIIPOCTPAHEHUE IIAMEHH, TOPEHHE TBEPOro Tesa

OLINING METANI GIDRATI USTIDA TARQILISHINI RAQAMLI HISOBI
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Metan gidrati energiya manbai sifatida kutilmogda va tabiiy agaz LNG (Suyultiril%m az) ga alternativa o'rta masofaga tashish
vositasi sifatida xizmat qiladi. Tabiiy %azni tashish paytida yong'in sodir bo'lishi mumkin. Ushbu tadqgiqotda metangidrat yuzasiga targal—
adigan olov gidrat sirtining harorati, T, funktsiyasi s;'fatida son jihatdan o'rganildi. T, = 173 K (-100 °C), dissotsilanish haroratidan (1, =
183K (90 °C)) pastrocq bo'lganda, olov tarqalish tezi égi taxminan 6,5 mm / s, olov tarqalish tezligi T, = 193 K (-80°C), 950 mm/s atrofida,
bu T, = 173 K (-100 °C) dan 150 baravar yuqori. Bu dissotsilanish haroratida olov tarqalish tezligi keskin o'zgarganligini ko'rsatadi. Ushbu
natijalar eksperimental natijalarga mos keladi. T, > T, bo'lganda, olov gidrat yuzasida hosil bo'lgan gazsimon metan/havo aralashmasini
tarqatadi va keyin olov tarqalish tezligi juda tez bo'ladi. T, < T, bo'lganda, alanga tarqalib, metangidratni olovning issig{ligi bilan etakchi
alanga chetining oldida dissotsiatsiya qiladi. Keyin dissotsilanish tezligi olovning tarqalish tezligini aniqlaydi va u juda sekin.

Kalit so'zlar: yonish, tabiiy gaz, raqamli simulyatsiya, olovning tarqalishi, qattiq yonish
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Introduction

Methane hydrates spread in marine sedi-
ments throughout the world, and it has in prospect
to be utilized as a new energy source. It is also ex-
pected as a transport medium of natural gas alterna-
tive to the LNG (Liquified Natural Gas). In this
case, an accidental fire during transportation by
ships and tank trucks is concerned since the me-
thane hydrate is combustible.

Combustion characteristics have been stud-

ied. A flame over laminar boundary layer over me-
thane hydrate has been done numerically by
Kitamura et al. [1] and experimentally by Maruya-
ma et al. [2]. The flame spreading over a methane
hydrate surface in a natural convection condition
has been experimentally investigated as a function
of a surface temperature of a methane hydrate by
Yoshioka et al. [3]. Experimental results showed
that the flame spreads with around 4 mm/s. When
the surface temperature was below the dissociation
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temperature, while spreads with around 1,000
mm/s when the surface temperature exceeded the
dissociation temperature.

They discussed that in the high-speed flame
spreading case of around 1,000 mm/s, the methane
hydrate dissociates before the ignition and the
flame spreads along the boundary of methane and
air layer. On the other hand, in the case of low-
speed flame spreading of 4 mm/s, the flame
spreads, dissociating the methane hydrate just in
front of the leading flame edge due to heat transfer
from leading flame edge to the hydrate surface. But
this mechanisms of two different flame spreading
speed have not been confirmed. Then, the purpose
of this study is to elucidate the mechanism of two
different flame spreading speed cases mentioned
above numerically. The numerical simulation has
been done by using Fire Dynamic Simulator [4]
(FDS6.7.5).

Numerical Simulation Procedure

The domain for simulation was set follow-
ing the experimental setup [1] as shown in Figure
1. The three-dimensional space with the grid size
of Imm in 200 mm x 200 mm x 100 mm is set. Ini-
tially the space is filled with air of 293 K in the
atmospheric pressure. The side and top boundaries
are the open boundary.

The bottom boundary is a solid. The me-
thane hydrate with a cylindrical shape with the di-
ameter of 100 mm and 10 mm depth is set at the
center of the bottom boundary. In the depth direc-
tion, the one-dimensional heat conduction is calcu-
lated while another bottom wall was set as an adia-
batic. A block of 10 mm square and 3 mm height is
set as an ignitor at the center. The surface tempera-
ture of this block is set at an arbitrary temperature.
This is equivalent to the pilot flame for the ignition
in experiments. When the ignition is calculated, the
temperature of the bottom wall of the block is set

A

as 1273 K while the top and side walls are at 293 K
for the low-speed flame spreading case, however
for the high speed-flame temperature of bottom and
side walls are set as 1473 K, since in the high-speed
flame spreading case the methane release rate is
higher than in the case of low-speed flame spread-
ing and the hot walls of the block require longer
time to heat up to the ignition temperature, the tem-
perature of the block and hot temperature walls are
preferred. Moreover, for two different cases, the
height of the block was set up in different positions.
For high-speed flame spreading case 14 mm above
the surface of methane hydrate and for low-speed
flame spreading case 8 mm above the surface of
methane hydrate.

In numerical calculation, governing equa-
tions, continuity equation, momentum equation,
energy conservation equation, species conservation
equation with chemical reaction models mentioned
below were solved by the FDS [5]. In the present
study, two chemical reactions are included. One is a
dissociation of methane hydrate, and the other is a
methane and air combustion.

The dissociation of methane hydrate is
modeled as,

Methane hydrate - CH, + 5.75H,0. (1)

Here 5.75 is a theoretical ratio of water and
methane in a methane hydrate. In realistic condi-
tions, this value is larger, however in this study we
set it as a theoretical value.

The dissociation rate is expressed modify-
ing the Pyrolysis mode in the FDS as,

r; =AY Fex ( ”), 2
i =AY, P\, (2)
Where Ajj is a pre-exponential factor, Yij is a mass
fraction of species i, ns,ij is the reaction order, Eij is
an activation energy, R is an universal gas constant
and Ts is a methane hydrate surface temperature.
Here the subscript i represents the species i and j the
reaction j. There are three species, methane hydrate,
methane, and water. The values for the pre-
exponential factor and the activation energy are
5.44x1021 s-1 and 8.42x104 J/mol respectively.

E These values are obtained from the direct measure-
2 Ignitor ment of decomposition rates of pure methane hy-
o N [ @200 mm drate at the ambient pressure of 0.1 MPa experi-
’1_00""\' < mentally by Laura et al., [6]. However, the Pyroly-
vA~ Methane Hydrate < sis model of FDS, [5] does not show similar trend

) 200 mm : of dissociation, so approximation was done.
Figure 1. Calculation domain. The methane and air combustion are mod-
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eled by the one-step overall reaction as following,

CH,+ 20, - CO, + 2H,0. (3)

The combustion is modeled with using of
auto ignition temperature by FDS [5]. The auto
ignition temperature is the temperature at which
combustion starts.

Numerical Calculations have been done
two cases; One is the low-speed flame spreading
case when initial methane hydrate temperature is
173 K which is lower than methane  hydrate dis-
sociation temperature, and the second high-speed
flame spreading case when the hydrate temperature
is 193 K which is higher than the methane hydrate
dissociation temperature.

Results and Discussion

High-speed flame spreading (T, = 193 K)

Figures 2-4 show the results at T, = 193 K.
Ts is higher than the dissociation temperature and
the high-speed flame spreading was observed in
the experiment [3].

Figure 2 shows the time variation in the
mass fraction of methane. Att= 0.0 s, the space is
filled with only air and no methane gas. The hy-
drate starts to dissociate uniformly over the me-
thane hydrate surface because Ts is higher than the
dissociation temperature and the methane gas is
released uniformly over a methane hydrate surface
as shown in t = 0.05 s. The methane region almost
reaches the block at t = 0.1 s. After that, the top
location of methane is located just below the
block.

The variation in the temperature profile

t=0.112s

t=0.116s

—— W& =
‘
—_—

Figure 2. Methane mass fraction for high-speed flame spreading

=
t=0.116s

‘
—

Figure 3. Temperature for high-speed flame spreading.

8.7E5 kW/m*3

E t=00s

0.0 kW/m*3

Figure 4. Heat release rate for high-speed flame spreading.

with time is shown in Fig. 3. At t = 0.0 s, all area
of the space is the ambient temperature (293 K). At
t = 0.05 s, slight increase in temperature is ob-
served in the region which is adjacent to the high
temperature block. At t = 0.1 s, significant temper-
ature increase is calculated. The high temperature
region moves radially with time. At the same time,
the high temperature region moves upward direc-
tion due to the gravity effect.

Figure 4 shows the heat release rate. Att=
0.0 and t = 0.05 s, no high heat release rate region
is observed. At t = 0.1 s, significantly high heat
release rate region appears near the high tempera-
ture block and the region moves radially.

These results indicate that the ignition oc-
curs between t = 0.05s and 0.1 s. At t=0.05 s, the
temperature increases slightly but no high heat re-
lease rate region appears. This indicates the air

4'2023 K, I M. Y. O
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around the high temperature block is heated by the
heat from the block but not yet start the combus-
tion. Att = 0.1 s, the temperature increase is very
significant, and the high heat release rate region
appears which means the flame is already formed.
After that, high heat release rate region, which is
considered to be the leading flame edge moves ra-
dially, that is a flame spreading. As shown in Fig.
4, the heat release rate region moves radially with
almost constant speed. Then, the flame spreading
speed is estimated as 950 mm/s from a movement
speed of the high heat release rate region, which is
nearly the same as the experimental one.

Low-speed flame spreading case (T;= 173 K)

Figures 5-7 show the results at Ty = 173 K.
Ts is lower than the dissociation temperature and
the low-speed flame spreading was observed in the
experiment [3].

Figure 5 shows the time variation in the
methane mass fraction. Att=0.0 and 1.1 s, no me-
thane is observed, although the uniform methane
layer was already observed at t = 0.05s at Ts = 193
K. At t = 2.0 s, small amount of methane appears
between the methane hydrate surface and the high
temperature block. The amount of methane in-
creases gradually with time however it is very
slow compared to the case in Ty = 193 K. Results
show methane release was observed locally which
is different compared to the case at T; = 193 K.

Figure 6 shows the variation in tempera-
ture with time. The temperature increases around
the high temperature block at t = 1.1 s and the high
temperature region spread in radial and upward
directions. Figure 7 shows the heat release rate. At
t = 1.1 s, the high heat release region appears near
the methane hydrate surface just below the high
temperature block. It clearly states that the dissoci-
ation starts locally in the region with high heat
transfer from the block. After the formation of the
flame, the dissociation occurs by the heat from the
leading flame edge and the high heat release rate
region moves radial direction with the dissociation
of methane hydrate just in front of the flame lead-
ing edge which is the radial flame spreading. Then
the speed of flame spreading is estimated as 6.5
mm/s this is the same order of magnitude of that in
experiment [3]. In addition, it is interesting to note
that the high heat release rate region is observed in
the vertical direction. It indicates that the flame is
formed in a vertical direction as well. It corre-
sponds to the experimental result [3]. The numeri-

Figure 5. Methane mass fraction for low-speed flame spreading

li
’ﬂ
A-—"

Figure 6. Temperature for low-speed flame spreading

8.7E5 kW/m*3

E

t=00s

0.0 kW/m*3

Figure 7. Heat release rate for low-speed flame spreading
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cal result shows some unstable motion in a vertical
direction which is shown in Fig.6. The experi-
mental result shows similar instability. This insta-
bility is due to the Kelvin-Helmholtz instability
between high speed hot burnt gas flow and still am-
bient temperature of air.

Flame spreading speed

Figure 8 shows the comparison of flame
spreading speed of numerical and experimental
ones. The result show that the numerical results
well fit with experimental ones [3]. It indicates that
the flame spreading speed is very low when the
hydrate surface temperature is below the dissocia-
tion temperature while it increases around factor of
150 when the hydrate surface temperature exceeds
the hydrate dissociation temperature.

Flame spreading mechanism

Two kinds of flame-spreading numerically
calculated. First is high-speed flame spreading of T;
=193 K. In this case, the methane hydrate starts to
release into the ambient air producing methane/air
mixing layer. After this mixing layer reaches the
high temperature block, the ignition occurs, and
flame spreads along the mixing layer in a radial di-
rection. Second is the low-speed flame spreading
case of T, = 173 K. In this case, the surface tempera-
ture is below the dissociation temperature and then
the dissociation cannot occur by the ambient air tem-
perature. As a result, no uniform methane release
over a methane hydrate surface occurs different from
the case in Ty = 193 K. The methane hydrate surface
near the block starts to dissociate by the heat trans-
ferred from the block locally and the combustion
starts. When the flame is formed, high heat flux from
the leading flame edge to the methane hydrate sur-

10000

g ® Yoshioka et al
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'_% 1000 : ) A This research
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surface temperature at ignition T, [K]

Figure 8: Flame spreading speed with surface temperature.

face dissociates the methane hydrate just in front of
the leading flame edge. Thus, the flame spreading
speed is determined by the dissociation rate just in
front of the flame leading edge.

Conclusion

Two cases of flame spreading over an ax-
isymmetric methane hydrate surface have been
calculated numerically: high-speed flame spread-
ing and low-speed flame spreading. The result in
the high-speed flame spreading indicates that uni-
form dissociation of methane hydrate makes a uni-
form contact surface of methane and air, and the
flame spreads along the contact surface at around
950 mm/s which is near to experimental result of
flame spreading in high-speed case. When the sur-
face temperature of methane hydrate, Ts, was low-
er than the dissociation temperature, the flame
spread slowly at around 6.5 mm/s, which corre-
sponds to the experimental result. In this case, the
flame spreads, dissociating the methane hydrate in
front of the leading flame edge. It indicates that
the flame spreading speed is determined by the
dissociation rate of methane hydrate.

REFERENCES

1. Kitamura Y., Nakajo K., Ueda T. Numerical calculation of a diffusion flame formed in the laminar boundary layer over methane-hydrate. Proc.

4th Int. Conf. on Gas Hydrate, 2002, 4, 1055-1058.

2. Y. Maruyama, M. J. Fuse, T. Yokomori, R. Ohmura, S. Watanabe, T. Iwasaki, W. Iwabuchi, and T. Ueda, Experimental investigation of flame
spreading over pure methane hydrate in a laminar boundary layer. Proc. Combust. Inst., 2013, 34,2131-2138.

3. Yoshioka T., Suemitsu M., Yokomori T., Ohmura R., Ueda T. Me Flame propagation over a methane hydrate with surface temperature variation
in a natural convective flow fieldchanical. Engineering Letters, 2015, 1, No.15-00370. DOIL: 10.1299/mel.15-00370

4. FDS-SMV, available at https://pages.nist.gov/fds-smv/

5. Kevin McGrattan K., Simo Hostikka S., Randall McDermott R., Jason Floyd J., Weinschenk C., Overholt K. Fire Dynamics Simulator Technical
Reference Guide Volume 1: Mathematical Model, NIST Special Publication 1018-1, Sixth Edition, 2020. 173.
6. Stern L.A., Cirone S., Kirkby S.H., Durham W.B. Anomalous preservation of pure methane hydrate at 1 atm. The Journal of Physical Chemistry

B,2001, 105/9, 1756-1762.

4'2023 K I

va kimyo texno:ogiyasi

47



	NUMERICAL CALCULATION OF THE FLAME SPREADING OVER A METHANE HYDRATE SURFACE
	Recommended Citation

	NUMERICAL CALCULATION OF THE FLAME SPREADING OVER A METHANE HYDRATE SURFACE

