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Abstract: In the Republic of Korea, a new rocket launchpad was constructed to launch the KSLV-II
on an island, and all the launchpad facilities are located in basement. Because of the complex and
diverse facilities, fire accidents have increased. Using the FDS (Fire Dynamics Simulator) to predict
the damage from kerosene storage and drain tank pool fires is garnering more attention as a tool of
choice. The FDS supports a sprinkler model, which is needed to analyze fire extinguishing by water
sprinkling. To predict and estimate the resistance of the building and thermal damage, the main
analysis factors for a kerosene tank pool fire accident are temperature and HRR (heat release rate per
unit volume). In 3 m? release cases, the maximum temperature decreased by 33% from 900 K to 600 K
by sprinkled water, and the maximum HRR decreased by 70% from 20,000 kW /m3 to 6000 kW /m?.
In 10 m3 release cases, the temperature and HRR decreased by 44%, from 800 K to 450 K and 68%
from 25,000 kW /m?3 to 8000 kW /m3, respectively.

Keywords: FDS; pool fire; rocket launchpad basement facilities; temperature; HRR (heat release rate
per unit volume)

1. Introduction

Due to the significant development in aerospace and mechanical engineering tech-
nologies, aerospace industries have attracted attention. In addition to extraterrestrial
explorations using rockets, many countries and industries have developed aerospace ap-
plications aimed at enhancing defense and wireless communication technologies. The
Republic of Korea has also developed a rocket called the KSLV-II and attempted to launch it.
The KSLV-II is a three-stage liquid propellant rocket; seven-ton level engines have already
been developed and tested. Moreover, 75-ton level engines are being developed. The
main rocket launchpad should be located at a low latitude region to accelerate the rocket’s
velocity using the Earth’s rotation, and should not affect airplane routes. For these reasons,
the KSLV-II launchpad is located at a low latitude region, but this region is an island and
surrounded by trees and mountains. Additionally, the KSLV-II launchpad is located on an
island and the area is smaller than other launch areas such as The Kennedy Space Center in
the USA, and South Uist in the UK. Therefore, the launchpad facilities are situated below
the ground in basements. The KSLV-II uses kerosene and liquified oxygen as the propellant
and oxidant. Also, valves, pipes, pumps, and tanks supply fuel and oxidant to the rockets,
and electronic controllers for storing and charging the fuel and oxidants are installed in the
basement [1-3]. Additionally, due to the construction and operation of the rocket launch-
pad facility increasing the capabilities of space activities, various risks may occur such
as property and human damage. The KSLV-II launchpad has facilities to store kerosene
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and oxidant for launching rockets. A rocket launchpad facility is composed of complex
equipment and pool fires accidents can occur due to kerosene leaks. If the compressed
or stored oxidant and fuel are dispersed or happen to leak, it may cause fire & explosion
accidents. Sealed basements are more vulnerable to fire accidents than open areas, as
shown by Jeon et al. [4], and fire accidents that are caused by fuel leakages account for the
highest rate, more than 30% [5,6]. Accidents involving the storage and drain tank, where a
significant amount of kerosene is stored, are likely to cause the most damage, as these types
of storage are vulnerable to fire accidents and have more severe effects on launches. Fires
are not started easily, and the following conditions must be satisfied. First, fuels are released
and mixed with air or other oxidants, then, at conditions over the flash point, ignition
sources must be provided. Kerosene pool fires are normally divided into a combustion and
plume zone. Kerosene is heated, causing it to evaporate and mix with the incoming air,
leading to combustion. Some of the heat generated from the flame is transferred through
the convection and conduction to the kerosene’s surface and maintain the flame [7,8]. In
rocket launchpad facilities, kerosene storage and drain tanks are constructed underground
and are used for storing and charging both fuel and oxidizers. The launchpad basement
should have enhanced safety regulations, but following the fire defense regulations in the
Republic of Korea [9], the safety rules for the basement were formulated for living spaces,
subway stations, oil storage tanks, and commercial spaces. The rules for basement research
facilities and launchpad basement facilities were not specifically and empirically designed.
Therefore, Jen et al. [10], indicated the need for special safety guidelines to ensure the safety
of such areas and establish safety management plans.

To solve these problems, CFD (Computational Fluid Dynamics) simulations are getting
more attention as useful tools. CFD simulations can predict the scale of fire accidents and
damage, in addition to determining safe and vulnerable areas. Further, CFD data can
be used as design criteria to enhance the safety management system. Because large fire
accidents cannot be reproduced experimentally, the results predicted by CFD simulations
are very important. In addition to selecting the proper scenarios, it is important to de-
termine the analysis method and tools for analyzing through a CFD simulation. Several
CFD programs that are numerically accurate are available, such as FDS, FLACS, ANSYS,
and EXSIM. FDS (Fire Dynamics Simulator) is developed by NIST (National Institute of
Standards and Technology) and contains various analysis tools [11,12]. FDS supports LES
(large eddy simulation) and DNS (direct numerical simulation) methods.

Furthermore, FDS provides tools, such as ventilation and sprinklers, and in fire
scenarios, such as pool fires and jet fires, sprinkler systems are the most commonly applied
fire suppression equipment.

The sprinkler tool is not limited to the purpose of spraying liquids or water. Through
sprinkler atomization, it can contribute to initial fire suppression and the removal of smoke
within a fire space, alongside smothering effects and cooling effects. While it is necessary
to understand the relationship between spray length, spray angle, and spray flow rate
to implement sprinklers, the sprinkler tool incorporates these relationships as empirical
constants [13-15]. If sprinklers are applied, different results are obtained. The reason for
this is that sprinklers normally extinguish fires, so the fire will be suppressed quickly than
in the case without sprinklers, and flame temperature or other thermal quantities will be
smaller. In some cases, sprinklers accelerate vapor explosion or can be used as barriers
to block heat and material transfer. Thus, the application of a sprinkler model is very
important because the majority of buildings have installed sprinklers, and the results from
using sprinklers are different [16].

In predicting the damage to a building from fire accidents, we use two main factors.

(1) Temperature
(2) HRR (heat release rate per unit volume)

This study shows the results based on pool fires scenarios and compares sprinkler
effects using the FDS. We expect that these results could help establish safety standards
and minimize the damage to humans and property.
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2. Numerical Modeling

FDS is a computational fluid dynamics program that analyzes the range and impact
of damage through fire and explosion scenarios and a mitigation system. Considering
the objectives results may be necessary, validation for FDS aspects is warranted [17,18].
Therefore, in this study, through the validation approaches and an assumption model, FDS
was analyzed.

2.1. Validation Approach

The risk presented in Figure 1 indicates the potential damage probability and the
physical and human damage range due to workers’ exposure to toxic and flammable
substances. It is utilized based on numerous variables and risk factors that can occur in fire,
explosion, and toxic accidents to explain the uncertainty surrounding the occurrence of a
specific accident. The FDS used in this study is a result analysis program that effectively
simulates fire, explosion, and leakage phenomena based on various modules [19]. It
quantitatively analyzes and evaluates incidents by visualizing and quantifying the extent
and severity of human and property damage through the analysis of parameters such as
radiative heat intensity, toxic gas concentration and distribution, and heat release rate size,
according to accident scenarios [20,21].

Risk

Damage probability Consequence analysis
- Accident occur frequency + - Human damage
- Failure frequency - Property damage

Figure 1. Definition of Risk.

Consequence analysis using FDS focused on the temperature and heat release rate
due to the pool fire in the kerosene storage and drain tank, and confirmed the damage
mitigation through the sprinkled water system. Figure 2 illustrates the scheme for the
consequence analysis.

S [Consequence analysis] N
@ Initial & Geometry condition

@ Sprinkled water system applicability status
@ Simulation results

@ Damage effect
g J

Figure 2. Consequence analysis scheme.

The first part consisted of setting up the initial conditions and geometry for the
kerosene storage and drain tank pool fire for 3D FDS simulation. In the second part,
simulations were conducted by categorizing scenarios of a kerosene tank pool fire into
those with and without the application of the damage mitigation system, specifically,
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the sprinkler system. In the third part, provided simulations confirmed the mitigation
effects based on the temperature and heat release rate, considering the sprinkler water
system. Finally, the study performed the impact of damage on the rocket launchpad
basement facility.

2.2. Hydrodynamic and Combustion Model

FDS solves the Navier-Stokes equations for the analysis of smoke dispersion, heat
transport and ventilation in low Mach number flow conditions. In turbulence analysis cases,
LES (large eddy simulation) and DNS (direct numerical simulation) are used. LES computes
more swiftly than DNS, but depending on the grid size, some turbulences are not computed
or predicted. DNS uses small sized grids, so it needs more calculation time than LES, but
due to a large number of grids, it can compute small eddies and numerical accuracies. The
numerically correct results do not mean real results. However, the numerically correct
results computed through precise assumption are reliable. NIST recommends the LES
model to analyze large scale cases [22].

For solving the combustion characteristics, FDS uses a combustion model based on the
mixture fraction concept [11]. A mixture means that fuels or inflammable materials are well
blended with oxidants. The mixing ratio is calculated by oxidant mole fraction and fuel
mole fraction if the liquid and solid fuels require diffusion rates and heat of vaporization.
In particular, pool fires occur on the surface of a flammable liquid and are influenced by
surface evaporation rate, surface temperature distribution, flame height, and flame tilt
due to wind. In the FDS pool fire combustion model, it assumes a quiescent state without
considering convection caused by temperature differences within the internal liquid. The
amount of fuel evaporating at any arbitrary time is calculated using the Stefan diffusion
model [23,24].

min(Yg, Y S
iy — —pmnE o) /e M

Tmix

2.3. Governing Equations

Governing equations are fundamental equations that are the basis of the FDS analysis
qualitatively and quantitatively. These equations indicate what physical and thermody-
namic laws must be applied to the scenarios. Therefore, understanding the governing
equations is important to analyze fire accidents using FDS. There are three main equations
existed to analyze fire accidents using FDS.

Conversation of mass
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Large-eddy simulation (LES) model
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2.4. Sprinkle Model

Fire can be separated into five classes, such as A, B, C, D, F or K, according to the
combustion characteristics in the Republic of Korea, but each country has a slightly dif-
ferent marking scheme. Flammable liquids that cause pool fires, such as kerosene and
gasoline, are labelled as class B. Class B pool fires should be put out using a CO, foam
extinguisher [25]. However, a basement region or subway station where smoke and heat
are easily stacked cannot be as easily extinguished. To solve this problem, a sprinkled
water extinguishing system is an effective method [22,25,26]. Sprinkled water extinguish-
ing systems can promptly decrease surface temperature, lessen the spread of a pool fire,
and/or cool the temperature of smoke, thus easily decreasing overpressure caused by the
high temperature of smoke. Therefore, in order to rapidly extinguish and minimize the
generation of smoke from a kerosene pool fire at the rocket launchpad basement facility,
this study performed the FDS using the FDS’ sprinkled water system operation model
and fire suppression mode to measure cooling effects and performance [25,27-31]. The
following equations summarize the sprinkler response equation and the fire suppression
equation through sprinkler activation.

Activation equation

dT;  /|ul C G
7 = rrr L = ) = 777 (T = Tw) — 277 Plul ©)
Fire suppression equation
Q = Qpe ") (10)
k = 0.716m, — 0.0131 (11)

3. Analysis Factors

Temperature and HRR (heat release rate per unit volume) are the primary factors
that damage buildings and are directly related to the failure of buildings and death. The
plume produced by the pool fire includes flame, soot and smoke, and the HRR indicates
the size of fire and amount of heat. Each material has a different resistance to thermal
damage, distinct failure temperature and heat. If the plumes that caused the pool fire
accident are retained for a long time, the total heat per unit volume of the plumes will
increase due to their increasing temperature. Then, when the distinct failure temperature
and heat resistance are exceeded, the building structure will be destroyed by thermal
damage [22,25,26,32]. Through HRR and temperature changes, we can predict and estimate
the resistance of the building and thermal damage. The fire risk is determined by a
combination of factors, including combustibility, the amount of heat released during
combustion, heat release rate, flame spread, and smoke. The heat release rate determines
the intensity of the fire, and has an important role in controlling fire hazards [33]. Fire
risk predicts the evacuation safety throughout a tall building. Therefore, it is essential to
input the heat release rate. Additionally, since temperature and heat release rate have a
close relationship where the heat release rate decreases as the temperature decreases, it is
considered reasonable to perform an analysis factor involving temperature and heat release
rate in this study [23,24,33].
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4. Consequence Analysis Simulation Definitions

The kerosene storage and drain tanks, which are highly likely to cause pool fires due
to leakages from tank crack formation, tank breaking, etc., were selected as the scenarios
in the rocket launchpad facility. Therefore, in the scenario of a pool fire at the rocket
launchpad basement facility, this study selected the kerosene storage and drain tank. The
damage impact of a kerosene storage and a drain tank pool fire is compared according
to the sprinkler operation based on the worst-case. The volume of the kerosene storage
tank is 70 m® and the drain tank volume is 3 m3. The first scenario simulates a break in
the kerosene storage tank, and thus, kerosene is released. Since the kerosene storage tank
room has an overflow block barrier and drainage holes, if the entire volume of kerosene
is spilled, just 10 m® of fuels would exist in the storage room and the remnant would be
removed by drain holes. Due to the entire volume of the fuels spilled, since the volume of
kerosene is less than 10 m3, all would leak without drainage.The second scenario simulates
a break in the drain tank, and thus all the stored fuels are released.

The scenarios are as follows.

(1) 3 m3 of kerosene released without sprinkler
(2) 3 m3 of kerosene released with sprinkler

(3) 10 m® of kerosene released without sprinkler
(4) 10 m? of kerosene released with sprinkler

For analyzing kerosene pool fire accidents using FDS, this study examines the proper-
ties of kerosene such as molecular weight, density, heat of combustion, specific heat and so
on. A kerosene pool fire could be easily analyzed using a simple chemistry model with a
C/H ratio [11] to accurately assess the kerosene pool fire results. Therefore, kerosene pool
fire simulations were conducted using the FDS based on the Tables 1 and 2 [34-37].

Table 1. Properties of kerosene [34,35].

Physical Properties Value Physical Properties Value
Critical temperature (°C) 321.45 Viscosity (N-s/ m?) 0.00164
Boiling point (°C) 150.82 Critical pressure (bar) 229
Flammable /toxic Flammable Surface tension (N/m) 0.0275
Molecular weight (g/mol) 154.74 Upper flammable limit (%) 5.6
Lower flammable limit (%) 0.7 Density (kg/m?) 820
Heat of combustion (kJ/kg) 43,200 Burning velocity (mm/s) 0.07

Table 2. Kerosene reaction and species production rate [36,37].

Reaction Species Production Rate

CuHp — 2CoHy+ (% —n)Hy

wy = 2.09 x 1017exp(%) [CoHn ) [02] " [Co Hy ™

CoHy + Oy — 2CO + 2H,

wy = 5.01 x 1014exp<—25T,164> [C2H4}0'9 [Oz]l'ls[CnHmTO‘W

H, + %Oz — H,O

ws = 3.31 x 1013exp<720T,634> [H2]0.85 [02}1.42 [C2H4ro.56

CO+ 10, — CO,

wy = 4.00 x 1014exp<720T,131 ) [CO]l'O [H20]0'5 [02]0.25

Also, for the analysis of FDS pool fire 3D results, geometry has been applied and
modeling has been performed based on the location of the kerosene storage and drain
tank. In Figure 1, B2 is the second basement floor and B1 is the first basement floor. The
kerosene storage tank is located at A. The yellow box is the released kerosene pool, and
the blue points represent the location of sprinklers. In the results page, the yellow box will
be shown, but it is not a computational error and just means a kerosene pool. The room
area is 218.96 m? and volume is 2300 m3. In B2, two doors exist in the storage tank room,
and one door exists in Bl, therefore, fire and smoke could be diffused to adjacent corridors.
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The thickness of each wall is 0.25 m and consists of concrete. Sprinklers are equipped on
the ceiling and ventilation systems are installed. The room contains the storage and drain
tank, and the kerosene storage tank volume is 70 m? and the drain tank volume is 3 m?.
The whole building height is 16.5 m and it is assumed that the lowest location is 0 m. Thus,
B2’s floor is 5.5 m and B1’s floor is 11 m. Finally, for the sprinkler system, water spray was
used with the following settings: sprinkler activation temperature of 74 degrees, velocity of
5, flow rate of 80, and a height of 10.5, and simulations were conducted.

5. Simulation Results

5.1. 3 m3 of Kerosene Released without Sprinkler

To easier understand the results, we should recognize the X, Y, and Z coordinates. The
X axis is vertical, the Y axis is horizontal, and the Z axis is the height of floors. For example,
in Figure 3, the coordinates of the kerosene pool are X=12m, Y =20 m, and Z = 5.5 m, and
that location is marked as A. Figures 4 and 5 show the kerosene storage room temperature
after 60 s and 120 s, and X is 12 m, which means the center of the kerosene pool. After 60 s,
the plumes recorded over 940 K as the maximum temperature and at 120 s as the ambient
temperature had increased up to 900 K.

Figure 3. Schematics of launchpad first basement floor (left) and second basement floor (right).

Temperature (K)

943
878

813

748
683
618
553
483
423
358

293

Figure 4. Kerosene storage room temperature (X = 12, 60 s).
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Temperature (K)

943
878

813

748

683

618

553

483

423

358

293

Figure 5. Kerosene storage room temperature (X = 12, 120 s).

Figures 6 and 7 show the kerosene storage room temperature after 60 s and 220 s, and
Z is 6.5 m (B2 bottom height is 5.5 m). After 60 s, the hottest plumes are detected, and
through adjacent corridors, plumes are dispersed to 3 o’clock and 6 o’clock directions. After
220 s, the plumes are dispersed in the 12 o’clock direction. The plumes are hotter than the
ambient air, therefore, they rise due to convection because the XY plane temperature range
is 600900 K, and the YZ plane temperature range is 400-600 K.

Temperature (K)
843

678
623
568
513
456
403

348

293

Figure 6. Kerosene storage room temperature (Z = 6.5, 60 s).

Temperature (K)
643

608 I
573
538
503
468
433
398

363

328

293

Figure 7. Kerosene storage room temperature (Z = 6.5, 120 s).
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Figures 8 and 9 show the kerosene storage room temperature after 120 s and 220 s, and
the Z coordinate is 11.5 m (B1 bottom height is 10.5 m). The pool fire plumes produced at
B2 dispersed to B1, and after 120 s, the storage room temperatures increased up to 840 K
and the plumes dispersed through the adjacent 3 o’clock and 6 o’clock directional corridors.
A vortex was generated by the corridor in the 6 o’clock direction at 120 s, which does not
adjoin to the kerosene storage room; therefore, the plume’s retention time is longer than that
of the rooms and corridors. After 220 s, due to the vortex, the ambient room temperature
increased up to 400 K. As the building is located under the ground, air does not supply
sufficiently. Therefore, incomplete combustion occurs, and the plumes’ temperatures
dropped to 400-700 K. Figure 10 shows the total HRR. At 50 s, by evaporated kerosene,
the burn rate accelerated, which caused a dramatic increase in the HRR. At 120-150 s, the
maximum HRR is 20,000 kW/m? and, due to the lack of air, the HRR decreased.

Temperature (K)

s43l

788

783

678
623
568
513
456
403
348

293

Figure 8. Kerosene storage room temperature (Z = 11.5, 120 s).

Temperature (K)
843

783
678
623
568
513
456
403

348

293

Figure 9. Kerosene storage room temperature (Z = 11.5, 220 s).
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HRR

25%x10°T

20x10°4
1.5x10° +
5
=

1.0x 10°+

50 x10°T

00 + + + - - |
0.0 50.00 100.0 150.0 200.0 250.0 300.0
Time (s)

Figure 10. Total HRR of 3 m? released without sprinkler.

5.2. 3 m® of Kerosene Is Released with Sprinkler

Figures 11 and 12 show the kerosene storage room temperature after 60 s and 120 s,
and the X coordinate is 12 m. The sprinkler operates at 10 s; at 60 s, the maximum
plume temperature is 700 K, less than what was shown in Figure 4 and 5, and at 120 s,
the temperature steadily decreases and records 600 K. At 220 s, due to the sprinkler, the
temperature drops to 400-500 K, as shown in Figure 13.

Temperature (K)

683
653

613

573

533

493

453

413

373

333

293

Figure 11. Kerosene storage room temperature (X = 12, 60 s).

Temperature (K)

683
653

613

573

533

493

453

413

373

333

293

Figure 12. Kerosene storage room temperature (X = 12, 120 s).
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Temperature (K)

683
653

613

573

533

Figure 13. Kerosene storage room temperature (X = 12, 220 s).

Figure 14 shows the storage room temperature. At B2, the temperatures drop to 500 K,
but the plumes were condensed by the water mist; therefore, the diffusion velocity dropped
and was stuck on the bottom. Figure 15 shows that the plume diffused to 6 o’clock corridors
after 30 s but, due to the sprinkler, the temperature and diffused areas decreased than that
shown in Figure 6. The plumes shown in Figure 16 dispersed to the adjacent corridors and
rooms, as previously shown in Figure 7. Finally, the plumes dispersed to the whole of B2
& B1 and increased the temperatures up to 400 K. However, the plumes are stuck by the
vortex, as shown in Figure 17, and the southernmost and easternmost room temperatures
were recorded at 150-200 K higher than the surrounding corridors and rooms.

Temperature (K)
543
518
493

468

393
368
343

318

293

Figure 14. Kerosene storage room temperature (Z = 6.5, 220 s).

Temperature (K)
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608
573
538
503
468
433
398
363
328

293

Figure 15. Kerosene storage room temperature (Z = 11.5, 30 s).
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Temperature (K)
643

608 '
573
538
503
468
433
398
363

328

293

Figure 16. Kerosene storage room temperature (Z = 11.5, 150 s).

Temperature (K)

643 l

608

573

538
503
468
433
398
363
328

293

Figure 17. Kerosene storage room temperature (Z = 11.5, 300 s).

Figure 18 shows the total HRR. At 50 sec, the HRR is dramatically increased and at
150 s, the HRR does not increase. The reason is that the sprinkled water cooled the pool
surface and plumes, therefore, the scale of fire is not exaggerated. As a result, compared
with the sprinkler case to without a sprinkler, the maximum temperature decreased from
900 K to 600 K, a 33% difference, and the maximum HRR decreased from 20,000 kW /m3 to
6000 kW/m?, a 70% difference.

HRR

7.0 x10°T

6.0 x 10°4+

5.0 %1044

4.0 X 104+

(kW)

3.0 x104T

2.0 X 10*T

1.0x 104

00 5000 1000 150.0 2000 2500 3000
Time (s)

Figure 18. Total HRR of 3 m? kerosene released with sprinkler.
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5.3. 10 m® of Kerosene Released without Sprinkler

Figures 19 and 20 show the storage room temperature. After 60 s, the maximum
temperature of the plumes extends over 800 K, but due to the lack of air, the temperature
dropped to 500 K and the ambient plumes were removed. In Figures 21 and 22, the
temperature shift is shown at B2. After 60 s, the plumes dispersed to the 6 and 12 o’clock
directions, and after 270 s, the whole floor temperatures of B2 were increased, more than

350 K.

Temperature (K)
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788
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568

513

456

403

348

293

Figure 19. Kerosene storage room temperature (X = 12, 60 s).

Temperature (K)

843
788

783

678

623

568

513

456

403

348

293

Figure 20. Kerosene storage room temperature (X = 12, 270 s).
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Figure 21. Kerosene storage room temperature (Z = 6.5, 60 s).
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Temperature (K)
643
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573
538
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468
433
398
363

328

293
Figure 22. Kerosene storage room temperature (Z = 6.5, 270 s).

Figures 23-25 show the shift in storage room temperature shift of the XY plane. After
60 s, the plumes over 700 K were diffused to the adjacent 3 and 6 o’clock directional

corridors. After 120 s, by the vortex, the southernmost room temperature increased to
500 K. Then, the heat had spread to outside.

Temperature (K)
743

698 '
653
608
563
518
473
428
383

338

293
Figure 23. Kerosene storage room temperature (Z = 11.5, 60 s).
Temperature (K)
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Figure 24. Kerosene storage room temperature (Z = 11.5, 120 s).
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Temperature (K)
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Figure 25. Kerosene storage room temperature. (Z = 11.5, 300 s).

In the HRR case, as shown in Figure 26, after 50 s, the HRR increased significantly
until 120 s. However, the maximum HRR is 20,000 kW /m?, which is the same as that
shown in Figure 10. The reason for this is that the kerosene room does not have sufficient
air, therefore, regardless of the pool size, if the kerosene volume is more than 3 m?3, the
maximum HRR values are the same in any case, since the HRR tends to drop due to the
lack of oxidants.

HRR
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1.5x 1054
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00 ¢ : ; ; ; + |
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Figure 26. Total HRR 10 m® kerosene released without sprinkler.

5.4. 10 m® Kerosene Release with Sprinkler

Figures 27 and 28 show the temperature shift in the kerosene storage room. After
60 s, the maximum temperature of 640 K is detected, but it is 200 K less than that shown in
Figures 19 and 20 because of the sprinkler operation. At 240 s, because of the sprinkler and
the lack of air, the ambient temperatures dropped to 500 K, which is the same temperature
as that shown in Figures 19 and 20, and it is high despite the sprinklers being activated.
The condensed plumes increased the density and specific heat by sprinkled water, which
prevented heat emission. At the XY plane, the temperatures are shown in Figures 29 and 30.
After 60 s, the plume’s temperature is higher than 550 K, and is dispersed in the 12 o’clock
direction through the door. At 250 s, the plumes dispersed into the adjacent corridors in the
12 o’clock and 9 o’clock directions. However, as shown in Figure 30, the plume diffusion
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inclination is parallel to that shown in Figure 13. The reason is that the condensed plume
by water has a low diffusion velocity, and relatively hot plumes spread upward due to a
faster diffusion rate. Therefore, the colder and slower plumes gradually spread in the 12

o’clock direction.
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Figure 27. Kerosene storage room temperature (X = 12, 60 s).
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Figure 28. Kerosene storage room temperature (X = 12, 250 s).
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Figure 29. Kerosene storage room temperature (Z = 6.5, 60 s).
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Figure 30. Kerosene storage room temperature (Z = 6.5, 250 s).
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Figures 31-34 show the global temperature shift trend at B1 over time. After 60 s,
the plumes were dispersed through the adjacent corridors in the 6 o’clock direction and
the storage room temperatures increase more than 500 K; at 160 s, the southernmost room
temperatures increased to 450 K. Then, the plumes moving in the southernmost room
dispersed through the adjacent corridors. At 240 s, the plumes dispersed to the easternmost
room and the heat spread to the entirety of B1. At 300 s, although the heat had spread to
entirety of B1, the sprinkler had been activated. Therefore, due to the lack of air and cooling
by the sprinkler, the temperatures decreased.

In the HRR case, as shown in Figure 35, the maximum HRR decreased from 25,000 kW / m3 to
8000 kW /m? by 68%, and the temperature dropped from 800 K to 450 K by 44%. However,
as shown in Figure 35, the HRR increased steadily, unlike that shown in Figure 18. The
reason for this is that without the sprinkler, each plume has less thermal energy, because
the sprinkled plumes have a more specific heat, and due to its higher velocity, the plumes
can be dispersed into the atmosphere swiftly. The thermal energy discharge rate can be
accelerated by reducing the ventilation period and increasing the ventilation flow rate.
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Figure 31. Kerosene storage room temperature (Z = 11.5, 60 s).
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Figure 32. Kerosene storage room temperature (Z = 11.5, 160 s).
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Figure 33. Kerosene storage room temperature (Z = 11.5, 240 s).
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Figure 34. Kerosene storage room temperature (Z = 11.5, 300 s).
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Figure 35. Total HRR of 10 m? kerosene released with sprinkler.

6. Conclusions and Discussion

In each scenario, the thermal energy changes, based on the presence or absence of
sprinklers, were as follows.

@ 3 m3 release cases

Owing to the sprinkled water, the maximum temperature dropped from 900 K to
600 K by 33%, and the maximum HRR dropped from 20,000 kW /m3 to 6000 kW /m? by
70%. However, at 300 s with the sprinkler, the HRR was higher than that without the
sprinkler, because without the sprinkler plumes, thermal energy discharges more swiftly
than sprinkler plumes.

@ 10 m3 release cases

Owing to the sprinkled water, the maximum temperature dropped from 800 K to
450 K by 44%, and the maximum HRR dropped from 25,000 kW /m? to 8000 kW /m? by
68%. However, at 300 s with the sprinkler, the HRR was higher than that without the
3 m? release cases. To discharge the thermal energy quickly, it is necessary to reduce the
ventilation period and increase ventilation flow rate.

In particular, the leaked kerosene volumes, such as 10 m3 and 3 m3, were not affected
seriously by the plume’s temperature and HRR. That is why the plume’s temperature
produced by the kerosene is always fixed if the kerosene completely combusted. So, at 0
to 120 s, where the oxidants are present sufficiently regardless of the leaked volume, the
maximum temperatures are similar. Owing to the sprinklers, the plumes are cooled, but
the HRR is different in these cases. The reason is that the HRR is dependent on the pool
size, as a 10 m® leakage pool size is larger than 3 m?; therefore, the combustible area and
kerosene-oxidants mixture quantities are larger than in the 10 m® leakage case. Therefore,
the heat release rate is increased in the 10 m? leakage case. Moreover, owing to the hot
plumes, the water is evaporated, which increases the plume’s specific heat and density, and
decreases the diffusivity of plumes. So, even if the temperatures are dropped, the thermal
energy cannot easily spread. As shown Figures 12 and 21, the slope of the HRR tends
to decrease. That is why by using the sprinklers, the temperatures and combustion rates
decrease. Therefore, we expect that, after a few minutes, the fires should be completely
suppressed and the HRR should drop under the 3.7 kW /m? level, which is an acceptable
value for the safety of humans and materials.

Through the FDS simulation, we could predict the results through the kerosene pool
fire and sprinklers. Finally, the fuel types affect the maximum temperature and the pool
size affects the HRR. To handle the fire accidents appropriately for swiftly exhausting the
plumes, based on the FDS results, ventilation facilities need to be magnified. It is expected
that the results calculated as above can be used to help the formulate an escape route and
the underground design, and can have a greater impact on the actual safety design and
safety analysis.
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Nomenclature
C Water flow rate coefficient
o Kerosene density

fout  External force

0ij Stress Tensor

g Gravitational force

B Water Volume Fraction

h Enthalpy

k Fuel Constant

P Pressure

my  Water Impining Coefficient
Q Total Heat Release Rate

U Viscosity

RTI  Water Flow Rate Coefficient
gqy  HRR from combustion

T Temperature

q, Heat of Vaporization

Tg Gas Temperature

9. Conductive and Radiative Heat Transfer
T Link Temperature

Pry Prandtl Number

Ty Sprinkler tip temperature
Scy Schmidt Number

u Velocity

CsA  Grid Cell Coefficient
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