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Water spray suppression of leaked oil fires: A numerical study
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ABSTRACT: Equipment fires caused by hot surface ignition of leaked oil in mines can be
a serious safety concern to miners and mining operations. A water spray fire extinguishing system
is an effective and economical means of fire extinguishment in the suppression of flammable liquid
pool and spray fires. This paper investigated numerically the effectiveness of water spray systems
on suppressing leaked oil fires. The parameters studied include ventilation air velocity, spray drop-
let size, and spray flow rate. Results from the study indicate that ventilation can be an effective
side measure to reduce the fire temperature, with the optimal sprinkler droplet size at around 300
or 400 pum for the size of fire studied. Water flow rate also has a significant effect on fire suppres-
sion. The results can be used to design effective suppression techniques for mine equipment fire

1 INTRODUCTION

Mine equipment fires remain one of the biggest threats to miner health and safety in metal/non-
metal mines. From 2009 to 2018, 177 fires and 43 fire-related injuries were reported for metal/
nonmetal mines in the United States, including both underground and surface mines. Out of
those 177 fires, 54% involved mine equipment [MSHA 2018]. Fire suppression techniques, includ-
ing fire sprinkler and spray in a mine environment need to accommodate the uniqueness of mine
fires. Hansen and Ingason [2013] conducted full-scale fire experiments using a wheel loader and
a drilling rig in an underground mine. Heat release rates for two mining vehicle fires were calcu-
lated based on measured data of gas concentrations of oxygen, carbon monoxide (CO) and
carbon dioxide (CO,), measured gas velocity and temperatures. The calculated peak heat release
rate of the loader fire was 15.9 MW, occurring approximately 11 min after ignition, and the rate
was 29.4 MW for the drilling rig fire, occurring approximately 21 min after ignition.

Li and Ingason [2018] investigated the effect of a fire suppression system on the production of
key combustion products, including CO and soot, through a series of scaled-model tunnel fire
tests. The results show that the fire suppression system type has an influence on the production
of combustion products, especially for cellulose fuels. In the case that the fire is not effectively
suppressed—e.g. when the water application rate is too low, or activation is too late—the CO
concentration could be higher, and visibility could be worse than the free-burn test.

Computational Fluid Dynamics (CFD) has been proven to be a useful tool to investigate
water-based sprinkler fire suppression behaviors. Yuan and Smith [2017] investigated the
water spray characteristics in the suppression of conveyor belt fires and found that the initial
spray particle velocity at 20 m/s is the most effective in reducing the belt surface temperature.

In this paper, a numerical model was developed using the Fire Dynamics Simulator (FDS),
which was developed by National Institute of Standards and Technology (NIST) [McGrattan
2010], to investigate the suppression effectiveness of different spray droplet particle sizes,
spray flow rates, and ventilation velocities on a heptane oil fire. Results from this work could
be used to help design effective fire suppression techniques and systems for equipment fires in
metal/nonmetal mines.
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2 NUMERICAL MODEL

A numerical model of a water sprinkler fire suppression was built using the FDS version 6.7.
The simulation domain was a 2m x 3m X 3m (length x width x height) cubicle. The model
includes the following components. Heptane is the fuel of the leaked oil fire and drips from
the fuel nozzle to a pan on the floor shown in the Figure 1. The pan has a size of Im x 0.5m
x 0.1m (length x width x depth). The fuel nozzle was 0.5 m above the pan. The fuel flow rate
from the nozzle was 2 liters per minute (LPM). In the simulations, fuel was released from the
nozzle for 30 seconds before it was stopped, which produced 1 liter of heptane oil in the pan.
Fire is immediately initiated in the pan. The sprinkler was activated right after 30 seconds.
Total simulation time was 100 seconds. The water sprinkler was placed at the ceiling of the
cubicle and right above the fuel nozzle. Ventilation was also applied to the simulation domain
from the left side. Five sides of the domain remained open during the simulations. One tem-
perature measuring point at 1 m above the fuel pan was used to measure the temperature of
the flame during simulations. Three key parameters were considered and varied in the study:
the water flow rate of the sprinkler, the water droplet size, and the ventilation velocity.

In the simulations, three water flow rates were used—50 LPM, 100 LPM, and 200 LPM.
The sprinkler angle was set to (30°, 45°) for all the cases. In FDS, sprinkler angle (30°, 45°)
directs the water spray through a band between 30° and 45° of the orientation vector, which is
facing down. Water droplet size is another factor that influences fire suppression effectiveness.
In the numerical model, the distribution of the water droplet sizes can be described in
a Cumulative Volume Fraction (CVF), given in equation 1 [Lawson 1988].
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Where d,, is the median droplet diameter, y and ¢ are empirical constants equal to 2.4 and
0.6, respectively. The median diameter of the water droplet is a function of the orifice diameter
and water droplet properties, as shown in equation 2.

(2)

Figure 1. Numerical model schematic.
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Where D is the diameter of the sprinkler orifice, C is a constant, and p,, 64, and u, are the
water density, surface tension, and droplet initial velocity, respectively [Sheppard 2002]. In the
simulation work, several droplet sizes were selected ranging from 200 mm to 700 mm. Ventila-
tion air velocity in a mine could affect the fire behavior and suppression effectiveness. The
coupled effect of ventilation and sprinkler suppression is considered in this paper. Table 1
summarizes the simulation conditions used in this study.

Grid size is a critical parameter in numerical simulations. In FDS, the grid size near the fire
should be less than 1/10 of the characteristic length D" to achieve a grid independence
[McGrattan 1998], which is written as:

Q 2/5
b= (Wg) ®)

Where Q is the heat release rate (HRR) of the fire; p,, ¢,, T, are the density, specific heat,
and temperature of the ambient air; and g is the gravitational acceleration. In the simulations,
the HRR is calculated around 600 kW, which will render the D” to be around 0.8 m; the grid
size of the simulation thus needs to be less than 0.08 m so that grid independence can be
achieved. Therefore, a grid size of 0.03 m was chosen for the current study. The total mesh
number of the model is 486,000 (60%90*90).

3 SIMULATION RESULTS AND DISCUSSIONS

3.1 Effect of water flow rate

To examine the effect of flow rate on the fire suppression, three sprinkler water flow rates were
used in the simulations as described in the above section. The other two parameters remained
the same: ventilation velocity at 0 and water droplet size of 500 um. Comparisons were made
between the free burn case and the three sprinkler flow rate cases in Figure 2. Temperature
slices were taken at the center of the pool pan at t=70s simulation time. Distinctions can be
observed for the peak temperatures of the fires. In the case of free burn, peak fire temperature
reached around 900 °C. In the case of 200 LPM water flow rate, the peak temperature recorded
at 1m above the pool was the lowest, and at t=70 s the flame was almost extinguished.
Temperature evolution at 1 m above the pool pan and the time to cool at the location are
plotted in Figure 3A and 3B. Time to cool is defined as the time from simulation starts to the
time when temperature starts to drop steadily. It can be observed from Figure 3A that peak
temperature generally goes down with increasing water flow rate. For the free burn case, after
about 80s, the temperature starts to decrease, indicating the fuel level has significantly reduced.
The time to cool for the cases with suppression decreases with the increase of water flow rate,
indicating increasing suppression effectiveness with increasing suppression water flow rate.

3.2 Effect of droplet size

Six droplet sizes were chosen to investigate the influence of droplet size on the effective-
ness of fire suppression. Temperature slices at 1m above the pool center for each case
are plotted and compared at t=80s, shown in Figure 4. Notice that temperature slice

Table 1. Simulation conditions.

Case NO. Ventilation velocity (m/s) Droplet size (um) Water flow rate (LPM)
1, free burn 0 No suppression No Suppression

2-7 0.5,1.0, 1.5, 2.0, 2.5,3.0 500 100

8-10 0 500 50, 100, 200

11-15 0 200, 300, 400, 600, 700 100
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Figure 2. Effect of different sprinkler flow rates on fire suppression with no ventilation: A — free burn,
B-50 LPM, C - 100 LPM, D - 200 LPM.
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Figure 3. Temperature evolution (A) and time to cool (B) under different suppression water flow rates.



A 200pm .. B 300um .

temp temp
°C °C
744 422
‘ 671 . 382 .
599 342
527 301
454 261
382 221
309 181
237 [ L 141 ==
165 100
92.4 60.2
20.0 20.0

Thes00 * E—— The: 00 M
C_400pm D_500 um

Slice Slice
temp temp
°c °C
387 789
351 . 712 .
314 635
277 A 558
240 481
204 ‘ 404
167 328
130 h—\ 1 251
93.5 174
56.7 96.9
20.0 20.0

Tie: 500 (O Theo00 * m——
E_600 um F_700 um

Slice Slice
temp temp
°C °C
g 720 816
650 . 736 .
' 580 657
510 577
440 498
370 418
300 338
230 = 259 ==
160 179
90.0 99.6
20.0 20.0

e 200 — ] et
i i

Figure 4. Effect of droplet sizes on fire suppression: A — 200 um, B — 300 um, C — 400 pm, D — 500 pm,
E - 600 um, F — 700 pm.

provides only instantaneous information on the flame behavior, which is turbulent in
nature. Observations can be made that for a droplet size of 300 um, 400 pm, and 700
um, fire extinguishing effect is more obvious than for the other cases. Figure 5 plots the
temperature evolution and the peak temperature of the different droplet size cases. Dis-
tinctions can be observed for cases with droplet sizes of 300 pm and 400 um compared
to other cases. After suppression was applied at t=30s, the cases with droplet sizes of
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Figure 5. Temperature evolution (A) and peak temperature (B) under different droplet sizes.

300 um and 400 am saw a temperature drop consistently, while other cases saw an
opposite trend and fluctuations. The peak temperatures for cases with droplet sizes of
300 um and 400 pm were also far lower than other cases shown in Figure 5B.
A possible explanation is that if the water droplet size is too small, the sprinkler spray
becomes water mist and buoyant force from the flame plume will prevent the mist from
landing onto the fire pool, thus the fire suppression effect is compromised. For larger
droplet size cases, the number of water droplets per unit volume is smaller than for
other cases, and it becomes harder for the spray to suppress the whole flame and the
suppression effect becomes less effective.

3.3 Effect of ventilation

Six ventilation velocities were used to investigate the coupled effect of ventilation and
water spray on fire suppression. Temperature slices for each case were captured and
compared in Figure 6 at t=80s. Obviously, with higher ventilation velocity, the flame
will be tilted further, and with openings on 5 sides, fire plume and smoke will be pushed
out. Figure 7 shows the temperature evolution and the peak temperature at 1m above
the pool pan. It can be seen from the figures that with ventilation, temperatures at this
location were well controlled below 150 °C. Figure 7B shows the comparison of peak
temperature of ventilation cases to the free burn case. The peak temperature of free
burn can reach as high as 800 °C, while for cases with ventilation, a significant tempera-
ture drop can be observed. With higher ventilation velocity, peak temperature generally
decreases. When ventilation velocity is over 1.5 m/s, temperature seems to stay stable,
indicating that the effect of higher ventilation on fire suppression can become diminished
beyond a certain value.

4 CONCLUSIONS

A series of numerical simulations were performed using FDS to investigate the effects of
water flow rate, water droplet size, and ventilation velocity on leaked oil water based fire sup-
pression. Results from this study indicate that ventilation velocities greater than 1.5 m/s can
be an effective measure to contain oil fires. The optimal sprinkler generated water droplet size
is around 300 um or 400 pum with which a significant temperature drop can be achieved.
Flame turbulence and temperature were also greatly reduced with higher water flow rate. The
results from this study can be used to design efficient fire suppression techniques for mine fires
that are caused by hot surface ignition of leaked oils.
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Figure 6. Ventilation velocity effect on fire suppression: A — 0.5 m/s, B — 1.0 m/s, C — 1.5 m/s, D —
2.0m/s, E—-2.5m/s, F - 3.0 m/s.

DISCLAIMERS

The findings and conclusions in this report are those of the authors and do not necessarily
represent the official position of the National Institute for Occupational Safety and Health,
Centers for Disease Control and Prevention. Mention of any company or product does not
constitute endorsement by NIOSH.
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Figure 7. Temperature evolution (A) and peak temperature (B) under different ventilation velocities.

REFERENCES

Hansen, R., & Ingason, H. 2013. Heat release rate measurements of burning mining vehicles in an under-
ground mine. Fire Safety Journal 61:12-25.

Li, Y.Z. & Ingason, H. 2018. Influence of fire suppression on combustion products in tunnel fires. Fire
Safety Journal 97:96-110.

McGrattan, K.B., Baum, H., & Rehm, R. 1998. Large eddy simulation of smoke movement, Fire Safety
Journal 30, 161-178.

McGrattan K.B., Hostikka, S., Floyd, J.E., Baum H., Rehm R., Mell W., McDermott R. 2010. Fire
Dynamics Simulator (version 5.5): Technical Reference Guide, National Institute of Standards and
Technology, NIST Special Publication 1018-5.

MSHA. 2018. Accident data file downloads. United States Department of Labor, Mine Safety and
Health Administration. https://arlweb.msha.gov/OpenGovernmentData/OGIMSHA .asp.

Lawson, J.R., Walton, W.D., Evans, D.D. 1988. Measurement of droplet size in sprinkler sprays,
National Bureau of Standards, NBSIR 88-3715.

Sheppard, D.T. 2002. Spray characteristics of fire sprinklers, National Institute of Standards and Technol-
ogy, National Institute of Standards and Technology, GCR 02-838.

Yuan, L., & Smith, A.C. 2017. Numerical study on the effects of water spray characteristics on suppres-
sion of conveyor belt fires. Proceedings of the 15th North American Mine Ventilation Symposium.

316



PROCEEDINGS OF THE 18™ NORTH AMERICAN MINE VENTILATION SYMPOSIUM
(NAMVS 2021), JUNE 12-17, 2021, RAPID CITY, SOUTH DAKOTA, USA

Mine Ventilation

Editor

Purushotham Tukkaraja, Ph.D., QP
Mining Engineering & Management, South Dakota Mines, Rapid City, SD, USA

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business

A BALKEMA BOOK



CRC Press/Balkema is an imprint of the Taylor & Francis Group, an informa business

© 2021 selection and editorial matter, Purushotham Tukkaraja, individual chapters, the
contributors

“Auxiliary fan selection considering purchasing and energy costs based on fan curves”
authored by Enrique Acuna-Duhart and Michelle Levesque from Natural Resources
Canada; and Juan Pablo Hurtado (non public servants). Copyright to Her Majesty the
Queen in right of Canada as represented by the Minister of Natural Resources, 2021.

Typeset by Integra Software Services Pvt. Ltd., Pondicherry, India

The right of Purushotham Tukkaraja to be identified as the author of the editorial material,
and of the authors for their individual chapters, has been asserted in accordance with sections
77 and 78 of the Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this book may be reprinted or reproduced or utilised in any
form or by any electronic, mechanical, or other means, now known or hereafter invented,
including photocopying and recording, or in any information storage or retrieval system,
without permission in writing from the publishers.

Although all care is taken to ensure integrity and the quality of this publication and the
information herein, no responsibility is assumed by the publishers nor the author for any
damage to the property or persons as a result of operation or use of this publication and/ or
the information contained herein.

Library of Congress Cataloging-in-Publication Data

A catalog record has been requested for this book

Published by: CRC Press/Balkema
Schipholweg 107C, 2316 XC Leiden, The Netherlands
e-mail: enquiries@taylorandfrancis.com
www.routledge.com — www.taylorandfrancis.com

ISBN: 978-1-032-03679-3 (Hbk)
ISBN: 978-1-032-03681-6 (Pbk)
ISBN: 978-1-003-18847-6 (eBook)
DOI: 10.1201/9781003188476



