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ABSTRACT The underground utility tunnel is a facility for installing and managing public infrastructure
such as electricity, water supply, and telecommunication, which are required for managing urban life. Due
to the underground structure, airflow is different compared to general buildings, so heat and smoke are
not smoothly removed in the event of a fire, making it difficult to evacuate safely of occupants and enter
firefighters. Therefore, it is essential to accurately detect the fire location based on the current state of fire
occurrence and to remove smoke efficiently. This study derived the optimum sensor location for detecting fire
and exhaust fan operation for smoke removal by considering the ventilation system in the target underground
utility tunnel. In the future, these results can be used as a response manual for underground facilities in case
of fire. Analysis and understanding of how fire propagates inside critical infrastructures can prevent future
accidents.

INDEX TERMS CFD, fire detection, fire safety, underground utility tunnel (UUT).

I. INTRODUCTION
An underground utility tunnel is an underground structure
that jointly accommodates and supplies two ormore facilities,
such as electricity, gas, communication, and sewage. Since
pipelines are buried in the ground to improve the aesthetics
of the city and make the passage space more comfortable,
the underground utility tunnel has been introduced mainly in
new cities since the 2000s [1]. On the other hand, 12 out of
15 major underground utility tunnel disasters in Korea over
the past 30 years are fire accidents [2]. Since the accident
occurred in a space where social infrastructure facilities are
built, a severe problem arises: the downtown area is para-
lyzed until the damage is restored. For example, in 2018,
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a fire broke out in the underground utility tunnel of the KT
Ahyeon branch in Korea, and the internet and communica-
tion networks were cut off, so it was impossible to receive
national guidance. There is also much damage worldwide due
to the fire in the underground utility tunnel. For example,
in 2012, 600million peoplewere blacked out by a transformer
explosion in India. In 2017, the US airport in Georgia was
suspended, and in 2022, three cities were blacked out in Hong
Kong [3]. Accordingly, the Korea Fire Insurance Associa-
tion established Fire Safety Standards for underground utility
tunnels [2], a standard that provides the necessary safety stan-
dards to reduce the risk of fire that may occur in underground
utility tunnels installed in buildings or sites. It is specified
in the standard that at least one fire extinguisher should be
installed for every 50 m of walking distance and 50 m2 of
floor area where electrical facilities are located. However,
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it is difficult to respond to early fire extinguishing when
a fire breaks out in the underground utility tunnel because
of the long underground tunnel structure. Therefore, it is
important to properly remove fire smoke to identify the exact
fire location and to secure an evacuation route for occupants
and an access route for firefighters for quick response.

Fire safety is a critical component of many installations
because of the complexity involved in emergency evacuation
and rescue operations. In addition, due to the long tunnel
structure compared to existing buildings, underground utility
tunnels causemore damage if proper fire preventionmeasures
are not supported. Therefore, establishing systematic safety
measures for underground utility tunnels, reviewing fire vul-
nerabilities, and preventing and suppressing fires have been
mentioned in many studies [4], [5], [6], [7].

For fire prevention, measuring experimental data accord-
ing to fire scenarios on a scale similar to the underground
utility tunnel site is not easy. It requires a lot of human
resources and manufacturing costs for experiments, and it is
difficult to create uniform environmental conditions. How-
ever, numerical analysis methods such as Computational
Fluid Dynamics (CFD) that analyze flow characteristics by
simulating fires are being used. In addition, several stud-
ies have been analysed using the Fire Dynamics Simulator
(FDS) to solve the Favre filter equation for mass, momen-
tum, species mass fraction, and energy conservation in the
CFD-based Large Eddy Simulation (LES) framework [8], [9],
[10], [11], [12].

When a fire broke out in the underground utility tunnel, the
structural design was changed to analyze the temperature dis-
tribution and flow velocity in various cross-sectional shapes
or T- and L-shapes [13], [14], [15]. In addition, because
hot air rises, the temperature and velocity of the fluid near
the ceiling were analyzed by ventilation flow rate and mode
conditions [16], [17]. The results of the studies indicated
that proper mechanical ventilation was adequate compared to
typical road fires. In addition, a study on the heat distribution
characteristics related to fire in an underground facility, which
is an environment similar to an underground utility tunnel,
was conducted. Several underground facilities were targeted
as follows: cabin [18], subway [19], tunnel [20], [21], [22],
[23], [24], platforms [25], mines [26], railways [27], park-
ing lots [28]. These studies aimed to analyze fire risk and
design response scenarios by predicting heat flow, temper-
ature distribution, and gas diffusion when a fire breaks out.
Methodologies proposed to prepare countermeasures against
fire include optimized heat and smoke detectors, automatic
fire suppression, and smoke exhaust systems. If the fire occur-
rence and the location of the fire source are quickly detected,
evacuation can be made safely, and the time required for the
combustion process can be shortened. So, typical buildings
are equipped with automatic detectors and fire suppression
systems [29]. In other words, effective smoke exhaustion is
essential to fire safety performance. Due to the smoke gener-
ated by the fire, visibility affects evacuation movements, and

it is the indirect but fatal cause of death for evacuees to be
trapped in the early stages of the fire [30]. Since it is difficult
to build an automatic fire suppression system in underground
utility tunnels due to its structure, studies focusing on fire
detection and smoke removal have been conducted.

For fire detection in underground utility tunnels,
Jeongsoo et al. [31] proposed a deep learning-based fire
detection model by comparing and analyzing fire data of
the general sites and an environment similar to underground
utility tunnels. Baalisampang et al. [32] analyzed the fire
detector activation time by analyzing the smoke movement
speed according to the distance from the fire boundary.
Byung-Jin et al. [33] developed a sound-based deep learning
model by detecting the sparking sound in advance because
there is a blind spot of monitoring Closed-circuit Televi-
sion (CCTV) and difficulties in processing many image
data. In addition, several smoke removal studies have been
conducted in the event of a fire in an underground utility
tunnel based on CFD simulation. Willemann and Sanchez
[34] have derived simulation results for various ventilation
methods in case of an actual fire to determine the optimal
ventilation design to control the smoke spread and prevent
back layering. Yoo [22] calculated the temperature at the
center in the width direction according to the damper’s
opening in the event of a tunnel fire. They designed a fire
response scenario for a partial smoke exhaust system that
increases smoke efficiency. kyu [35] and Dongkyu et al. [6]
reviewed the domestic, Japanese, andUS design standards for
underground utility tunnels to derive the appropriate airflow
velocity to secure smoke removal performance, compared
them with actual measurements, and derived the optimal
airflow velocity. Wang et al. [36] studied the effects of
various ventilation methods and fire locations on the smoke
diffusion characteristics of gas cabins in underground utility
tunnels. They provided guidelines for the design, operation,
andmaintenance of ventilation in underground utility tunnels.
Baalisampang et al. [37] optimized the smoke exhaust system
by evaluating the difficulty of emergency evacuation through
the corridor and confirming the importance of securing visi-
bility.

However, as the studies were conducted only for a short
section of about 100 to 200m [36], [38], [39], existing
research methods for controlling fire detection or smoke
spread have limitations. It is difficult to understand the char-
acteristics of high-temperature heat flow distribution over the
entire area of a long underground utility tunnel. In addition,
when the forced ventilation fan is operated to remove smoke,
the ventilation characteristics against the natural force caused
by buoyancy due to the various inclined structures of the
underground utility tunnel were not considered. Therefore,
it is necessary to analyze the airflow during a fire for the
entire section of the long utility tunnel with the exhaust fan
operating according to the conditions.

In this study, airflow was analyzed considering the ven-
tilation system of the target utility tunnel to detect fire
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location and efficiently remove smoke. A 3-dimensional CFD
model was designed and validated for fire simulation analysis
considering the air conditioning system of the target under-
ground utility tunnel [40]. The model evaluated the minimum
sensor installation distance spacing for fire detection. Finally,
a proper ventilation operation for smoke removal was pro-
posed. The target section of this study was selected for the
section of the electricity compartment that is relatively vul-
nerable to fire due to the arrangement of power lines and
the section with complex structures, including stairs in the
target underground utility tunnel. The fire was limited to a
1MW scale [41], which is the standard for fire growth, and
a steady-state in which the fire was sufficiently spread was
assumed. That is, the spread of the fire was not considered,
and the study was conducted on the role of the ventilation
system in fire detection and smoke removal. Accordingly,
it will be possible to establish a ventilation system operation
plan for efficient smoke control in the event of a fire in a long
section, such as an underground utility tunnel. It can be used
as a resource to help evacuate occupants or secure an access
road for firefighters.

II. MATERIALS AND METHODS
Figure 1 shows the flow chart of this research process. The
optimal number of sensors for detecting the location of fire
sources in a target underground utility tunnel was analyzed.
And an operation plan for operating an exhaust fan to diffuse
and remove generated smoke only in the minimum section
was to be derived. If the smoke-spreading section is long,
it is difficult for residents to evacuate safely and for fire-
fighters to enter, so only the minimum section was spread.
Furthermore, unlike general buildings on the ground, the
underground utility tunnel does not have solar radiation, and
airflow is not smooth. So, smoke was removed by forced
ventilation according to the operation of the ventilation sys-
tem installed inside and the buoyancy of the high-temperature
smoke caused by the fire. So, ventilation is achieved by buoy-
ancy due to high-temperature smoke and by forced ventilation
according to the operation of the ventilation system installed
inside.

A field experiment was conducted to simulate the primary
air flow according to the gradient structure and the internal
and external temperature difference before a fire broke out in
the underground utility tunnel. Ventilation amount and wall
surface temperature were measured according to exhaust fan
operating conditions. Fan operating conditions were different
for each season in the underground utility tunnel on site.
During the summer, all fans are turned on when the fan is
running.

In winter, the fan is not always operated. When the exhaust
fan is operated, the fire model was simulated by inputting
the fan flow rate measured at the site. When the exhaust fan
is not operated, the buoyancy effect is generated by natural
convection. Prior to simulating the fire, the tendency of smoke
diffusion inside the utility tunnel was calculated at regular
times when there were no fires. When a fire was simulated,

the location of the fire source was assumed in detail in
the section with a complicated structure. Basically, the fire
sources located at three intervals between the inlet and outlet
vents were compared for each season and for each exhaust
fan operating condition. According to these conditions, the
temperature difference was estimated to properly detect the
fire location by season.

The sensor detection distance for each section was calcu-
lated based on the temperature difference. As a result, the
number of sensors was derived through the minimum detec-
tion distance for each section. Using the derived number of
sensors, sensor detection results were derived for each season
and fan operation. The operating condition of the exhaust fan
that diffuses and removes the smoke only in a short section
was derived.

A. TARGET UNDERGROUND UTILITY TUNNEL
The target utility tunnel is located in Korea and the total
length of the facility is about 2,400m, and is divided into a
water pipeline, a telecom, and an electricity compartment.
(Figure 2 (a)) The gradient of the target section is shown in
Figure 2 (b). The depth was indicated by the location between
the deepest vents 6 and 7. The experimental site of this study
has a depth difference of more than 30 m from the deepest
bottom. In the study area, including vents 6 to 10, the section
after vent 7 has a single upper gradient considering drainage
and the same depth shape as the site was modeled to examine
heat flow by natural convection in case of fire. In addition,
the same shape was implemented for the perforation of the
bulkhead installed for ventilation in the section divided into
three compartments. The stairway between ventilators 6 and
7 was also implemented in the same shape as the real one.

Most fire accidents in underground utility tunnels in Korea
were caused by electrical short circuits and negligence in
welding, which caused fires in the section at telecom and
electricity compartments. As shown in Figure 2 (c), of the
total 15 vents, the ventilation system of the vents 6 to 10,
which are the target section, have a total of 3 outlet and
2 inlet vents installed alternately. It is a negative pressure
ventilation structure in which air is supplied by a natural air
supply and exhausted bymechanical ventilation. Based on the
temperature value measured by the Resistance Temperature
Detectors (RTD) sensor installed near the exhaust fan, the
exhaust fans are automatically operated when the internal
temperature is 25◦C or higher or 80% relative humidity, and
manually.

B. FIELD EXPERIMENT
Since the amount of ventilation significantly affects the con-
trol of the internal air environment, the capacity of the exhaust
fan installed in vents 6 to 12 was measured. To measure the
ventilation flow rate of the exhaust fan, it was difficult to
use an air flow meter, so a hot wire anemometer was used.
Because the exhaust fan has a mesh net installed on the
cross-section of the exhaust side, and thus the pipe flow is
broken. Furthermore, when the flow volume hood is installed
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FIGURE 1. Flowchart of the research procedure.

for air flow meter, a distance of less than 50 cm from the
side wall of the external structure is insufficient. Therefore,
considering the field conditions, the 1-minute average flow
velocity was measured for the inlet section of the exhaust fan
using a hot-wire anemometer (TESTO 480, Testo, Germany),
and multi-point was measured.

On the other hand, in the target utility tunnel, inlets and
outlets are installed alternately, so the air introduced from the
adjacent inlet is discharged through the exhaust fan. Since the
amount of air flowing in from the adjacent inlets may vary
between the condition in which the exhaust fan was operated
alone and the condition in which the surrounding fan was
simultaneously operated, the exhaust fan flow rate was mea-
sured for both conditions. In addition, the surface temperature
of the inner wall of the utility tunnel, which affects the air
environment of each section of the target underground utility
tunnel, was measured with a thermal imaging camera (FLIR
E5, Flir, USA). (Figure 3).

C. COMPUTATIONAL FLUID DYNAMICS
Computational Fluid Dynamics (CFD) is a tool that can
analyze fluid flow, heat transfer, and chemical reactions in
physical systems containing fluids. CFD simulates numer-
ical analysis using the nonlinear differential equation, the
Navier-stoke equation, as the governing equation and using
the finite difference method. It is actively used in various
fields, including mechanical, aerospace, chemical engineer-
ing, manufacturing, civil and architectural, and environmen-
tal fields [42], [43], [44], [45], [46]. In this study, a 3D grid
was designed using a CFD commercial program (Fluent, Ver.
19.2 ANSYS Inc.) to propose an appropriate fan operation
plan for position detection and smoke removal in case of
fire in the utility tunnel. Boundary conditions were set, and
calculations were performed for the designed target space.
The mass, momentum, and energy conservation equations

used in the calculations are as follows: equation (1 - 3).

∂ρ

∂t
+ ∇ · (ρv⃗) = Sm (1)

∂

∂t
(ρv⃗) + ∇ · (ρv⃗v⃗) = −∇P+ ∇τ + ρg⃗+ F⃗ (2)

∂

∂t
(ρh) + ∇ · (v⃗ (ρh+ P))

= ∇

keff ∇T −

∑
j

hjJ⃗j + (τ̄ v⃗)

 + Sh

(3)

where, ρ is the density of the fluid (kg/m3), v⃗ is the flow
velocity of the fluid (m/s), P is the static pressure (Pa), τ⃗ is
the stress tensor (Pa), and g⃗ is the acceleration due to gravity.
(m/s2), F⃗ is the external force (N/m3), Sm is the mass source
generated by a chemical reaction (kg/m3), keff is the effective
conductivity (kg/m2

·s), T is the temperature (K), E is the
specific enthalpy indicating the enthalpy per unit mass (J/kg),
t is the time (s), J⃗i is the diffusion flux of i type (kg/m·s), Sh is
the enthalpy rise based on the chemical reaction or radiation
(kg/m·s3).

D. DESIGN OF THE CFD MODEL FOR THE FIRE SPREAD
1) MODEL VALIDATION
In this study, the validation model built in the study of
Park et al. [40] was used to secure the reliability of the
fire analysis CFD model. The structural information of
the CFD model was designed using the LiDAR model,
and the entire section was implemented to simulate the
airflow through each inlet and outlet. The mesh was com-
posed of about 800,000 cells using a hexahedral mesh, and
the volumes of the minimum and maximum mesh were
7.05E-06 and 1.15E-01 m3, respectively, and the minimum
skewness was 0.72. The internal ventilation system was
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FIGURE 2. Schematic diagram and drawing cross section of underground utility tunnel: (a) Schematic
diagram (b) Drawing of cross section (c) Internal tunnel and vents view.

identically implemented, and when the ventilation fan was
operated, the model was validated using experimental field
values.

First, when the exhaust fan at vent six was operated,
the air velocity simulated value was compared with the
experimentally measured value. As a result of validation, the
standard k-ε model showed high accuracy of R2

= 0.96 and

Root Mean Square Error (RMSE) = 0.13, so the correspond-
ing turbulence model was used. (Figure 4) The accuracy of
this model is highly recognized, and the literature is the most
abundant [47], [48], [49], [50], [51]. Next, the air temperature
at each outlet was validated by considering the seasonal
ventilation fan operation of the utility tunnel. In the case of
exhaust fan operating conditions in summer, the simulated
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FIGURE 3. Flow velocity and wall surface temperature measurement
experiment: (a) Ventilation flow rate measurement at the inlet of exhaust
fan (b) Wall surface temperature measurement for each tunnel section.

FIGURE 4. Comparative analysis of the internal flow velocity according to
the application of turbulence models (Park et al. 2022).

FIGURE 5. Typical mesh structure used for CFD simulations.

and measured values for each outlet showed a difference of
0.47 ∼ 4.06 ◦C.
However, the tendency to discharge the accumulated heat

from the nearby electricity compartment was the same. In the
case of the exhaust fan not operating in winter, the simulated
and measured values showed a slight difference of 0.0 ∼

1.7 ◦C depending on the tunnel section. Seasonal simulated
results showed the same tendency for temperature distribu-
tion compared to field experiment value, representing that
the air inflow and outflow through the vent of the utility
tunnel is calculated the same as that of the field. The model
was validated using the field measurement results, and the
fire outbreak in the underground utility tunnel was simulated
using a reliable model.

2) MESH INDEPENDENCE TEST
The accuracy of the approximation calculation result varies
depending on the degree of lattice division of the model. The
number or size of grids for optimal grid design is analyzed
through a grid independence test. For the test, the analysis

space was selected around the space where the fire occurred
in the underground utility tunnel. In the case of fire, heat
was applied to extract values in the longitudinal direction,
and pressure, speed, and temperature results were compared.
It was calculated for each condition from the coarsest mesh
to determine the optimal mesh density. It was divided into
mesh 1 (15,000 cells), mesh 2 (54,500 cells), and mesh 3
(163,000 cells) conditions between vents 7 and 8 (Figure 5).
If the mesh is configured more densely, the computation
time increases rapidly, making the computation time less
economical. The error percentage between mesh 2 and mesh
3 was analyzed as 2.77%, 2.75, and 2.11% in the order of
pressure, velocity, and temperature. The mesh condition that
secured independence by comparing the calculation results
was determined as mesh 2 and defined as the optimal grid
condition.

3) BOUNDARY CONDITIONS DESIGN
The density gradient occurs, resulting in a buoyancy effect in
which the hot air moves upward due to the air temperature
inside and outside the underground utility tunnel and the
inclined structure. So natural convection flows even when the
exhaust fan is not operated. In summer, the high temperature
outside air enters the inlet, some of which are stored under-
ground wall, so some heat is removed from the inside of the
underground utility tunnel. During winter, low-temperature
outside air is introduced, releasing heat from the wall. The
average value of surface temperature measurements of the
side walls, ceiling, and floor for each distance from the inlet
using a thermal imaging camera was input as a boundary
condition. Table 1 shows the final design specifications and
boundary conditions of the CFD simulation model used in
this study. In order to analyze the overall trend of the smoke
spread after a fire has sufficiently occurred, it was calcu-
lated as a steady state. The SIMPLE (Semi-Implicit Method
for Pressure Linked Equations) algorithm was used, which
provides flexibility in the analysis procedure and has good
convergence. In addition, pressure conditions were entered
into each vent, as shown in Table 2, to create conditions corre-
sponding to the temperaturemeasured in the field experiment.
It was assumed that the exhaust fan of vents 6, 8, 10, and
12 operated in the summer as in the field, and all vents were
naturally ventilated in the winter.

4) CASE ANALYSIS
First, input values were selected to reflect the common flow
conditions according to seasonal compared to the field mea-
surement results for regular times. Based on the results for
regular times, it was possible to secure the reliability of the
simulated results interpreted for virtual fires. And then, the
effect of the ventilation system was evaluated seasonally to
analyze the flow of high-temperature air formed when a fire
broke out in the underground utility tunnel. Assuming that the
intensity of the fire was 1MW, the temperature characteristics
of each section were evaluated.
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TABLE 1. Design conditions of simulation models.

TABLE 2. Pressure per vent when exhaust fan is not operating.

FIGURE 6. Location of fire sources by vent section: (a) Vent 6 ∼ 7 (b) Vent 7 ∼ 8 (c) Vent 8 ∼ 9 (d) Vent 9 ∼ 10.

TABLE 3. Number of cases analyzed in this study.

1MW is a level of the fire growth rate as a standard for
determining flashover, a phenomenon that rapidly and instan-
taneously burns combustibles indoors after the fire growth
stage. According to the standards specified by the National
Fire Protection Association (NFPA) of the United States,
fire stages are classified according to the time for the Heat
Release Rate (HRR) to reach 1 MW in calorific value when
a fire occurs [41]. This was selected only for the scale and
cases that could occur in the underground utility tunnel. It was

also assumed that the smoke spread of a fire is similar to the
high-temperature spread trend [15], [25], [52]. The location
of the fire source was analyzed, as shown in Figure 6. Vent
6∼7 section has a gradient change. A total of 7 locations
were analyzed, 2 locations each (6-1-0 ∼ 6-2-2) since the
telecom and water pipelines compartments are partly double-
tracked, and 1 location (6-(3) at the upper gradient location
where the two utility tunnels were combined. In the vent
7 to 10 section, the third division between each vent was
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TABLE 4. The measured ventilation flow rate of the exhaust fan.

TABLE 5. Wall temperature distribution when winter fan is not operating.

TABLE 6. Comparison of measured and calculated air temperature values according to seasonal fan operation (◦C).

selected as the location of the fire source. Due to the nature
of the underground space, airflow is not smooth compared
to general ground buildings, so heat, and smoke cannot be
removed smoothly in the event of a fire, making it difficult

to evacuate safely of occupants and to enter firefighters. So,
to accurately detect the fire location, the operating range of
the detection according to the rapid temperature difference
compared to regular times was studied. The fire location was
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FIGURE 7. Air temperature distribution inside the underground utility tunnel according to seasonal
fan operation in normal times: (a) Summer, fans working (b) Summer, fans not working (c) Winter,
fans working (d) Winter, fans not working.

detected by analyzing the high-temperature smoke spread
based on the temperature of the central part of the ceiling of
the utility tunnel. According to KFS-1252 [2], it is specified

that an automatic fire detection sensor must install a detector
that can identify the ignition location within a 5 m margin of
error. However, since the length of utility tunnels in Korea
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FIGURE 7. (Continued.) Air temperature distribution inside the underground utility tunnel according
to seasonal fan operation in normal times: (a) Summer, fans working (b) Summer, fans not working
(c) Winter, fans working (d) Winter, fans not working.

FIGURE 8. Air temperature distribution inside underground utility tunnel in case of fire source at 6-1-0: (a) Summer, fans
working (b) Summer, fans not working (c) Winter, fans working (d) Winter, fans not working.

TABLE 7. Assessment of the number of sensors for each section.

is several kilometers, such as 131 km for the electricity com-
partment and 281 km for the telecom compartment, problems
in terms of malfunction and cost management may occur
due to excessive installation of sensors when the standard is
applied. The fire simulation calculated the air temperature at
5 m intervals along the central part of the ceiling to analyze
the thermal behavior of high-temperature air.

The fire simulation, simulated the air temperature at 5m
intervals along the central part of the ceiling to analyze the
thermal behavior of high-temperature air.

Meanwhile, according to the fire safety standard for auto-
mated fire detection announced by the National Emergency
Management Agency [53], it is stated that it would be appro-
priate to install a sensor with high adaptability among sensors
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FIGURE 9. Air temperature distribution inside underground utility tunnel in case of fire source at 6-3:
(a) Summer, fans working (b) Summer, fans not working (c) Winter, fans working (d) Winter, fans not working.

FIGURE 10. Air temperature distribution inside underground utility tunnel in case of fire source at 7-0:
(a) Summer, fans working (b) Summer, fans not working (c) Winter, fans working (d) Winter, fans not
working.

in places where ventilation is poor or where the distance
between the sensor attachment surface and the indoor floor
is less than 2.3m in the basement. Since the air tempera-
ture varies according to the season for each section regular
times, a sensor that detects when the temperature exceeds a
specific temperature was selected. Also, it is specified that the
nominal operating temperature at which the detection sensor
operates is 20 ◦C higher than the maximum ambient tem-
perature. Therefore, it was assumed that a fire was detected
when the temperature rose by 20, 40, and 60 ◦C, respectively,
by comparing the air temperature difference between non-fire
and fire. In order to accurately determine the location of the
fire source, the appropriate fire detection temperature and
spacing were calculated by analyzing each condition.

Ventilation methods for smoke removal in case of fire were
simulated under the condition of simultaneously operating
all exhaust fans or stopping in the event of a fire being

detected. This presents the most uncomplicated operating
conditions to reduce human error since operating the exhaust
fan individually has a risk of causing an operator’s mistake in
an emergency. In addition, exhaust fan operating conditions
in which high-temperature smoke is exhausted to the nearest
vent and prevented from spreading to adjacent sections were
evaluated. Finally, an effective method of spreading and dis-
tributing smoke only in a short section was determined and
presented.

The number of simulation analysis cases was designed,
as shown in Table 3, for fire detection and efficient smoke
removal in case of fire in the underground utility tunnel. It was
analyzed according to the operation of the fan by season by
dividing the regular time and the time of the fire, and in the
case of a fire, there are a total of 16 fire source locations
targeting the vent 6-10 sections. The seasons were typically
considered for summer and winter. In addition, whether to

VOLUME 11, 2023 104495



J.-H. Cho et al.: Study on the Fire Detection and Smoke Removal in UUT Using CFD

FIGURE 11. Internal ceiling core temperature in case of fire source at 7-0: (a) Winter, fans working (b) Winter, fans
not working.

operate exhaust fans was considered for the conditions under
which all exhaust fans were operated or turned off. It was
simulated for a total of 68 cases.

The simulations were run on a high-performance computer
(HPC), each with two six-core Intel Xeon CPUs and 16 GB of
memory. For simulations, eight processors of the HPC were
used. The approximate run time to reach a steady state was
1∼2 days.

III. RESULTS AND DISCUSSIONS
A. FIELD EXPERIMENT RESULTS
Table 4 shows the experimental results of measuring the
flow rate of each exhaust fan installed in the underground
utility tunnel. The exhaust fan flow rate was measured for
the summer when the exhaust fan was operating. For most

exhaust fans, the ventilation flow rate was lower than the
specification, and a value greater than the specified flow rate
was measured only for exhaust fan 8. When the fan near the
exhaust fan was operated, the measured flow rate was less
than the design flow rate in general. This is because the air
flow in duct is broken because the exhaust fan is connected
to the outside by a duct, and the mesh net is installed at
the end. In addition, it is analyzed that the exhaust outlet
is blocked by the vertical tunnel structure of the vent, and
the reason is due to the aging of the fan. This is the result
of measuring the surface temperature of the inner wall of
the target underground utility tunnel with a thermal imaging
camera. (Table 5) The temperature difference between the
floor, side walls, and ceiling was similar, within 0.7 ◦C on
average, but the average temperature of the wall between
the vents showed a significant difference with a maximum
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FIGURE 12. Air temperature distribution inside underground utility tunnel in case of fire source at 8-0:
(a) Summer, fans working (b) Summer, fans not working (c) Winter, fans working (d) Winter, fans not working.

of 6.4 ◦C. This is judged to be the difference according to
the internal heating value of the power conduit and the water
conduit, and this can affect the air heat environment of each
section of the underground utility conduit, so it was set as an
input value as a boundary condition in the model.

B. THERMAL ANALYSIS IN NON-FIRE AND FIRE
CONDITIONS
In order to reflect the flow conditions that occur, the mea-
sured values under operating conditions at regular times and
calculated values were compared. As for normal operating
conditions, it was assumed that the exhaust fan was operated
for each season in the same way as the field. As shown
in Table 6, the average value was measured for one year,
from November 2019 to October 2020. The simulated value
showed a difference of 0.47 ∼4.06 ◦C for each section when
the fan was operating in summer. From vent 10, there is an
internal heat gain of the wire to the electricity compartment
section, so the temperature at the inlet is lowered. In addition,
when the ventilation fan is not operating, it can be seen
that the outside air has a higher temperature than the inside
is introduced, and the internal temperature rises. (Figure 7)
In winter, the average temperature difference between the
measured value and the simulated value was 0.98 ◦C under
the condition of ventilation by natural convection at regular
times. In addition, it can be seen that the temperature of the
vent through which the outside air flows is shallow because
the inside temperature is higher than the outside air tempera-
ture.

Next, the heat diffusion flow was analyzed in the event
of a fire in the underground utility tunnel. To this end, the
air temperature contour was shown for each section, and,
if necessary, the air temperature at the top of the ceiling was
shown. The volume flow rate of each vent was presented by
indicating the positive value as the supply through the vent
and the negative value as the exhaust through the vent. If the

fan is operated in a fire source 6-1-0, high-temperature smoke
from the fire is discharged to vent 6, and in the summer,
even if the fan is not operated, there will be no spread of
smoke to sufficient exhaust. However, in the winter, low-
temperature outside air comes in through vent 6, and the
maximum temperature is relatively low. If the ventilation fan
is not operated, all vents 10 to 13 act as outlets, flowing in
the direction of vent 7, which is a low gradient, and there is
a risk that fire smoke will spread to vent 7. (Figure 8) In the
event of a fire at the location, it is analyzed that the operation
of the ventilation fan is necessary regardless of the season to
prevent smoke from spreading.

The thermal behavior in the 6-1-1 fire source is similar to
that of the previous 6-1-0. However, the capacity of exhaust
fan 6 is insufficient, so the high-temperature smoke spreads
in the direction of vent 5 through vent 6. Most of the 6-
1-0 fire sources are naturally exhausted to the vent before
the smoke spreads to the inside, but the location that has
already passed the vent (fire source 6-1-1) seems to cause
the smoke to spread past the vent due to inertia. Therefore,
to remove all the smoke spreading through the vent, the
capacity of the 6 exhaust fan needs to be improved, which
shows a similar tendency to the 6-1-2 fire source. In summer,
when the exhaust fan is operated in the 6-3 fire source, the
high-temperature smoke spreads from the fire source to vents
7 and 8. In winter, when the exhaust fan is operated, high-
temperature smoke is exhausted through 6 vents, but when
it is not operated, the smoke spreads to sections 7 and 8.
(Figure 9) That is, when a fire occurs at this location of the fire
source, the fan must not be operated in the summer, and the
fan must be operated in the winter, unlike the field operation
method.

The vent 7∼8 section has an upward-sloping structure in
the direction of vent 8, and in the summer, when a fire breaks
out in the 7-0 fire source, smoke can be seen spreading from
the fire source toward vent 8. Even when the fan is not
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FIGURE 13. Internal ceiling core temperature in case of fire source at 8-0: (a) Summer, fans working (b) Summer, fans not
working (c) Winter, fans working (d) Winter, fans not working.
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FIGURE 13. (Continued.) Internal ceiling core temperature in case of fire source at 8-0: (a) Summer, fans working (b)
Summer, fans not working (c) Winter, fans working (d) Winter, fans not working.

FIGURE 14. Air temperature distribution inside underground utility tunnel in case of fire source at 9-0:
(a) Summer, fans working (b) Summer, fans not working (c) Winter, fans working (d) Winter, fans not working.

operated in the summer, vents 8 to 12 all operate as exhaust
vents, and due to the natural force generated according to the
structure, it tends to spread to vent 8. (Figure 10) When the
fan is not operating in winter, the smoke spreads from the fire
source toward vent 8. When the fan is running, all the fans
are operated simultaneously, so even if the smoke can be
exhausted naturally to vent 7 due to the flow generated by
the exhaust fan 6, the smoke spreads out of the section.
Regardless of whether the exhaust fan is operating or not,
the smoke rises in an upward gradient, but it seems that the
capacity of the 8 exhaust fan is insufficient compared to other
vents, so all the smoke rising in an upward gradient cannot be
exhausted. (Figure 11) However, in the case of winter, some
smoke spreads to the 6 exhaust fan when the fan is operating,
so in the case of a fire in this section, stopping all fans will

help prevent the spread of smoke inside. In the 7-1 and 7-2
fire sources, the summer season shows the same tendency as
the 7-0.

In the summer, when the fan at the 8-0 fire center is turned
on, and smoke can be seen expanding in the direction toward
vent 9. (Figure 12) This is because, as in the previous section,
the vent 8-9 section has a gradient change section. After all,
there is a collecting well between the sections, but the overall
structure is a single slope. When the fan was not running,
the exhaust through the 8 exhaust vents was 8.23 m3/s, and
all the smoke was exhausted. In winter, when the fan is not
running, smoke can be seen extending from the fire source
toward vent 9. When a fire occurs near the vent due to the
small capacity of the exhaust fan 8, the natural ventilation
is larger than the exhaust by the fan, so not operating the
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FIGURE 15. Operation section of fire detection sensor in case of fire source at 6-3: (a) Summer, fans working, (b) Winter,
fans not working.

fan is advantageous in preventing smoke spread. (Figure 13)
In the case of a fire in the 8-1 and 8-2 fire sources, smoke
spreads from the fire source toward vent 9 during the summer
season.

The section between vent 9 and 10 extends from a single
track to three tracks, vent 9 is located in the single-track
section and vent 10 is connected to the opposite side of
the electricity compartment, which is the research area. The
section gradient is a single gradient structure upward to vent
10. When a fire breaks out in the 9-0 fire source under
all conditions, it can be seen that the smoke spreads in the
direction from the fire source toward vent 10. Whether or not
the exhaust fan 10 is operating does not affect overall smoke

control. (Figure 14) Because vents 10 and 11 are located on
the opposite side of the fire. Also, this is because the exhaust
fan 12 is large and the vent is broad, so in the event of a fire in
the electricity compartment, most of the smoke moves in an
upward gradient direction along the electricity compartment.
Whether the exhaust fan 10 is running does not affect the
overall smoke removal. (Figure 14) In the case of fire source
in 9-1 and 9-2, in all cases, high-temperature smoke spreads
from the fire source toward vent 10. The exhaust fan 10,
close to the upper gradient, is connected to the opposite side
of the utility tunnel, and most of the smoke flows along the
electricity compartment. It is exhausted to the outside through
fan 12. However, the smoke diffused from the central part of
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FIGURE 16. Sensor working distance by section according to seasonal fan operation: (a) Summer (b)
Winter.

the ceiling of vent 10 appears to be at a high temperature, even
on the non-fired side.

C. ANALYSIS OF SENSOR INSTALLATION FOR FIRE
DETECTION
The operating length of the detection sensor is shown in
Figure 15 by dividing the section into 5m spacing intervals,
red when the temperature exceeds the regular times tempera-
ture, and blue when the temperature is below the temperature.
The location of the vent and the location of the fire source
are indicated so that the direction in which smoke spreads
from the fire source can be determined. If the detects a slight
temperature difference (20◦C) compared to the temperature at
normal times, the response to the temperature may be quick.
However, it may be difficult to determine the location because
several sections may be operated by high-temperature smoke
propagated from the double-track section. In the case of
detecting high-temperature difference (60◦C), the detection
length is shortened, so the sensors must be installed more
densely, and it takes too long to detect danger, which is
unfavorable for early detection of fire. It is analyzed that it
is reasonable to detect 40◦C compared to the temperature at
regular times for fire detection.

In order to calculate the optimal number of sensors for
fire detection by section between vents, the sensor operating
distance was simulated for each section based on a temper-

ature difference of 40◦C compared to regular. (Figure 16)
Since the minimum distance is required to detect all of the
farther distances, the minimum value for each section was
calculated for each season. In the section not included in the
target section, only the outer line is displayed. The minimum
distance of the total 4 sections is the location of fire source
6-1 in the winter (vent 6∼7), location 7-1 in the winter (vent
7∼8), location 8-2 in the summer (vent 8∼9), and location 9-
2 in the summer (vent 9∼10), and each distance is shown in
Table 7. The suggested sensor spacing is half of the minimum
sensor operating distance. This is because at least two sensors
must be installed at the minimum sensor working distance
calculated above to detect a section that is not a point. The
minimum number of sensors for fire detection was calculated
by dividing the distance between vents by the minimum sen-
sor operation distance. The section of vent 6∼7 has a gradient
change, so more dense installation is required, so installing
at 20m intervals seems necessary, which is half of the 40m
distance detected in the 6-3 winter. In the case of vent 7∼10,
the minimum detection distance is 75 m of the 8-2 location.
So, it is analyzed that the position and direction of the fire can
be detected if detected at an interval of about 30 m, which is
half of this distance. In the case of a fire that occurs in front
of a vent, the smoke is not spread to the left and right but is
smoked directly through the vent. As a result of calculating
each section by installing one detection sensor in each vent,
at least 22 sensors are required.
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FIGURE 17. Sensor working distance by section according to seasonal fan operation in case of fire source at 6-3:
(a) Summer, fans working (b) Summer, fans not working (c) Winter, fans working (d) Winter, fans not working.

D. EXHAUST FAN OPERATION FOR SMOKE EXTRACTION
In order to secure an access road when a fire breaks out in
the target utility tunnel, an exhaust fan operation manual was
derived to remove high-temperature smoke that spreads only
a short section efficiently. When the results of the ventilation
fan operation are the same, operating the fan in summer and
not operating the fan in winter were calculated as the primary
operation method of the field site. As shown in Figure 15,
the high-temperature sensor detects high-temperature smoke
extending from the fire source to vent 7, so the location of
the fire source can be estimated as 6-3, which is close to
vent 7. According to the results of Figure 17, in case of
fire, not operating the fan in summer is more efficient for
smoke exhaustion than operating the fan in the summer, and
similarly, not operating the fan in the winter is more efficient.
That is, it may be different from the operation method of the
existing target underground utility tunnel. By installing the
minimum number of sensors, the location of the fire source
is quickly detected, and the result of determining whether to
operate the exhaust fan for smoke removal is presented. This
varies depending on the season and the location of the fire
source. If the structure and exhaust fan design standards of
the underground utility tunnel are established, it is expected
that the following ventilation fan operation manual can be
presented to respond quickly to fire.

IV. CONCLUSION
This study derived the optimum sensor location for detecting
fire and fan operation for smoke removal by considering the
ventilation system in the target underground utility tunnel.

This study can guide the response manual for underground
utility tunnels in case of fire. If the design drawings of the
underground utility tunnel are standardized, it is expected
to prevent significant damage. The main conclusions are as
follows:

•Themeasured flow ratewas less than the design flow rate.
Because the exhaust outlet is blocked by the vent’s vertical
tunnel structure, the reason is due to the aging of the fan.

• When the exhaust fan is not operating, the heat diffusion
is dominated by the inclined structure.When the fan is operat-
ing, it depends on the capacity of the surrounding fan from the
fire source. Underground utility tunnel design standards are
established based on the ventilation time, but the exhaust fan
capacity needs to be increased to prevent the spread of fire.

• When a temperature difference of 40◦C or more com-
pared to the temperature occurs at regular times, it is
appropriate to regard it as fire detection. In addition, it was
analyzed that areas with complex structures require more
sensors for fire detection.

• In order to secure access roads for firefighters, it was
determined whether or not to control the exhaust fan for each
season so that the smoke spreads only in a short section.
In some target sections, operating differently from the on-site
operation situation of the underground utility tunnel wasmore
helpful in removing the smoke.
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