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Abstract

Road tunnel ventilation systems have traditionally been designed to dilute vehicle-
generated pollutants and control smoke during fires. However, the thermal environment,
including temperature and humidity, is not the variable taken into consideration. Despite
the operation of its ventilation system, Boryeong Subsea Tunnel (6.9 km), the longest subsea
road tunnel in Korea, has experienced severe condensation since its opening in December
2021. As hot, humid ambient air enters the tunnel and meets wall surfaces cooled by sea-
water and the surrounding ground, condensation and fog may form, reducing visibility. To
investigate the causes of condensation and develop a decision-making tool for prediction,
a variety of tasks were carried out: (1) field measurements of temperature, humidity, tunnel
wall temperature, and tunnel air velocity; (2) development of a 1D model for condensation
rate quantification; and (3) 3D CFD simulations. Condensation occurred mainly from
June to September, with the most severe conditions in July and August. Both the 1D
model analysis and the CFD simulations showed good agreement with field measurement
data, with wall temperature errors within 7.3%. Under current traffic conditions (with
a peak of approximately 250 veh/h), the annual condensation volume was estimated at
approximately 12,415 ton/year. Under the design traffic volume (1550 veh/h), heat from
vehicles was found to effectively suppress condensation. The Condensation Contour Map
(CCM) was developed as a decision support tool to predict the likelihood and amount of
condensation based on the tunnel air temperature and humidity conditions. The results of
this study clearly indicate that condensation should be explicitly considered in the design
and operation of long subsea road tunnels.

Keywords: subsea tunnel; condensation; dew point temperature; moist air analysis; CFD
simulation; field measurement; Boryeong tunnel; ventilation; Condensation Contour

Map (CCM)

1. Introduction

Ventilation and fire safety systems in road tunnels have traditionally been designed
to dilute or remove pollutants (CO, NOx, particulate matter, etc.) emitted by vehicles and
to control smoke in the event of a fire. In general, road tunnels are therefore designed
with a primary focus on air quality and fire safety rather than on thermal environment
control [1,2]. These design assumptions are reasonable for conventional mountain and
urban tunnels, where humidity-related operational problems are usually secondary. How-
ever, the construction and operation of subsea tunnels present fundamentally different
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environmental challenges. While ground temperature remains relatively stable in mountain
tunnels, subsea tunnels pass beneath the sea where water temperature varies seasonally,
resulting in different tunnel wall temperature conditions. More importantly, influenced by
a maritime climate, hot, humid air enters the subsea tunnel, particularly during summer.
When this hot, humid ambient air comes into contact with the tunnel walls cooled by the
seawater and surrounding ground, the water vapor in the airflow becomes saturated, and,
depending on the thermal environment, condensation can be observed.

Condensation in subsea tunnels is not a problem unique to the Boryeong Subsea
Tunnel, as similar phenomena have been reported in major long subsea tunnels worldwide.
In the Channel Tunnel (50.5 km), high humidity and condensation have been recognized
as persistent operational challenges since its opening. Bradbury et al. (1997) reported
problems in the Channel Tunnel such as equipment corrosion, electrical insulation failure,
and reduced visibility due to internal humidity and condensation [3]. They analyzed the
physical mechanisms of moisture transport and enthalpy changes, and discussed humidity
control strategies. This study demonstrated that condensation in long subsea tunnels can
directly affect equipment reliability and safety beyond mere environmental discomfort.

The Seikan Tunnel in Japan (53.85 km, with a 23.3 km subsea section), the longest
railroad tunnel in the world, reportedly maintains an internal temperature of approximately
20 °C year-round, with a relative humidity of 80-90% [4]. This high-humidity environment
causes condensation problems on train car bodies. During the design of the Hokkaido
Shinkansen Hb5-series vehicles, which entered service in 2016, condensation, snow accretion,
and icing were identified as three key design challenges [5]. The condensation issues in the
Seikan Tunnel clearly illustrate the impact of the constant high-humidity environment in
subsea tunnels on vehicles and equipment.

Norway possesses the world’s largest number of subsea road tunnels (approximately
40) and has the most extensive operational experiences. In the Nordkapp Subsea Tunnel
(6.8 km, with a maximum depth of 212 m below sea level), fog formation has been reported
near the lowest point [6], attributed to condensation phenomena resulting from thermal
interaction between the cold walls in the deepest section and the moist air within the tunnel.
The Ryfast Tunnel (14.4 km, maximum depth 292 m), currently the world’s longest and
deepest subsea road tunnel, also faces similar humidity management challenges. Even
more severe condensation conditions are anticipated in the Rogfast Tunnel (26.7 km, with a
maximum depth of 392 m), which is scheduled to open in 2033 [7]. Lervég (2005) of SINTEF
investigated factors affecting condensation formation in Norwegian subsea tunnels [8],
indicating that condensation phenomena are common problems prevalent in Northern
European regions.

In China, condensation phenomena in railroad tunnels in hot, humid regions have
been systematically studied. Yan et al. (2017) conducted field measurements of tunnel wall
temperature, air temperature, and relative humidity distributions in eight railroad tunnels
and performed fluid—solid coupled numerical analysis using ABAQUS [9]. Their results
showed that the temperature and humidity distributions in long tunnels can be divided
into three zones: a quick-change region, a smooth transitional region, and a constant region,
with wall condensation in hot, humid areas primarily caused by the temperature difference
between the inside and outside of the tunnel, along with high humidity.

Under the research program of the Swiss Federal Roads Office (ASTRA), Bopp and
Peter (2006) systematically investigated windshield fogging phenomena in road tunnels [10].
They conducted surveys, theoretical studies, model calculations, and field measurements in
three problematic tunnels, revealing that windshield fogging can pose serious safety risks
in bidirectional tunnels longer than 1400 m. They proposed an excess moisture content of
1.5 g/m?3 as the critical threshold for fogging onset and reported that dew point control
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through intermediate exhaust ventilation systems is an effective mitigation measure. This
study demonstrated that condensation phenomena in road tunnels constitute a serious
issue directly affecting driving safety, extending beyond structural concerns.

Yang et al. (2022) conducted a comprehensive review of ventilation and environmental
control in underground spaces [11], identifying condensation as a major cause of equipment
deterioration and reduced operational efficiency in underground structures.

Research on condensation in utility tunnels has been relatively active. Park et al. (2022)
utilized CFD for air conditioning system design to reduce condensation in underground
utility tunnels, reporting through field experiments that condensation occurs at relative
humidity levels above 95% during summer [12]. Tai et al. (2020) conducted field measure-
ments of temperature and humidity and analyzed condensation phenomena inside utility
tunnels [13], while You et al. (2017) studied condensation on building interior surfaces
in high-humidity environments [14]. Ryu et al. (2017) [15], Seong et al. (2018) [16], and
Yoon et al. (2014) [17] conducted studies on thermal characteristics, temperature/humidity
distributions, and condensation identification in underground utility tunnels in Korea.
While these studies provide useful insights into condensation mechanisms in enclosed or
semi-enclosed underground structures, the environmental conditions differ from those in
road tunnels, where traffic-induced ventilation and vehicle heat generation are present.

Regarding fundamental research on tunnel thermal environments, Peavy (1961) per-
formed a theoretical analysis of heating and cooling of air flowing through underground
tunnels [18], and Li et al. (2015) reported long-term continuous monitoring results of tunnel
lining surface temperature in cold regions [19]. Liu et al. (2004) conducted CFD prediction
and experimental validation of condensation on wall surfaces, confirming the feasibility
of predicting condensation phenomena through CFD [20]. As fundamental theoretical
studies on evaporation and condensation, Jodat (2012) [21] and Aldarabseh (2020) [22]
investigated water evaporation rate prediction under various convective conditions and
free water surface evaporation rates, respectively. Kim (2022) [23] published a basic study
of the causes of road tunnel condensation and possible countermeasures.

Generally, the findings mentioned above show that condensation in subsea tunnels is a
recurring operational challenge in major tunnels worldwide. However, most of the existing
relevant studies have mainly focused on (a) qualitative observations in railroad tunnels,
(b) CFD-based analyses in utility tunnels, and (c) windshield fogging in road tunnels.
There is a lack of comprehensive research on long subsea road tunnels, integrating field
measurements, theoretical quantitative analysis, and three-dimensional CFD simulation.

This study aims to analyze the severe condensation issues experienced in the Boryeong
Subsea Tunnel (6.9 km), Korea’s longest subsea tunnel, and to develop an engineering tool
for condensation prediction. The ultimate goal is to eliminate the condensation problem
and to optimize the design and operation of long subsea tunnels anticipated for future
construction in similar environments.

This study applies three approaches to analyze the condensation phenomena in the
Boryeong Subsea Tunnel: (1) field measurements to characterize the thermal environment
inside and outside the tunnel, together with wall temperature changes; (2) development of
a 1D model for condensation rate quantification along the tunnel axis, taking into account
moist air thermodynamics, heat transfer through the tunnel wall, vehicle heat generation,
exhaust water vapor emissions, and wall surface evaporation; and (3) 3D CFD simulations
to evaluate the 1D model and resolve detailed spatial distributions. Based on these results,
the Condensation Contour Map (CCM) was developed as a practical condensation rate
prediction tool.
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2. Tunnel Overview
2.1. Tunnel Specifications and Ventilation System

The Boryeong Subsea Tunnel consists of twin two-lane tunnels with lengths of 6916 m
(Boryeong-bound) and 6927 m (Taean-bound). Both tunnels feature an inner cross-sectional
area of 60.47 m? and a hydraulic diameter of 7.77 m. The longitudinal gradient follows a
V-shape profile; for the Boryeong-bound tunnel, this includes a 1810 m descent at —4.95%,
a 3080 m section at +0.5%, and a 2027 m ascent at +4.85%.

The ventilation system is a longitudinal jet fan type, with 41 jet fans (& 1030 mm x 30 kW,
outlet velocity of 34 m/s) installed in each direction. An overview of the major facility
installation is shown in Figure 1, and the tunnel specifications are summarized in Table 1.

Evacuation Cross-Passage Door Smoke Control (Ventilation) Equipment
Installation Interval: 210-230 m Installation Interval: 140 m
People: 21 EA Boryeong Direction: 41 EA
Vehicle: 10 EA Taean Direction: 41 EA
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Figure 1. Overview of major facility installation and longitudinal profile of Boryeong Subsea Tunnel.

Table 1. Summary of Boryeong Subsea Tunnel specifications.

Item Boryeong Direction Taean Direction
Length (m) 6916 6927
Inner cross-sectional area (m?) 60.47 60.47
Hydraulic diameter (m) 7.77 7.77
Longitudinal gradient (%) —4.95/+0.5/+4.85 —4.85/—-0.5/+4.95
Traffic type One-way, 2 lanes One-way, 2 lanes
Design traffic volume (in 2037) 12,903 veh/day 12,903 veh/day
Jet fan installation ® 1030 x 41 units ® 1030 x 41 units

2.2. Climate Conditions and Condensation Observations

The Boryeong Subsea Tunnel is located in a coastal area influenced by a maritime
climate, characterized by typically hot, humid summer conditions. Analysis of meteo-
rological observations at the nearby Daecheonhang Automated Weather Station (AWS)
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shows that the monthly average outdoor air temperature (T;) and relative humidity (RH)
during July-August exceed 25 °C (with peaks above 34 °C) and 85%, respectively. Relative
humidity is typically even higher than 90% during nighttime. Table 2 summarizes the
monthly average meteorological modeling input data and dew point temperature analysis
results. Condensation is predicted to occur from May to September when the dew point
temperature (Tj,) exceeds the ground temperature (Tg). A maximum difference (T;, — Tg)
of 11.34 °C was observed in July.

Table 2. Monthly average weather modeling input data and condensation occurrence condition
analysis results.

Ambient Air Ground
Month Temperature Ty, (°C) Tgp — Tg (°O)
Tq (°C) RH (%) Tg (°C)
January —0.8 61.3 16.7 —8.47 —25.17
February 2.16 64.26 15.58 —4.91 —20.49
March 741 69.51 14.54 1.44 —13.10
April 13.92 76.02 13.87 9.40 —4.47
May 20.39 82.49 13.74 17.24 3.50
June 25.52 87.62 14.20 23.36 9.16
July 28.27 90.37 15.12 26.46 11.34
August 28.11 90.21 16.25 25.88 9.63
September 25.05 87.15 17.28 21.76 4.48
October 19.72 81.82 17.93 14.96 —2.97
November 13.18 75.28 18.03 6.90 —11.13
December 6.74 68.84 17.55 —0.65 —18.20

Condensation was first observed approximately five months after opening, in May
2022. Initially, only the lower portion of the sidewalls and the nearby road were wet, but by
July, condensation had developed on the sidewalls, floors, and utility ducts throughout the
tunnel, as shown in Figure 2.

Partially wet bottom surface Fully wetted over the entire bottom surface Dried-out bottom surface

(a)

(b) (c)

Figure 2. Condensation in three different situations: (a) after opening~before May—partial wetting
on lower side wall; (b) in May (condensation occurs)—wetting on side walls, floor, and utility ducts;
(c) in July (after jet fan operation)—condensation alleviated after jet fan operation.

The CCTV footage at this time clearly shows when condensation occurs. Condensation
occurred predominantly during the nighttime and early morning hours (21:00-06:00), when
the outdoor humidity reached maximum levels and traffic volume was minimal, with
alleviation observed during the daytime hours, when solar heating reduced the outdoor
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Taean#32-6.0km

relative humidity. In the most severe cases, fog formed inside the tunnel, significantly
reducing visibility, and tunnel users raised safety concerns, misidentifying the condensation
as structural water leakage. Condensation occurrence by time period based on CCTV
monitoring is presented in Figure 3.

Taean#32-6.0km

(b)

Figure 3. Photos of condensation by time period in the Boryeong Subsea Tunnel: (a) Taean 6.0 km
18:30—onset; (b) Taean 6.0 km 01:00—peak; (c) Taean 6.0 km 07:50—end.

3. Methodology
3.1. Field Measurements

Field measurements were conducted over 14-15 August 2023 in the Boryeong-bound
tunnel. Field data measurements were conducted during the summer season, when con-
densation phenomena are most severe, and it was confirmed that condensation occurred
over almost the entire length of the tunnel at the time of measurement. Measurement
items included external meteorological conditions (atmospheric pressure, temperature and
humidity, and wind direction and velocity) and variables affecting the thermal environ-
ment inside the tunnel (traffic volume, atmospheric pressure, tunnel airflow direction, air
velocity, air temperature, humidity, wall temperature, vehicle speed, and vehicle type).
As shown in Figure 4, measurements were carried out at a total of three locations: one
external station situated outside the Taean-side tunnel portal and two internal stations at
evacuation passages #5 and #3 within the Boryeong-bound tunnel, located at distances of
4 km and 5.3 km from the portal, corresponding to approximately 58% and 77% of the total
tunnel length, respectively. These measurement points were specifically selected near the
cross-passages of the twin-tube tunnel in order to ensure the personal safety of the field
researchers conducting measurements inside the operational tunnel with active vehicle
traffic. The air temperature inside the tunnel was measured using a piezoelectric sensor
(Bosch, BME680, Reutlingen, Germany) integrated into a data logger, as well as a separate
thermocouple-type wall thermometer (Gain Express AZ Instruments, Model A0188598,
Hong Kong, China). In addition, three multi-channel hot-wire anemometers (E+E Elek-
tronik, Model EE650, Engerwitzdorf, Austria) were installed, with data sampled at 1 s
intervals and processed as averaged values. The data logger processed the continuously
input signals at a resolution of 10 bits, averaging the signals over each 1 s interval.

The measurement data show that the ambient air temperature in the Taean-bound
tunnel ranged from 26.4 to 34.7 °C, relative humidity from 68.7 to 94.0%, and atmospheric
pressure from 100.5 to 100.7 kPa, while inside the tunnel, the air temperature ranged from
22.5 to 24.2 °C, relative humidity from 87.8 to 94.1%, and air velocity from 0.2 to 4.5 m/s.
Traffic volume was in the range of 3 to 522 vehicles/h. Ventilation jet fans were operated
from 13:40 to 17:10 on August 14, and tunnel air velocity increased from approximately
2.5m/s to 4.5 m/s after fan operation.
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Figure 4. Field measurement overview.

3.2. One-Dimensional Thermodynamic Model

Figure 5 presents a conceptual diagram of the heat and moisture transfer occurring
among the tunnel airflow, the tunnel inner wall surface, and the moving vehicles inside
the tunnel.

Lim]

A
Y

Wall \

Pi Pj
Ti Tj
RHi RH;
Wi Wj
/
Wall ) i ] o[m

i i
Figure 5. Conceptual diagram of heat transfer and moisture transmission within the analysis section.

In the model, one-dimensional nodal points are established at regular intervals, and
at each node, the following parameters are computed: air temperature and humidity
(relative humidity and absolute humidity) inside the tunnel, dew point temperature, wall
surface temperature, condensate amount, and evaporation rate in wetted surface areas. The
computational procedure adopted for the estimation of condensate quantity is described in
the following steps:

Step 1: The air temperature at each nodal point is determined by applying the energy
balance equation (Equation (1)), which states that the sum of vehicle heat generation and
the latent heat of moisture, minus the heat loss through the tunnel wall, is equal to the
sensible heat change of the airflow. The energy balance equation incorporates four heat
transfer mechanisms: (i) air-to-wall convective heat transfer; (ii) heat gain from vehicles,
modeled as a distributed source proportional to traffic intensity; (iii) latent heat exchange

https://doi.org/10.3390/infrastructures11060209


https://doi.org/10.3390/infrastructures11060209

Infrastructures 2026, 11, 209 8 of 20

from wet surfaces and vehicle moisture; and (iv) conductive heat transfer through the
tunnel wall to the surrounding ground.
4‘Ar

Aw:P'Lr: D Ly

Moisture Rate (%)
100

My total = My A + Mear

Am = Aw

Mo total = Me*Am
Qu = qu-Aw
Qcar = Gear-Ly
Qe = Ge,air + Ge,car
Qcar + Qe — Qu = mCy (Tj — T;) 1)

where

L,: Reference tunnel length (m);

P: Perimeter of the tunnel inner wall surface (m);

Pi/j, Ti,j, RH i,jr Wl-,]-: Pressure, temperature, relative humidity, and absolute humidity at
nodesiand j (Pa, °C, %, kg/kg);

Aw: Area of the tunnel inner wall surface (m?);

A,;: Moist area (mz);

Mear total: Moisture transmission rate from a vehicle exhaust outlet (kg/s);

My total: Moisture transmission rate from a moist area (kg/s);

M, tota1: Convective evaporation rate (kg/s);

kconp: Thermal conductivity of the air (W/m-K);

k (or keonq): Equivalent thermal conductivity of the composite wall (W/m-K);

¢ : Equivalent thickness of the composite wall (m);

Qu: Total tunnel wall heat flux (W);

Qcar: Total vehicle heat release rate (W);

Q.: Total latent heat of evaporation (W);

e air: Latent heat of evaporation from vehicle exhaust (W);

Gecar: Latent heat of evaporation from moist wall (W);

Cp: Specific heat capacity of air at constant pressure (J/kg-K).

Step 2: In the absence of evaporation and condensation, the absolute humidity of the
tunnel air remains constant, and the relative humidity and dew point temperature are
computed based on the prevailing temperature conditions. The dew point temperature is
determined through an iterative calculation procedure, in which the equilibrium temper-
ature is sought such that the difference between the partial pressure of water vapor and
the saturation vapor pressure at the given state point satisfies the prescribed convergence
criterion of 103 By introducing the concept of thermal resistance (Ry;,), the heat flux can
be expressed as the ratio of the difference in thermal potential to thermal resistance. The
wall temperature (Ty) is then calculated by considering the overall heat transmission from
the ground temperature and the tunnel air temperature, as in Equation (3).

Ry =1/h+6/keong, 1/h = D/ (keonp-Nu) (2)

Tt [5Re-1] 0T

) ke
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where

T: Temperature of the tunnel wall surface (°C);

T,: Temperature of the inside tunnel air (°C);

Tg: Ground temperature, assumed to be constant at 15 °C;

Ryy,: Total thermal resistance (m?-K/W);

h: Forced-convective heat transfer coefficient (W/m?-K);

D: Hydraulic diameter of the tunnel (m);

Nu: Nusselt number, determined using the Gnielinski correlation [24].

The thermal conductivity characteristics of the tunnel wall surface are critical pa-
rameters in the mechanism of air-to-wall convective transfer. Generally, the tunnel wall
consists of three composite layers: a lining (concrete), a waterproof membrane (mainly
an HDPE sheet), and shotcrete. Table 3 shows the thermal properties of the individual
and composite layers; the equivalent thermal conductivity of the composite layer (k) is
1.705 W/m-K, with an equivalent thickness (8) of 0.602 m and an overall thermal trans-
mittance (U-value) of 2.832 W/m?-K. Vehicle heat generation is modeled as a distributed
source using calorific values of 30.4 MJ /L for gasoline and 35.2 MJ /L for diesel (Korean
Energy Act). Exhaust water vapor output from vehicles is assumed to be 1.1 L water per
1 L fuel (Kibble, 1978) [25].

Table 3. Thermophysical properties and thermal transmittance of the tunnel wall structure.

Wall Therm.al. Thickness Th.e rmal
Composition Conductivity (m) Resistance Remarks
P (W/m-K) (m? K/W)
Inside
Lining (concrete) 2.50 0.45 0.180 waterproof
layer
Waterproof 0.024 0.002 0.083 HDPE type
membrane
Shotcrete 1.67 0.15 0.090 NATM support
Composite total 1.705 0.602 0.353 —
Overall thermal
transmittance — — — 2.832 W/m2-K
(U-value)

Step 3: Condensation is assumed to occur when the dew point temperature (T;,)
exceeds the temperature of the tunnel wall surface (Ty,). The condensation rate (o)
can be estimated based on the measurement data of the atmospheric pressure, ambient air
dry and wet temperatures, inside air temperature, tunnel wall temperature, and tunnel air
velocity as follows:

w = 0.622 x (RH/lOO) X es / (Patm — (RH/lOO) X es) 4)
wsat(Tw) =ag+a1Ty + aszz + QBTw3 (5)
Meopd = P'V'A'(w - wsat(Tw)> (6)

where

w: Absolute humidity (kg/kg (DA));

wWeat(Tyw): Saturated absolute humidity (ws,) at the wall temperature (Ty) (kg/kg
(DA));

m,,4: Condensation mass rate (kg ..., /S);

https:/ /doi.org/10.3390/infrastructures11060209
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Patm: Atmospheric pressure (Pa);

es: Saturated vapor pressure (Pa);

ap-3: Curve-fitting coefficient;

V: Tunnel longitudinal air velocity (m/s);
A: Tunnel inner cross-sectional area (m?).

3.3. Three-Dimensional CFD Simulation

Three-dimensional CFD simulations were performed using OpenFOAM v10, an open-
source computational fluid dynamics (CFD) software package used for simulating fluid
flow, heat transfer, and related physical processes. The computational domain represented
the entire tunnel length of 6.9 km using the actual cross-sectional geometry. Because the
tunnel cross-section is approximately symmetric, only a half-section was analyzed, and the
results were mirrored about the symmetry plane for presentation. The CFD model and
computational grid are shown in Figure 6.

T Y

CH

I
Hf

i

@ (b)

Figure 6. Three-dimensional CFD analysis model and grid: (a) cross-sectional view; (b) full-length view.

The Reynolds-averaged Navier-Stokes (RANS) equations for continuity, momentum,
energy, and humidity transport were solved in steady-state mode. Turbulence was modeled
using the standard k—¢ model [26], which provides robust and computationally efficient
predictions of the mean flow and heat transfer characteristics in large-scale internal flows.
Pressure-velocity coupling was handled by the SIMPLE (Semi-Implicit Method for Pressure-
Linked Equations) algorithm [27]. Convective terms were discretized using a second-order
upwind scheme, while diffusive terms were treated with central differencing to ensure
numerical accuracy.

The discretized computational grid consisted of approximately 74 million polyhedral
cells (74,073,710), generated as elongated cylindrical elements along the tunnel axis. The
standard k—¢ turbulence model was adopted in this CFD analysis. The resulting y+ values
ranged from 152.80 to 213.99, satisfying the recommended range of 30 < y+ < 300 for the
standard k—¢ model [28].

The convergence time is defined as the computational time required for the residuals to
fall below the prescribed tolerance and for the variations in the primary physical quantities
to become sufficiently small throughout the iterative solution process. All simulations
were conducted on a computer with Intel® Xeon® 2.1 GHz, 2CPU, 16 Core specifications.
The initial baseline case for the simulation analysis reached convergence in approximately
14 days. And subsequent computations, which utilized the converged baseline as an initial
solution, required between 72 and 120 h to reach steady-state convergence. Convergence
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was monitored using the residuals of all governing equations, with thresholds of 10~# for
continuity and momentum and 10~ for energy and humidity transport.

The boundary conditions for the CFD model were prescribed as follows: a uniform
velocity, temperature, and humidity profile at the inlet and a pressure outlet condition
at the tunnel exit. For the external wall, a depth-dependent temperature profile was
implemented, originating from an ambient temperature of 25 °C. The temperature was
assumed to decrease at a rate of 0.08 °C/m in the landward sections, while this gradient
was doubled to 0.16 °C/m within the subsea portion, resulting in a minimum outer-wall
temperature of 11.54 °C at the tunnel’s lowest elevation. The thermal conductivity of the
composite wall and the lining thickness were set to 1.7 W/m-K and 0.5 m, respectively. The
baseline simulation scenario for July was analyzed with an inlet temperature of 28.27 °C,
relative humidity of 90.37%, and inflow velocity of 2.5 m/s.

In the CFD analysis of this study, neither a separate transport model nor a User-
Defined Function (UDF) was employed; instead, the logic of the so-called Equilibrium
Condensation Model was applied. Accordingly, it was assumed that condensation occurs
when the relative humidity at the grid points near the wall exceeds 100%, and the amount of
condensation was determined by the excess absolute humidity over the saturated absolute
humidity. Therefore, the present CFD analysis should be interpreted as an approximate
study of humidity distribution rather than a fully coupled condensation simulation.

4. Results and Discussion
4.1. Field Measurement Results

The field measurement results showed wall temperatures of 22.1-23.6 °C at location
#5 (4.0 km from the Taean-bound tunnel) and 20.7-22.4 °C at location #3 (5.3 km from
the Taean-bound tunnel). The tunnel wall temperature decrease rate in the flow direction
was approximately 0.97 °C/km, and the air-wall temperature difference remained nearly
constant at approximately 1.5 °C throughout the measurement period. The effect of jet fan
operation was clearly observed; after fan activation at 13:40, the tunnel air velocity increased
from 2.58 to 4.41 m/s. The absolute humidity at the measurement locations increased during
fan operation, which is interpreted as the result of an enhanced evaporation phenomenon
from upstream wet wall surfaces, leading to increased moisture inside the tunnel. After
jet fan shutdown, the absolute humidity decreased rapidly, confirming a quick return
to net condensation conditions. This indicates that, while jet fan operation can shift the
condensation front downstream, it cannot completely eliminate condensation when the
incoming air is already near saturation. The measurement results of the air velocity,
temperature, and humidity before and after jet fan operation are presented in Figure 7.

4.2. Comparison of the 1D Model Against the Psychrometric Analysis

It is challenging to evaluate whether the 1D model predictions fully satisfy fundamen-
tal moist air thermodynamics, and this is particularly true when simultaneously accounting
for the heat and moisture transfer induced by vehicle traffic inside the tunnel. Therefore,
taking suggestions into consideration, we compare the 1D model predictions with the
results of a psychrometric analysis under a relatively simplified scenario. This comparison
can be seen in the Section 5 evaluating the 1D model.

The analyzed scenario is based on a tunnel inlet atmospheric pressure of 101.3 kPa, an
inlet airflow velocity of 2.65 m/s, a ground temperature (Tg) of 15 °C, and an inlet relative
humidity (RH) of 70%. Figure 8a shows the profiles of the tunnel air temperature (T;) and
wall temperature (T;,) from the tunnel inlet to the outlet, as analyzed by the 1D model. At
the tunnel outlet, T, and T, are 16.20 °C and 16.04 °C, respectively, with an RH of 100%.
Figure 8b presents the profiles of the absolute humidity (black dashed line with ‘x” symbols)
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and the condensation rate (red curve) inside the tunnel obtained from the 1D model. The
total condensation rate, which corresponds to the area under the condensation rate curve,

is 1.325 kg/s.
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Figure 7. Measurement profiles of air velocity, temperature, and humidity before and after jet

fan operation.
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Figure 8. One-dimensional model analysis results: (a) temperature profiles; (b) absolute humidity

and condensation volume profiles.

Meanwhile, to estimate the total condensation rate in the tunnel using a psychrometric
chart, the state points defined by the temperature (T;) and RH at the inlet and outlet
obtained from the 1D model results are plotted in Figure 9. The absolute humidities at State
Points 1 and 2 are 0.0188 kg/kg and 0.0115 kg/kg, respectively. Assuming that the total
condensation rate equals the mass flow rate of air in the tunnel (181.13 kg/s) multiplied
by the difference in absolute humidity between the inlet and outlet (0.0188-0.0115 kg/kg),
it is estimated to be 1.317 kg/s. Consequently, the daily condensation amounts derived
from the 1D model and the psychrometric analysis are 114.45 ton/day and 113.77 ton/day,
respectively, demonstrating a relatively small difference of 0.68 ton/day.
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Figure 9. Psychrometric chart analysis results.

4.3. Comparison of the 1D Model Against Field Data

The accuracy of the 1D model was verified against field measurements at 13:00 (before
jet fan operation) and 15:00 (after operation) on 14 August 2023. The boundary conditions
for the case of 13:00 were an ambient temperature of 34.14 °C, relative humidity of 72.81%,
and tunnel air velocity of 2.58 m/s; at 15:00, these values were 34.70 °C, 68.71%, and
4.41 m/s, respectively. As shown in Table 4, the inside air temperature errors ranged from
3.0 to 7.3% (<1.67 °C), and the wall temperature errors ranged from 0.8 to 7.3% (<1.58 °C),
demonstrating good agreement between the model and the measurements. A comparison
between the measured and predicted results is shown in Figure 10.
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Figure 10. Comparison of measured profiles and 1D analytical results.

A quantitative comparison was derived from the eight measurement—prediction pairs
listed in Table 4. The root mean square error (RMSE) was 1.24 °C for the inside air
temperature and 1.16 °C for the wall temperature. The mean absolute error (MAE) was
1.10 °C and 1.02 °C, respectively. The coefficient of determination (R?) exceeded 0.92
for both parameters, confirming that the 1D model reproduces longitudinal temperature
gradients with acceptable accuracy for engineering applications.
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Table 4. Comparison of measured values and 1D analytical values.

. . Measured Analytical Error
Time Location Item ©0) ©C) (%)
13:00 4.0 km Inside Air Temp. 23.83 22.58 52
13:00 5.3 km Inside Air Temp. 22.80 21.14 7.3
13:00 4.0 km Wall Temp. 22.89 21.37 6.6
13:00 5.3 km Wall Temp. 21.64 20.06 7.3
15:00 4.0 km Inside Air Temp. 24.17 25.01 3.5
15:00 5.3km Inside Air Temp. 24.11 23.21 3.7
15:00 4.0 km Wall Temp. 23.44 24.09 2.8
15:00 5.3 km Wall Temp. 22.18 22.36 0.8

4.4. Comparison of 1D Model and CFD Results

To further assess the reliability of the 1D model, the results were compared with
the CFD results under the same boundary conditions, specifically a uniform outer wall
temperature of 15.12 °C and wall thermal conductivity of 1.7 W/m-K. The distributions of
the inside air temperature, wall temperature, and condensation volume along the tunnel
axis showed very good agreement between the two approaches. In the case of the 3D
CFD results, under the baseline conditions (28.27 °C, 90.37% RH, and 2.5 m/s), the relative
humidity reached 100% at approximately 2.0 km from the Taean-bound tunnel, and super-
saturated conditions developed farther downstream. A comparison of the condensation
volume between the 1D analysis and the 3D CFD analysis under zero-traffic conditions is
shown in Figure 11.
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16
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Figure 11. Comparison of condensation water volume between 1D analysis and 3D CFD analysis by
relative humidity.
4.5. Condensation Volume Analysis

The monthly condensation-onset locations (distance from the inlet portal of the Taean-
bound tunnel) and daily condensation volumes under varying traffic conditions are sum-
marized in Table 5. At an inside air velocity of 2.65 m/s, increasing traffic volume shifts
the condensation-onset point farther downstream and reduces the condensation volume.
Under the design traffic capacity of 1550 veh/h, no condensation is predicted.
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Table 5. Condensation location and volume by traffic conditions (V = 2.65 m/s).
Month 0 veh/h 500 veh/h 1000 veh/h 1550 veh/h
on
km Tons/Day km Tons/Day km Tons/Day km Tons/Day

May 1.8 36.3 6.9 0.4 — — — —
June 0.7 117.5 1.0 80.1 4.3 18.8 — —
July 0.7 166.4 0.7 125.8 1.8 60.2 — —
August 0.5 150.1 1.0 105.0 3.3 33.5 — —
September 1.0 74.2 3.3 24.6 — — — —

4.6. Annual Condensation Volume Estimation and Traffic Volume Effect

Annual condensation volumes were analyzed as a function of hourly traffic volume at
an inside air velocity of 2.65 m/s using full-year meteorological data, as summarized in
Table 6. As traffic volume increases from 0 to 250 veh/h, the annual condensation volume
decreases by approximately 26%; at 1000 veh/h, it decreases by approximately 96% to
only 628 ton/year. At the design traffic capacity of 1550 veh/h, the wall temperature
remains above the dew point because of vehicle heat generation, and condensation is
completely suppressed.

Table 6. Annual condensation volume by hourly traffic volume (V = 2.65m/s).

Traffic Volume Annual Volume  Max Daily Reduction Condensation
(veh/h) (Tons/yr) (Tons/Day)  vs. Baseline (%) Period
0 16,846 172.1 (Baseline) May-Sep
250 12,415 143.2 26.3 May-Sep
500 7978 108.9 52.6 May-Sep
1000 628 20.9 96.3 Jun-Aug
1550 (Design) 0 0 100.0 None

Using the monthly average meteorological data and the current traffic volume—
peaking at approximately 250 veh/h, roughly 16% of the design traffic capacity—as inputs
to the 1D model, the annual condensation volume was estimated to be approximately
12,415 ton/year, with the highest level of 143 ton/day. Condensation occurs from May to
September, and approximately 85% of the annual total is concentrated in July and August.
The monthly condensation volume trends for different traffic levels are shown in Figure 12.
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Figure 12. Monthly condensation volume by traffic volume.
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Dry-Wall Condition (Wall Moisture Rate = 0%)
Contour Map for Condensation Water (V=2.65m/s, N=0veh/h)

4.7. Condensation Contour Map (CCM)
The Condensation Contour Map (CCM) in Figure 13 was developed as a practical

decision support tool for design and operation. The CCM illustrates the predicted contour

lines for the condensation volume (ton/day) in black and the maximum relative humidity

at the tunnel outlet portal (%) in red; in the diagram, the inlet dry-bulb temperature (T}) is

presented on the horizontal axis and the inlet relative humidity is presented on the vertical

axis for various air velocities and traffic volumes.
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Figure 13. Condensation Contour Map (CCM): (a) contour maps of condensation volume and

maximum outlet relative humidity for N = 0 under dry wall and wet wall conditions; (b) condensation

boundary (RH = 100% line) for varying traffic volumes at V = 2.65 m/s.
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The CCM shows that, under current traffic conditions (peaking at 250 veh/h) and
an air velocity of 2.65 m/s, condensation occurs when the ambient temperature and
relative humidity exceed 24 °C and 80%, respectively. As the traffic volume increases,
the condensation boundary shifts toward higher temperature and humidity conditions,
confirming the beneficial effect of vehicle heat generation. At the design traffic capacity
of 1550 veh/h, condensation occurs only under extreme conditions of T; > 30 °C and
RH > 95%, implying that the condensation problem will naturally diminish as the traffic
volume increases.

The contour map in Figure 13a for N = 0 shows that substantial condensation volumes
are predicted across a wide range of ambient conditions when there is no traffic. Under zero-
traffic conditions (N = 0), the condensation boundary starts at an inlet dry-bulb temperature
as low as approximately 18 °C at RH ~ 70%, indicating that condensation can occur even
under moderate ambient humidity conditions. Without the heat inflow from vehicles, the
temperature is governed exclusively by the surrounding seawater and ground, leading to
the widest condensation-prone region. This scenario corresponds to periods of nighttime,
early morning, or maintenance closures, during which the tunnel is most vulnerable
to condensation.

Figure 13b shows the condensation boundary contours (RH = 100%) as a function of
the inlet dry-bulb temperature and relative humidity for five traffic volumes (N = 0, 250,
500, 1000, and 1550 veh/h) at V = 2.65 m/s, with a wall moisture rate of 10%. The area
above each curve represents the condensation zone, where the wall temperature falls below
the dew point temperature of the tunnel air.

As the traffic volume increases to N = 500 veh /h, vehicle exhaust heat raises the tunnel
air and wall temperatures, and the condensation boundary shifts markedly to the right;
condensation begins only when the inlet dry-bulb temperature exceeds approximately
20 °C at RH = 100%. At N = 1000 veh/h, the boundary moves further to the right,
with condensation initiating only above an inlet dry-bulb temperature of approximately
25.5 °C at RH = 100%, meaning that only high-temperature, high-humidity summer con-
ditions can trigger condensation. At the design traffic capacity of N = 1550 veh/h, the
boundary is pushed almost entirely off the chart, the typical operational range. Only a
marginal region persists at the extreme upper-right corner of the diagram (T; > 31.5 °C,
RH = 100%), confirming that condensation is virtually eliminated under standard climatic
conditions. The progressive rightward shift of the boundary from N = 0 to N = 1550
quantitatively demonstrates that vehicle heat generation serves as a natural and highly
effective suppression mechanism against condensation.

The results show that even with 145 dehumidifiers currently installed in the tunnel—
offering a total capacity of 24.4 tons/day at an 80% utilization rate—only 7.2% of the
estimated peak condensation load (roughly 340 tons/day for both directions combined
under the 250 veh/h scenario) can be treated. This result underscores that mechanical de-
humidification, in its current configuration and scale, is insufficient to provide a standalone
solution for moisture mitigation.

5. Conclusions

The purpose of this study was not to theoretically analyze condensation phenomena in
operating tunnels but rather to develop engineering solutions for the condensation issues
that cause severe safety concerns in the Boryeong Undersea Tunnel, South Korea’s longest
undersea tunnel (6.9 km). On-site measurements, one-dimensional thermodynamic model
development and analysis, and three-dimensional CFD simulations were employed in this
study, and the results are summarized as follows:
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Condensation in the Boryeong Subsea Tunnel results from the combined effect of a
hot, humid maritime climate at the portals and low wall temperatures caused by the
surrounding seawater and ground. The condensation phenomenon that occurs in the
tunnel differs fundamentally from structural water leakage commonly addressed in
tunnel engineering and therefore necessitates a specialized analytical approach and
tailored operational strategies.

The developed 1D model showed high predictive accuracy, with air and wall temper-
ature discrepancies within 7.3% of the field measurements. It also showed excellent
agreement with the 3D CFD results, validating its efficacy as an efficient engineering
tool for rapid parametric analysis. The mutual consistency among the field data and
the results of the thermodynamic analysis based on 1D and 3D models provides a
rigorous basis for comprehensive cross-validation.

Under high-humidity conditions, increasing the air velocity in the tunnel by jet fan
operation was found to aggravate condensation. Accordingly, operating at lower
ventilation rates during high-humidity periods, especially on summer nights, may
help reduce condensation, whereas jet fan operation during lower-humidity daytime
periods may promote evaporation of existing condensate.

Vehicle-induced heat generation is the most effective natural mechanism for con-
densation suppression. Although condensation is almost entirely eliminated at the
design traffic volume of 1550 veh/h, the current traffic volume peaks at approximately
250 veh/h, which is insufficient, indicating the need for supplementary countermea-
sures during the present operational stage.

The proposed Condensation Contour Map (CCM) provides a practical engineering
basis for designers and tunnel operators to predict condensation as a function of
ambient air conditions and traffic volume and to make rational decisions regarding
jet fan operation and dehumidification strategies. Although the CCM proposed in
this study assumes a tunnel air velocity of 2.65 m/s, if the air velocity within the
tunnel changes due to tunnel operational factors such as fan control strategies, alarm
systems, and dehumidification management, the contour map can be redrawn and
utilized accordingly to reflect such changes.

Current ventilation and environmental control systems for subsea tunnels still focus
primarily on pollutant control and fire safety, with limited explicit consideration of
condensation. The results of this study suggest that future long subsea tunnel design
should explicitly consider condensation from the design stage onward, together with
mitigation measures such as enhanced wall insulation, rational dehumidification ca-
pacity planning, dew point-aware ventilation strategies, and driver warning systems.
They also suggest that tunnel ventilation standards and guidelines should clearly
address condensation in long subsea tunnels, particularly those located in humid
climate regions.
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