Measuring and modeling moisture environment in underground metro
stations during commissioning stage: A case study

Abstract

Due to the humid underground environment, underground metro stations often have
internal condensation issues, especially during the commissioning and initial operation
phases, and these issues will have a negative impact on the equipment operation and
building life. This study aims to solve the issue by 1) identifying common areas with
condensation risks based on on-site measurements and numerical simulation methods,
and 2) proposing effective dehumidification solutions for the moisture control of stations.
By on-site investigating the characteristics of the station’s moisture environment and
numerical assessing the effects of two different dehumidification strategies, it has been
found that 1) for Tianjin, during most times in summer, the air temperature of the station
in the commissioning phase was maintained relatively stable, but with significantly
changing humidity; 2) the relative humidity on the platforms was higher than 80% for
almost 30% of the testing time, and the surface of the upper structure of platform doors
having a high risk of condensation; 3) the dehumidification effect of industrial
dehumidifiers was found to be better than that of increasing exhaust air volume. The
authors hope that the research could aid the decision on dehumidification strategies and
provide guidance for further moisture control in underground stations.
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Practical Application

This paper analysed the moisture environment of the underground metro stations in the
commissioning phase and conducted a numerical approach to assess the condensation risk.
Potential dehumidification solutions including increasing the exhaust air volume and
using industrial dehumidifiers have been proposed, and their effects have been
investigated and compared. The authors hope that this research can aid the decision on
dehumidification strategies for facilities maintenance and provide a guidance to further

moisture control in underground stations.

Nomenclature

Nomenclature
C  heat capacity of air (kJ/°C) Greek symbols
YV volume of the station (m?) P density (kg/m?®)
H  height (m) T time (s)
L length (m) Abbreviations
q moisture gain (kg/h) AGMs automatic gate machines
0 heat transfer rate (kW) PSDs  platform screen doors
T temperature (°C) RH relative humidity
W width (m) Subscripts
w  humidity ratios (kgwater/Kgdry air) a air
d dew point
s surface




1 Introduction

Metro transport is rapidly developing worldwide as a convenient and efficient means of
public transport. With the flourishing development of metro networks in China,
increasingly metro stations have been built in recent years. Specifically, there were 40
cities with established metro networks in China, and a total of 534 stations have been built
nationwide in 2019.! However, as the metro station is a special kind of transportation
building built underground, the environment of the underground stations is usually humid
because of the moisture in the soil and insufficient ventilation®. It has been reported that
in Glasgow, UK, the air relative humidity in most local metro stations was between 70%
and 80% all year round, with seasonal mean temperature ranged between 11.5 °C and

18.4 °C3, higher than that of commercial buildings.

The humid station environment would face moisture condensation occurring on the
interior surface of the envelope and the external surface of equipment very often. The
surface condensation not only affects the aesthetics of the envelope and equipment (see
Figure 1), but also increases the risk of deterioration of envelope materials and short
circuit of equipment.* It is known that a long-term value of indoor relative humidity in
excess of 75% could greatly affect the performance of electronic devices owing to their
instability, resulting in unforeseen problems when used for emergencies.’ Moreover, extra
moisture in the air would worsen the indoor air quality (IAQ) and lead to mould growth.
Therefore, moisture control is essential to avoid these adverse effects and ensure the safe

operation of stations.
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Figure 1. Condensation on tunnel walls and platform doors in an underground station.

Currently, numerous studies relevant to the environment of metro stations have focused
on the control of thermal environment®® and IAQ®!! for passengers in the operating
stations. For example, different ventilation schemes (mixing ventilation, stratified air
ventilation and air curtain ventilation)'> !> and platform doors (platform screen doors'*,

platform bailout doors'>, and adjustable ventilation platform doors!'® !

were proposed for
the optimization design of the station’s thermal environment. In addition, various
techniques (ventilation fans, magnetic filters, small jet fans, artificial intelligent
ventilation systems, hybrid filters, etc)!® ' have been developed to reduce the
concentration of particulate matters in underground metro systems. However, limited
studies have been reported for the moisture control of underground stations, although it
has been found high humid and common exposure to the hazards caused by
condensation.?® For metro stations during commissioning stage, especially, heat
generation in the station is relatively low, comparing to operation stage. This is mainly

because that there is no heat dissipated from passengers, operating equipment and train

braking etc., giving lower air temperature and higher condensation risk.?!



To investigate the condensation risk in underground stations, Wang?? has conducted field
measurements in one station in Nanjing, China, during the initial operation phase in
summer. In the study, he identified that technical rooms were facing higher risk of
condensation, due to the poor management of ventilation systems, and suggested adding
thermal insulation and automatic air dampers to the ducts in ventilation systems. Some
studies also analysed the moisture environment of underground buildings by field tests
and proposed improved strategies such as using proper air exchange, insulation materials
and liquid desiccant,”® but the effects of these strategies were rarely assessed in
underground stations. Additionally, there were attempts on developing an integrated
model based on image processing techniques and artificial intelligence to automate
consistent moisture marks detection and numerical representation of distress in metro

networks.?* %

Within this context, the aim of this paper is to analyse the indoor environmental
characteristics and find the typical areas where condensation most likely occurs in the
public areas (hall and platform) of underground stations by field measurements and
numerical simulations, and propose suitable dehumidification solutions. The remainder
of this paper is organized as follows. Section 2 provides a detailed description of the study
methodologies. Section 3 describes the measurement and modelling results and analysis
of the moisture condensation in different scenarios. Section 4 presents a thorough

conclusion of the paper.

2 Methodologies

In this section, the holistic approach of the study is described in detail. Firstly, the
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condensation mechanism in the underground station is introduced and the criteria for
evaluation moisture condensation are given. Secondly, the environment of the
underground station is on-site measured and analyzed. Finally, the numerical models are
developed and validated to analyze the risk of condensation under the design condition

and the effect of dehumidification solutions.

2.1 Condensation mechanism

To better explore the moisture environment of public areas in the underground station
during commissioning, an in-depth understanding of the heat and moisture balance of the
station and the reason behind condensation are necessary. As the station is built under the
ground, there is no solar radiation gained and the ground temperature is relatively stable.?®
Moreover, the station is separated from the surrounding ground by a layer of silicate board
and a layer of reinforced concrete structure, and there is a very limited exchange of heat
and moisture between the ground and the station (as shown in Figure 2).2” Nevertheless,
the moisture in the soil can still enter the station with the diffusion of tunnel air through
the leakage of platform screen doors (PSDs). Thus, the environment of public areas can
be humid and occur condensation with insufficient ventilation Figure 3 shows the

heat/moisture gains for the public areas of the station.
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Figure 2. Schematic of underground station structure (half section).
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Figure 3. Schematic of heat/moisture gain for the public areas of an underground station

during commissioning.

The heat gain of the station is composed of the heat gain from unorganized air infiltration
comes from either outdoor or tunnel, heat dissipation of devices such as lamps and
automatic gate machines (AGMs), heat dissipation of the personnel, heat gain from the
mechanical ventilation air, and heat gain from the envelope. The composition of moisture
gains is similar as the heat sources, except for the source of devices. The heat and moisture

balance equations for the public areas are:



dT,
CE = Qi—outdoor + Qi—tunnel + Qd + Qp + va + Qe (1)

dc,
VE = Qi-outdoor T Qi—tunnet + dp t Gmv t Qe (2)

where C is the heat capacity of air (kJ/°C), T, is the air temperature in station (°C),
Qi—_outdoor 1S the heat gain from the unorganized air infiltration of outdoor (kW),
Qi_tunner 18 the heat gain from the unorganized air infiltration of tunnel (kW), Q, is the
heat dissipation of the station devices (kW), Q,, is the heat dissipation of the personnel
(kW), Q.. 1s the heat added or removed by mechanical ventilation (kW), and Q. is the
heat gain from the envelope (kW). V is the volume of the station (m?), ¢, is the
humidity by volume of station air (kg/m?), q;_outdoor 1S the moisture exchange with
outdoor air (kg/h), q;_tynne; 1s the moisture exchange with tunnel air (kg/h), gy, is the
internal humidity generated by occupant activities (kg/h), g, 1s the moisture added or
removed by mechanical ventilation (kg/h), and q, is the desorption of hygroscopic

moisture from the walls (kg/h).

This study focuses on the investigation of potential visual condensation on the interior
surfaces of underground station envelopes, as well as the external surface of equipment.
Specifically, the AGM and PSD systems (see Figure 4) are focused as they are the major

electronic devices used in public areas to maintain the normal operation of the station.



Figure 4. The automatic gate machine and the motor of the PSD system.

The characteristics of condensation are reflected by the temperature differences between
the surface of objects and the indoor air dew point (74), with the moisture transfer in the
envelope being ignored as the station was isolated from the concrete structure by a layer
of silicate boards. The dew point temperature 74 is defined as ‘the temperature at which
condensation begins when the air is cooled at constant pressure’?® and can be calculated

from the equation® below:

RH 17.625T
. 243.04 [1“ (100) +243.04 + T] (3)
d 17625 —1 (RH)_ 17.625T
: "\100) ~ 24304 +T

where 74 is the dew point temperature (°C) and 7 is air temperature (°C), and RH stands

for relative humidity in percent.

As soon as the surface temperature (75s) is lower than 74, the water vapor in the air which
meets the low-temperature surface condenses into water and releases heat. This criterion
is used to determine whether the condensation will occur on the wall surface in this study

for all the parameters needed are easy to measure.



Ts < Td (4)

2.2 On-site measurements

The measurement objects are two underground stations on Tianjin Metro Line No. 5, one
is short-term measured and the other is long-term measured. Based on the results of the
two measurements are similar, the long-term measurement station is introduced here. The
station investigated has been built since 2017 and now is in the commissioning phase. It
is a 2-layers underground non-transfer station with PSDs, served by double tracks with
an island platform. The indoor environment of the public areas was measured. The
entrances and PSDs of the station were kept closing during the measurements and the

trains did not stop at this station.

The on-site measurements were conducted from August 1 to August 29", during the hot
and rainy period in Tianjin. The indoor air temperature and relative humidity (RH) at the
height of 1 m in the hall and 2.3 m in the platform, as well as outdoor climate were
recorded. Figure 5 shows the locations of the measurement points and Figure 6 presents
the onsite measurement situation in the station. The air temperature and RH were recorded
by sensors every ten minutes at six measurement points. As the wall at B and D side is
interior wall connected with the office room and has little heat transfer, the surface
temperature of walls and the upper structure of PSDs was measured near the air test points
by using the thermocouple which fixed on surfaces A and C at the hall and the upper
structure of PSDs, respectively. The air temperature and RH in the tunnel were also tested

in one day.
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Figure 5. Layout of the test points in the hall and platform.

For the experiment, all sensors, except the thermocouples, have been manufacture-
calibrated. For thermocouples, the constant temperature water bath method has been used
for the calibration. Detailed information is presented in Table 1.

Table 1

Measuring instrument information.

Measuring instruments  Parameters Range Accuracy
HOBO UX100 data Temperature -20°Cto 70 °C +0.21 °C
logger RH 1% to 95% +2.5%

Temperature -20°Cto 55°C +0.4 °C
Testo 175H1

RH 0% to 100% +2%
Platinum and Copper

Temperature 0°Cto50°C +0.5 °C
Thermocouples

Temperature -20 °C to 60 °C +0.5 °C
Testo 4051 + (0.1 m/s + 5% of

Velocity 0 m/s to 30 m/s

mv) (0 m/s to 2 m/s)

Fluke 568 infrared
Temperature -40 °C to 800 °C +1 °C
thermometer
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Figure 6. Onsite measurements in the station: (a) and (d) installing the sensor; (b) and (e)
measuring device and wall surface temperature; (c) measuring velocity at openings; and

(f) test point T1 settled in the tunnel.

2.3 Numerical approach

2.3.1 Model setup

In order to assess the overall moisture risk in the station, a numerical approach based on
the computational fluid dynamics simulation was conducted to predict the temperature
and RH field. Since the turbulence and temperature and RH field in the underground
station were complex, assumptions were made for quantitative analysis according to the

existing studies'”-3%:

(1) The air in the underground station is considered as incompressible fluid;
(2) The air meets the Boussinesq approximation;
(3) All radiation heat transfer is ignored;

(4) The temperature and RH of air from accesses and the leakage are considered constant
12



values because of the small changes;
(5) The flow field was assumed to be steady-state;
(6) There are always four staff assumed on duty in the station.
In addition, because the doors of the entrance and the PSDs were kept closing, as well as
the existing of the piston wind shafts, the value of air velocity at the staircase caused by
the piston effect was ranged from 0 m/s to 0.3 m/s within the few seconds of the train

passing by. Thus, the movement of trains in the tunnel was omitted in this simulation.

The geometric model of the station is illustrated in Figure 7. The size of hall is 92.5 m (L)
x 18.6 m (W) x5.0 m (H), and the size of the platform is 112.0 m (L) x 12.0 m (W) x4.5
m (H). Additionally, the size of the stairs’ openings between the station hall and platform
are 13.7m (L) x4.8 m (W), 13.3m (L)x 4.6 m (W), 13.7m (L) x 4.8 m (W), respectively.
The air supply and exhaust ducts are available on both sides of the station hall, with a gap
of 2 m between them. On the platform, the air supply and exhaust ducts were positioned
separately on each side, with a gap of 8 m. Furthermore, the dimensions and boundary

conditions of other objects in the station are shown in Table 2.

[7] Automatic gate machines
Lightings
[ Supply inlets
W Exhaust outlets
‘ Accesses
& /Pldlform [ Platform doors
N Information desks
[ Openings
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Figure 7. Schematic diagram of the station.

Table 2

Dimensions and boundary conditions for the objects in the station.

Item Dimensions (m) Boundary conditions
Automatic gate machines 2.5 % 0.6 x 1.2 25W

Lightings 80x 1.6;3.8x 1.6 13 W/m?

Supply inlets 0.6 x 0.6 Velocity inlet (2 m/s)
Exhaust outlets 0.8 x 0.6 Velocity inlet (3 m/s)
Accesses 4.8 x3;6.5%3 Pressure outlet
Platform doors 2.2 % 111.6 9 W/m?

Information desks 8x2.1x%x5 Adiabatic wall

13.7 x4.8;13.3x 4.6; 13.7 x 4.8
Openings Velocity inlet (24 °C; 75 %)
5.9x2.5;2.2%x2.5;2.2x2.5;59x%x2.5

Staff 0.3x0.8x1.7 31°C; 96 g/h (0.0267 g/s)
23 °C; 1.5 g/(m*-h) (0.0004
Walls Area of side walls
g/(m*-s))
Upper structure of PSDs 112 x 0.5 22 °C
Air leakage of PSDs 112 x 0.05 Pressure outlet

Notes: the velocity value for different scale of opening under the design condition was 0.8 m/s for
5.9 x 2.5; 1.2 m/s for 2.2x 2.5; 0.18 for 13.7x 4.8 and 0.21 m/s for 13.3% 4.6. The velocity value
for different scale of opening when increasing the exhaust air volume was 1 m/s for 5.9 x 2.5; 1.5

m/s for 2.2x 2.5; 0.22 for 13.7x 4.8 and 0.27 m/s for 13.3% 4.6.

The boundary conditions for this station model include flow obstacles of solid objects;
heat and moisture transfer from different objects; supply airflow; and airflows from the
outdoor through accesses and the tunnel through the leakage of PSDs. According to the
design manual provided by the Tianjin Metro company, the total power of AGMs was 25

W and the heat release rate from lighting was fixed as 13 W/m?2. The supply inlet and
14



exhaust outlet were settled as the velocity inlet, and the velocity value was 2 m/s and 3
m/s based on the design condition, respectively. The supplied air parameters for model
validation were T =28 °C, RH = 66.2%, and the parameters of the exhaust air were default
to the ambient environment. For the PSD system, the comprehensive heat transfer
coefficient of the sliding door is 3 W/(m?-°C),’! and the temperature difference between
platform air and tunnel air is ranged from 2-4 °C, hereby, a temperature difference of 3 °C
was used and the heat flux was obtained as 9 W/m?. The surface of the upper structure of
PSDs was 23 °C. The information desks, partition walls, stairs, and pillars were settled as
adiabatic walls. The openings were settled as the velocity inlet as the hall and platform
were simulated separately. The velocity of the openings at the platform level was obtained
by measurements, and the velocity of the openings at the hall level were calculated
according to the flow conservation. The staft and side walls of the hall were considered
as constant wall temperature boundary conditions and the surface temperature were 31 °C
and 24 °C, respectively. Staff in the station were also the source of moisture and the
moisture gain was 96 g/h.>? Other sources of moisture include walls (1.5 g/(m?-h)
according to the design manual) and humid tunnel air that penetrates into the station

through the leakage of PSDs.

The boundary conditions of accesses and leakage of PSDs were settled as the pressure
outlet, and the parameters were obtained by measurements. Figure 8 shows the
temperature and RH measured at the access and tunnel, and the frequent fluctuations of
the parameters were caused by train passing and the overall trend was stable. It can be

seen in Figure 8 that the temperature fluctuates around 25 °C within 1 °C, and RH
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fluctuates around 70 % within 5% in the access; the temperature fluctuates around 23 °C
within 0.5 °C, and RH fluctuates around 80 % within 5% in the tunnel. Considering the
fluctuations of these parameters are small as depicted in Figure 9, the air through accesses
were set T =25 °C, RH = 70%; that of the air through the leakage were T =23 °C, RH =

80%, respectively.
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Figure 8. (a) one of the access air temperature and RH profile and (b) tunnel air

temperature and RH profile with the interval of 30 s in summer.
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Figure 9. Boxplot of the (a) temperature and (b) RH at test points

The commercial software Airpak was applied to solve the governing equations with the
finite volume method. As the computational accuracy can be improved significantly by
adopting a reasonable numerical model, the standard k-¢ turbulence model has been used
due to its well-known accuracy for the indoor airflow design.’* The governing equations

for the standard k-£ model are as follows:

09

d d
a—xi(PUi@) =E)_xl~<F®6_xi)+S® (5)

where @ is a transport variable such as continuity (@ = 1), enthalpy, concentration of
moisture or velocity; p is density (kg/m?), I is a diffusion coefficient, U; is a mean
velocity component (U, V, W), and Sy is a mean source term. The @, I; and S, are

further listed in the Table 3.3*

Table 3

Dimensions and boundary conditions for the objects in the station.

Equation Type )] Iy Sp
Continuity 1 0 0
X-momentum Uy U+ pe — O_p
0x
dp
Y-momentum
Uy K+ e ~ 3
dy
Z-momentum dp
u + -
3 U He 9z
Energy T Ll + He St
pr oOr
Turbulent kinetic energy + He _
k H o Gy — pe
. . [lt E
Dissipation rate of k e U+ 0_8 A (C1:G — Cyepe)
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Where u is molecular viscosity; p; is eddy viscosity; G, = U (% + Ti’) %; Cie = 1.44;
J t J

Cye =192; 0, =1; 0, = 1.3.
Moreover, the continuity, momentum and energy conservation equations were solved by
employing the finite volume, the second-order upwind scheme and the SIMPLE
algorithm. The convergence residual magnitudes for continuity and momentum were set

to 10, while the residual of energy is 107,

2.3.2 Model validation

A grid-dependent study was performed by three different grid resolutions for both station
hall and platform, respectively. The study used nonuniform distribution on the grid nodes
concentrated near the supply inlets and walls. The maximum size of the grids are 0.4 m,
0.4 mand 0.2 min X, Y and Z axis, respectively. Figure 10 shows the results from the
grid dependence study for the hall and the platform. From Figure 10a, it could be found
that the dimensionless air temperature and humidity ratio (w) profiles near the wall and
the stair were approximately coincident, and the curve of Grid-H2 seemed to be closer to
the measured results. Figure 10b depicts the grid convergence study for platform and the
curve of Grid-P2 is between the other two curves and closer to the measured results.
Generally, the difference between the two finer grids is very small for both hall and
platform models. Therefore, Grid-H2 and Grid-P2 were considered sufficient. Given
necessary assumptions of the constructed models and the system errors of instruments, it
is concluded that the simulated results exhibit reasonably good agreement with the tested

results and the models can be adopted to predict the RH field in the following analysis.
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Figure 10. Grid dependence study: (a) grids for the hall (H1-1805481 nodes, H2-2808759
nodes, and H3-3011977 nodes) and (b) grids for the platform (P1-1085589 nodes, P2-

1831356 nodes, and P3-2089446 nodes).

2.3.3 Modelling of different scenarios

To analysis the moisture condensation in a common scenario, the designed ventilation
condition (scenario 1) was used in this study. The supplied air parameters for public areas
under the designed condition are T = 26.4 °C and RH = 63%. In addition, to reduce the
risk of condensation under design conditions, two dehumidification solutions have been
proposed. The principle of selecting a dehumidification solution was that it should be
universal, matured, easy-to-operate and with appropriate cost. Solution 1 was to reduce
the RH by increasing the exhaust air volume (scenario 2); Solution 2 was to reduce the

RH by using industrial dehumidifiers (scenario 3).

3 Results and discussion

3.1 Measurement results

As shown in Figure 11, the air temperatures in both sides of the station hall and the
platform changed within the range of 23.9 °C to 28.5 °C and 22.9 °C to 28.4 °C,

respectively. The RH changed within the range of 32.4% to 87.9% and 37.8% to 94.1%,
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respectively. The air temperature was relatively stable, with a fluctuation range of around
5 °C. The RH, however, was varying significantly, with a maximum fluctuation of nearly
60%. Because it was a period of concentrated rainfall days in early August, and the
maximum RH of outdoor can be reached 92%. In most periods, the temperature in the

hall was higher than that of the platform, and the RH in the hall was lower than that of

the platform.
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Figure 11. Station air temperature and RH at test points.

The frequency distribution of the RH for the public areas represented by test points H2
and P2 over test period is presented in Figure 12. In this study, the humidity environment
is classified into four levels: “not wet” (RH < 70%), “slightly wet” (70% < RH <

80%), “wet” (80% <RH < 90%) and “very wet" (RH >90%).°
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Figure 12. Frequency of the station’s RH over the test period.

In Figure 12, it can be observed that the proportion of the “not wet” level in the hall was
55.9%; the proportion of “slightly wet” level was 33% and the “wet” level was 11.1%,
“very wet” were not observed over the test period. Conversely, for almost 30% of the
testing time, the platform had RH levels of ‘wet’ or even ‘very wet’, which indicated that

the interior surface of the platform has a relative high risk of condensation than the hall.

Figure 13 demonstrates that the surface temperature of the interior walls on both A and C
sides in the station hall was kept around 24 °C, which was always higher than the dew
point temperature of the surrounding air. Figure 14 shows that the upper structure surface
temperature of the PSDs on both A and C sides were changing within the range of 20.1 °C
to 25.3 °C. There was a period when the surface temperature was lower than the dew point
temperature of the surrounding air, which means the occurrence of condensation on the
surface and further confirms that the platform was facing a greater risk of condensation
than the hall. Moreover, by observing the data, the condensation usually occurs in the

early morning and rainy days.
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Figure 13. Comparison of the interior wall surface temperature and the hall air dew point

temperature.
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Figure 14. Comparison of the upper structure surface temperature and the platform air

dew point temperature.

3.2 Simulation results

As the wall surface temperature was field measured and its moisture risk was analysed,
the moisture risk of AGMs and motors of the PSD system was explored by simulation in
different scenarios. Moreover, the height of 1 m in the hall and 2.5 m in the platform were
monitored in the simulation as the AGMs and motors were distributed at these height
levels. If the RH level at these heights is too high, the normal operation of these equipment
would be threatened. Based on the premise of keeping electronic devices safety and

occupant health requirements, the standard for controlling indoor moisture level is that
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the RH value ought to be < 70%.3° In other words, the indoor moisture should keep in

“not wet” level.

3.2.1 RH field of the hall in different scenarios

Figure 15a presents the distribution of RH in scenario 1 and it can be seen that the RH
was between 65% and 70% in most areas, with the maximum value of RH exceeding 70%
near the wall surfaces of both sides. The value of RH of the air around AGMs on the A

side was about 67%, and around AGMs on the C side was higher, between 65% to 72%.
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Figure 15. The RH distribution in the plane Z = 1 m of the hall: (a) the designed ventilation
condition (scenario 1), (b) solution 1 (scenario 2) and (c) solution 2 (scenario 3).

To reduce indoor RH level, the exhaust air speed was increased to 4.5 m/s to exclude the
humid air in the public area in scenario 2. Figure 15b shows that the RH level around the

AGMs on the A side was ranging between 64% and 69%, and ranging between 64% and
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70% on the C side, basically meeting the criterion.

In scenario 3, the industrial dehumidifier was used to improve the moisture environment
in the design condition. The industrial dehumidifiers manage the air through its
evaporator and condensers. When the evaporator coil picks up heat from the incoming air,
the condenser coil releases heat into the outlet air and then mixes with the air downstream
of the outlet.3® As the placement of industrial dehumidifiers can be different, the results
presented here were the best results obtained by several attempts of changing the positions

and directions.

For the hall level, five industrial dehumidifiers were arranged as shown in Figure 15c¢. It
can be seen that the horizontal RH distribution in the hall was clearly divisional due to
the use of industrial dehumidifiers. The level of RH around AGMs was basically around
60%, which fully met the dehumidification target. The area with relative high level of RH
appeared in the middle area, which was away from AGMs, and the highest value of RH
was less than 72%. Areas at both ends of the hall also had a good dehumidification effect,

with both values were below 70%.

3.2.2 RH field of the platform in different scenarios

Figure 16a exhibits the distribution of RH in the platform in scenario 1. It can be seen
that the RH was ranging from 68% to 75% at the A (supply air) side and 75% to 85% at
the C (exhaust air) side. The maximum value of RH reached 85% at the exhaust side,

which is not good for the operation of motors.

According to Figure 16b, the level of RH of most areas of supply air side was between
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70% and 75%, and the RH of the exhaust air side remained between 80% and 85%. In
scenario 2, increasing the exhaust air speed seems to inhale more humid air from the
tunnel through the leakage of PSDs, resulting in a higher air RH distribution than that of

scenario 1.
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Figure 16. The RH distribution in the plane Z = 2.5 m of the platform: (a) the designed
ventilation condition (scenario 1), (b) solution 1 (scenario 2) and (c¢) solution 2 (scenario
3).

In scenario 3, three industrial dehumidifiers were arranged at the exhaust inlets’ side on
the platform, as shown in Figure 16c¢. It can be observed that after using them, the air RH
of most areas on this side was between 60% and 71%. In addition, although the levels of
RH at both ends of the platform were relatively high, these areas were small, which would
not bring hazards to the normal operation of PSDs. Therefore, solution 2 achieved the

dehumidification target at this level.
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3.2.3 Quantitative comparison of different scenarios

To compare the levels of moisture around the equipment in different scenarios more
intuitively, the values of RH and humidity ratio (w) at the height of 1 m of the hall and 1
cm away from the AGMs, as well as at the height of 2.5 m of the platform and 1 cm away
from the PSDs, were used, respectively. The minimum, maximum, and average values of

RH and w at these locations were counted separately at both A and C sides of the station.

The comparison of the RH and w in different scenarios has been presented in Table 4 and
Table 5. Comparing with scenario 1, the ranges of RH in scenario 2 around the AGMs at
both sides of the hall were similar, but the average value of RH dropped in most locations.
In the platform, the differences of both sides can be attributed to the layout of the
ventilation ducts, as the supply air duct is away from the exhaust air duct, and so the
exhaust air has little effect on the humidity of surrounding air. When comparing scenario
3 and scenario 1, the average value of RH decreased in all locations, and the rate was
higher than scenario 2. This indicated that the dehumidification effect of industrial

dehumidifiers was more significant than that of increasing exhaust air volume.

Table 4

Comparison of RH in different scenarios.

Location Air near the AGMs Air near the upper structure of PSDs
RH Side A Side C Side A Side C
Scenario range average range average range average range average

Scenariol  65.8-71% 69.9% 66.3-72% 70.8% 79.5-85% 81.3% 83.1-85% 83.4%

Scenario 2 64-70% 68.3%  64.7-71%  70.1% 82.9-85%  82.6%  83.2-85%  84.2%

Scenario 3 60-70% 63.5% 60-67% 61.4% 62-82% 65.2% 61-84% 66.5%

Table 5 exhibited the level of w in different scenarios. As the value of w was 14.11
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gwater/Kgair for tunnel air, higher than that for supply air, which was 13.61 gwater/kgair, the
results also indicated that increasing exhaust air volume was not a good solution under
the design conditions because it would suck humid tunnel air into the platform. On the
other hand, the industrial dehumidifier was proved more efficient when comparing the

average value of w.

Table 5

Comparison of w (gwater/kgair) in different scenarios.

Location Air near the AGMs Air near the upper structure of PSDs
Side A Side C Side A Side C
range average range average range average range average

Scenariol 13.61-13.69 13.65 13.62-13.69 13.67 13.85-13.91 13.86 13.85-13.91 13.89

Scenario2 13.58-13.67 13.63  13.61-13.72 13.64 13.78-13.92 13.88 13.85-13.96 13.93

Scenario 3  12.23-13.39 1258 12.18-13.01 1249 1257-1391 1295 12.11-13.92 12.60

4 Conclusions

Metro stations often have condensation issues due to the lack of effective moisture control,
especially in the commissioning and initial operation phases. These issues would lead to
negative influence on both IAQ and equipment operation. To justify the issues and provide
solutions, this paper presents a holistic approach for assessing and controlling the
moisture environment in metro stations. Firstly, the indoor environment of underground
stations has been investigated through on-site measurements in Tianjin during the summer
time. Then, a numerical model used for predicting the distribution of RH under different
scenarios was established, with validation against measurements. Lastly, the effects of the
two dehumidification solutions were numerical analyzed. According to the results, the

following conclusions are drawn.
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(1) The on-site measurement showed that the air temperature in public areas changed
within the range of 23 °C to 28 °C and the RH changed within the range of 30% to
90%, respectively. The air temperature in the station was maintained relatively stable,
but with significantly changing humidity. The temperature of the hall was higher than
that of the platform, and the humidity of the hall was lower than that of the platform

in most times of summer.

(2) For almost 30% of the testing time, the platform had RH levels defined as either “wet”
or “very wet”. Conversely, for approximately 11% of the overall test time, the RH in
the hall fell within the range of “wet”. The surface of the upper structure of PSDs had
a higher risk of condensation than that of the interior wall in hall level, especially in

early morning and rainy days. Thus, the platform is a key area for moisture control.

(3) The simulation results showed that no condensation in the station under the design
conditions. In some areas, however, the RH would exceed 70%. Increasing the exhaust
air volume would decline the humidity in the hall but increase the air humidity near
the exhaust inlets in the platform as the inhalation of more humid air from the tunnel.
The effect of industrial dehumidifier was more significant and flexible than increasing

exhaust air volume.

This study using both measurement and simulation methods to enhance moisture control
in the public areas of underground stations has practical significance on protecting and
ensuring the continuity of operation of metro networks. In future research, the cost
evaluation and optimal placement of dehumidifiers, as well as the operation mode of

ventilation systems, could be conducted to achieve global optimal control of the moisture
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level in public areas. Moreover, the moisture environment of technical or facility rooms

in metro stations will also be investigated.
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