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Highlights:

What are the main findings?

e  Ventilation experiment of the main cable of the suspension bridge during the operation period.
What is the implication of the main finding?

o  The parameter design of the dehumidification system is guided by the ventilation experiment data.

Abstract: Moisture in the main cable is the main cause of steel wire corrosion. Modern suspension
bridges utilize main cable dehumidification systems to prevent corrosion. The main cable venti-
lation experiment can help the selection of the system parameters. This research is based on the
ventilation experiment of the main cable of Xihoumen Bridge to obtain the design parameters of
the dehumidification system. According to the experiment, the suitable dehumidification distance
is 150-180 m; the pressure loss of the main cable with a length of 150 m is 200-300 Pa, so the inlet
pressure should be higher than 300 Pa; increasing the outlet clamp can increase the dehumidification
efficiency; Under single inlet and double outlet situation, every 100% increase in air volume increases
the dehumidification capacity is about 35%. The water content of the main cable of Xihoumen Bridge
is 5.74 kg/ m3, and 1 m3 of dry air can remove 5.5 g of water under experimental conditions, and the
minimum air volume is 30 m?/h. The main factors affecting the dehumidification time are air volume
and leakage rate. Input these parameters into the dehumidification system for the dehumidification
experiment, and the water content of the outlet clamp will drop by about 37.5% within ten days.

Keywords: suspension bridge; dehumidification system; main cable; ventilation experiments;
anti-corrosion system

1. Introduction

The Menai Suspension Bridge in England is the earliest created suspension bridge in
the world. It was built in 1826 and has a main span of 577 feet [1]. It is the first large-scale
suspension bridge in the world. Since then, many famous suspension bridges have been
built around the world, such as the Brooklyn Bridge in New York City, the Golden Gate
Bridge in San Francisco, and the Akashi Kaikyo Bridge in Japan. Suspension bridge designs
have a service life of over 100 years. Many efforts have been made to ensure the safety of
suspension bridges. Fakhimi et al. provided an effective heuristic solution method based
on an exact solution to the MILO problem through model analysis and computational
experiments [2]. Suspension bridges are subjected to loads from various aspects for a
long time during operation, and Ghyabi et al. proposed a method for quantifying bridge
deformation based on vision [3]. The main cable is the main force-bearing structure of the
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suspension bridge, which determines the operation safety of the suspension bridge [4].
The main construction material of the main cable is steel, and its greatest threat during
operation is corrosion [5]. Moisture in the main cable is the main cause of its corrosion [6].
When the ambient humidity is higher than 60%, the corrosion rate of steel will be signifi-
cantly accelerated. The accelerated corrosion experiments conducted by Suzumura and
Nakamura [7,8] show that under the condition of 100% relative humidity, the life index of
the main cable steel wire is only 34 years. In order to prevent corrosion of the main cable,
people install a protective layer on the outside of the main cable to isolate the moisture in
the external environment and other media that cause corrosion, so as to protect the internal
environment of the main cable. However, there is a gap of several months between the
erection of the main cable and the installation of the passive anti-corrosion system for the
main cable. During this period, rainwater invades and accumulates inside the main cable,
still causing corrosion. The coating wrapped around the outside of the main cable will crack
as it ages over time, causing the protective putty wrapped inside to be completely exposed
to the air. As the weather changes, the physical and chemical properties of the protective
putty change, and its anti-corrosion effect on the main cable also disappears. Traditional
anti-corrosion technology can only delay the speed of corrosion to a certain extent and
cannot prevent corrosion from occurring. Nowadays, people use dry air to dehumidify
the main cable wire to prevent corrosion [9,10]. This method was first used on the Akashi
Kaikyo Bridge [11]. The main cable dehumidification system uses dry air prepared by a
dehumidifier as a desiccant [12]. After cooling and pressurization, it enters the interior of
the main cable steel wire from an air clamp. After absorbing a certain amount of moisture,
it is discharged to the atmospheric environment or flows to the inlet of the dehumidifier
through another air clamp for dehumidification before entering the next dehumidification
process [6,11,13].

When using dry air to protect the main cable, Air flows radially into the main cable
at the air inlet clamp, then flows axially, and finally flows radially out of the main cable
at the outlet clamp. Dry air absorbs moisture in the main cable while flowing, drying,
and dehumidifying the internal environment of the main cable. After a certain period of
time, the relative humidity of the internal environment of the main cable can be kept below
60% [14,15], so that the steel wire inside the main cable does not have the conditions for
rusting and will not corrode, thereby protecting the main cable [8,16].

The design of the main cable dehumidification system involves many parameters [13],
mainly including: internal water content of the main cable, pressure loss, air volume,
pressure, dehumidification time, and dehumidification distance, and there is a complex
relationship between these parameters. Excessive intake pressure will cause the outer layer
of the main cable to be subject to circumferential expansion force, which may damage the
outer layer of the main cable. Cao et al. tested the circumferential expansion performance
of the outer winding system of the main cable of the suspension bridge [17]. Chen et al.
proposed the design of an air supply inside the main cable [18]. This design installs the
air supply pipe inside the main cable, but it is not suitable for the suspension bridge that
has been built. Also, Wei Chen et al. studied the internal resistance loss of the air supply
pipeline [19]. Wei et al. treated the complex flow of fluid inside the main cable as the
flow in a circular pipe of equivalent diameter [20]. Peng et al. found that the air flow
and dehumidification time in the main cable are directly proportional to the supply air
flow, and inversely proportional to the supply air length and leakage rate [13]. On the
basis of experiments, Jia et al. obtained the empirical formula of the dry air mass transfer
coefficient [21]. These studies provide a reference for the design of the dehumidification
system of the main cable of the suspension bridge, but the conditions of different suspension
bridges are inconsistent.

The main cable ventilation experiment can help us to select these parameters [22,23].
The Xihoumen Bridge has been built for more than ten years. In order to ensure its safe
operation, it was decided to install a dehumidification system for the main cable. As
the main cable length, service life and actual operating conditions of each suspension
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bridge are different, there is no similar dehumidification system design available for
reference. The design team had to find a way to guide the design of the main cable
dehumidification system. Recently, the first ventilation experiment of suspension bridge
main cables during the operation was conducted on Humen Bridge. Through experiments,
the researchers found that the outer layer of the main cable of the Humen Bridge had
serious leakage, and the interior was full of corrosion, so the dehumidification system had
to use higher pressure and air volume. It has also been found that increasing the number
of vents facilitates the drainage of moisture. The design team wants to use the previous
experience of the Humen Bridge to conduct ventilation experiments on the main cable of
the Xihoumen Bridge. Based on the experiments, the team will be guided in the design of
the dehumidification system. Based on the main cable ventilation experiment of Xihoumen
Bridge, this study selects the appropriate inlet pressure, air volume and dehumidification
distance for the dehumidification system of the main cable. Estimate the dehumidification
time by calculating the water content inside the main cable, the dehumidification capacity
of dry air and the leakage rate.

2. Materials and Methods
2.1. Introduction to the Xihoumen Bridge

The Xihoumen Bridge, located in Zhoushan City, Zhejiang Province, China, is a critical
component of the Zhoushan Cross-Sea Bridge project. This bridge has been in operation
for over a decade, thus our measurements should be ensured the health and safety of the
bridge’s main cable when installing a dehumidification system. In order to obtain more
detailed data on the internal ventilation conditions of the main cable, an initial ventilation
and dehumidification experiment was conducted on the main cable section to determine
its internal resistance characteristics. The experimental results were used as a basis for
designing the main cable dehumidification system.

2.2. Introduction to Ventilation Experiments

The ultimate goal of the ventilation experiment is to design the parameters for the
main cable dehumidification system. The parameters that need to be determined include:
dehumidification distance, air inlet pressure, air volume, air leakage rate, and the optimal
air supply mode. By changing the distance between the air inlet and outlet while keeping
other conditions constant, the optimal dehumidification distance for that main cable section
can be determined. By changing the air inlet pressure while keeping other conditions
constant, the optimal air supply pressure and air volume under those conditions can be
determined. The air leakage rate of the main cable can be inferred from the difference in
flow rate between the air inlet and outlet.

2.3. Ventilation Experiment Arrangement
2.3.1. Selection of Experimental Section and Equipment Layout

Due to the considerable length of the main cable, conducting ventilation experiments
along its entire length presents significant challenges and incurs high costs. As such, the
lowest point in the middle of the main cable is typically selected for ease of construction
and installation of experimental equipment.

In the selection of the experimental distance, the experimenters referred to many
suspension bridges that have been installed with dehumidification systems. The dehumidi-
fication distance of some suspension bridges is shown in Table 1.
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Table 1. Dehumidification distance of some suspension bridges in China.

Name Main Span Dehumidification Distance
Jiangyin Yangtze River Bridge 1385 m 170 m
Runyang Bridge 1490 m 210 m
Qingshui River Bridge 1130 m 200 m
Yangsigang Yangtze River Bridge 1700 m 150~200 m
Longjiang suspension bridge 1196 m 200 m
Jin’an Jinsha River Bridge 1386 m 150~200 m

Based on the dehumidification distance used by previously implemented main cable
dehumidification systems, a total length of 396 m at the lowest point of the Xihoumen Bridge
main cable span was selected as the experimental section. Within this section, experimental
distances of 90 m, 72 m, 54 m, and 36 m were chosen and tested using different distance
combinations. The layout of the experimental section is shown in Figure 1.
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Figure 1. (a) General layout of main cable ventilation experiment; (b) Layout of main cable ventilation

experiment equipment.

2.3.2. Experiment Equipment
(1) Rotary dehumidification

Figure 2 shows the rotary dehumidifier used in the experiment. Rotary wheel dehu-
midifier is the most commonly used dehumidification equipment in the suspension bridge
dehumidification system at present. Its dehumidification principle is mainly physical
adsorption. When the external air passes through the non-stop rotating dehumidification
wheel, the water vapor in the air is absorbed by the porous honeycomb in the dehumidi-
fication wheel. The shape of the adsorbent material is adsorbed, and the air humidity is
reduced. When the rotating dehumidification wheel passes through the regeneration area
of the dehumidifier, it is heated so that the adsorbed moisture becomes water vapor again
and is discharged. Table 2 shows the relevant parameters of the rotary dehumidifier.



Buildings 2023, 13, 1386 50f21

Figure 2. Rotary dehumidifier.

Table 2. Parameters of the rotary dehumidifier.

Index Require Remark
Rated dehumidification capacity >6kg/h At 20 °C, humidity 80%
Rated energy efficiency <1.4KW/kg At 20 °C, humidity 80%
Rated air volume 690 Nm?/h
Dew point temperature <-5°C
Regeneration temperature 100~150 °C
Power supply system TN-S
Power supply frequency 50 Hz

(2) High pressure fan

Figure 3 shows the high-pressure blower used in the experiment. In the experimental
system, a high-pressure fan is required to provide pressure and send air into the interior
of the main cable. Since the experiment needs to obtain data on different inlet pressures,
the high-pressure fan needs a larger adjustment range. Its related parameters are shown in
Table 3.

Figure 3. High pressure fan.

Table 3. Parameters of high-pressure fan.

Index Require
Fan type Centrifugal
Motor type Induction motor
Number of motor phases Three phase
Power factor >0.85
Rated voltage 380V AC

Power supply frequency 50 Hz
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(3) Pressure sensor

Figure 4 shows the pressure sensor used in the experiment. During the experiment, it
is necessary to monitor the internal pressure of the main cable inlet and outlet clamps to
adjust the inlet pressure and obtain pressure data related to other positions. The pressure
sensor parameters are shown in Table 4.

O

Figure 4. Pressure sensor.

Table 4. Parameters of the pressure sensor.

Index Require
Range 0~10 kPa
Precision 0.25% FS
Power supply 24V DC
Degree of protection IP65
Operating temperature range —40~85°C
Installation method Threaded installation

(4) Flow rate sensor

Since the experimental system uses a DN50 pipe as the air supply pipe, the diameter
is small and there is no suitable area to install a flow sensor, a flow rate sensor is used to
obtain the internal flow rate of the pipe, and the corresponding air volume is obtained
through conversion. This method replaces the flow sensor. Figure 5 shows the flow rate
sensor used in the experiment. The relevant parameters are shown in Table 5.

Figure 5. Flow rate sensor.
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Table 5. Parameters of flow rate sensor.

Index Require
Range 0~30m/s
Precision 0.1m/s
Power supply 24V DC
Degree of protection P65

(5) Humidity Sensor

Figure 6 shows the humidity sensor used in the experiment, and its parameters are
shown in Table 6.

Figure 6. Humidity sensor.

Table 6. Parameters of the humidity sensor.

Index Require
Range 0~100% RH
Precision 1%
Power supply 24V DC
Degree of protection P65

(6) Installation of some experimental equipment

The specific installation of some experimental equipment are shown in Figure 7.

2.4. Experimental Procedure

The Xihoumen main cable ventilation experiment is divided into three parts.

2.4.1. On-Off Experiment

An inspection of the main cable of the Xihoumen Bridge revealed that its interior was
filled with corrosion products and had poor ventilation conditions. Prior to the formal
experiment, an on-off experiment was conducted to evaluate the gas flow conditions inside
the main cable. A total of 7 air clamps were installed in the experimental section, numbered
3,2,1,0, A, B, and C. Among them, air clamps A and 1 were not equipped with guide
plates. Before the experiment, air was supplied to each air clamp separately to ensure that
the air clamp could be ventilated. With the air supply flow rate kept constant, air was
supplied to each air clamp and the pressure of the air clamp was monitored. The on-off
experiment can also determine whether this conduction method can improve gas flow
conditions and thereby enhance the dehumidification effect of the main cable. Figure 8
shows the guide plate installation process.
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Figure 7. (a) Installation of air clamp and pipeline; (b) Installation of air clamp and pipeline; (c)
Sensor installation; (d) Installation of monitoring equipment; (e) Sensor installation; (f) Ventilation
experiment dehumidifier installation.

Figure 8. (a) Main cable with outer protective layer removed; (b) Install the guide plate.

2.4.2. Ventilation Experiment

Within a total length of 396 m of the main cable section, seven air clamps were installed.
One or more air clamps were selected as inlet clamps and one or more air clamps as outlet
clamps. Different positive pressures were applied at the inlet clamps and the gas flow rate,
temperature and humidity at the inlet and outlet clamps were monitored and recorded.
Each combination of inlet and outlet became a working condition, and different inlet
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pressures were tested under each working condition. After the sensor readings stabilized
for a period of time, data was recorded. The entire ventilation experiment had a total of
20 working conditions.

2.4.3. Dehumidification Experiment

Dehumidification experiment Based on the parameters of the dehumidification system
obtained from the analysis of data collected from ventilation experiments, overall dehumid-
ification was carried out in the main cable experimental section by simulating the operation
of the main cable dehumidification system. Dry air was introduced into the main cable and
data on gas at inlet and outlet clamps was recorded. After prolonged dehumidification, the
internal environment of the main cable was reduced to a humidity level where steel wire
corrosion is unlikely to occur. The dehumidification rate of the main cable dehumidification
system was estimated, and it was possible to understand the correlation between weather
data and operating conditions of the dehumidification system which is helpful for guiding
operation after commissioning.

3. Results
3.1. On-Off Experiment

Air clamps 3, 2, 1, 0, A, B, and C were opened separately as inlet clamps while all
remaining air clamps were closed when a single air clamp was opened. The impact of
installing guide vanes on dehumidification system intake efficiency was evaluated by
detecting pressure data at that air clamp. Test data is shown in Table 7.

Table 7. Pressure gauges of each air clamp for the on—off test.

Inlet Pressure (Pa)
C B A 0 1 2 3
C 523 204 52 5 0 0 0
B 230 703 208 58 10 0 20
A 25 223 1282 103 29 0 21
0 12 78 195 1038 286 13 16
1 0 10 25 226 1941 120 34
2 0 0 0 23 148 921 98
3 0 0 0 0 9 34 936

During the experiment, the dehumidifier maintained its maximum outlet power. The
results showed that at the same air clamp, the pressure of the A and 1 air clamps without
the guide plate installed was significantly higher than that of the air clamps with the guide
plate installed. After peeling off the outer protective layer of the main cable, it was found
that the inner steel wire was filled with protective putty that was difficult to remove, which
prevented dry air from entering the main cable. The function of the guide plate is to pry
open a gap for the steel wire, so that the dry air can be easily sent into the main cable
without destroying the stress structure of the steel wire. The experimental results show that
the installation of the guide plate has a positive effect on the dry air entering the main cable.

3.2. Ventilation Experiment

First, test the single inlet and outlet conditions. According to different combinations
of inlet and outlet air clamps, multiple dehumidification distances can be obtained. Select
working conditions with dehumidification distances of 90, 216, 306, and 396 m. Run the de-
humidifier at maximum power and perform inlet and outlet air tests during these working
conditions. The results are shown in Table 8. It was found that when the dehumidification
distance was above 306 m, no outlet data could be detected by the outlet clamp. When the
dehumidification distance was 306 m, a weak airflow could be detected by the outlet clamp.
At this time, the outlet ratio was below 5%, and the dehumidification effect was not ideal.
Therefore, the best experimental distance is between 90~216 m.
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Table 8. Discharge ratio of dehumidification distance under partial conditions.

Maximum Dehumidification Discharge
Inlet  Outlet Distance (m) Ratio (%)
3 2 90 15.05
3 0 216 8.602
3 B 306 4.301
3 C 396 0

The shorter the dehumidification distance under the same air volume, the better the
inlet and outlet effect. The results of the single supply and outlet indicate the gas flow
status inside the main cable of the Xihoumen Bridge. Judging from the experimental data,
when the supply air distance reaches more than 200 m, the discharge ratio is extremely low
and the gas has been lost before reaching the outlet clamp. The parameters for selecting the
dehumidification distance can refer to single inlet and outlet results, that is, it should not
exceed 200 m, and a higher dehumidification effect can be obtained between 150 m and
180 m.

Next, analyze single inlet and double outlet conditions. Choose working condition 1
(2 inlet, 3 and 0 outlets); working condition 2 (0 inlet and 2 and B outlets) for two experimen-
tal conditions. The experimental results and fitting curves are shown in Figures 9 and 10.
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Figure 9. Test data and fitting results of condition 1.

The experimental data of single inlet and double outlet presents a certain regularity. By
fitting the experimental data with a curve, the best fit to the measured data is achieved when
the fitting function is a cubic polynomial function. At low pressure, a higher discharge ratio
can be obtained, but due to the small air volume, the amount of gas discharged is small, the
amount of water that can be discharged is less, and the corresponding dehumidification
time will increase. The discharge ratio of both working conditions decreases rapidly when
the inlet pressure is 200~400 Pa; the discharge ratio tends to be stable when the inlet
pressure is 400~750 Pa. When the pressure exceeds a certain value, the change in the
discharge ratio brought about by continuing to increase the pressure is not obvious.
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Figure 10. Test data and fitting results of condition 2.

To analyze the change in dehumidification benefits brought about by increasing air
volume, the inlet air volume and outlet ratio at 200 Pa are used as baseline values, and data
at other pressures are used as changes, as shown in Figure 11.
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Figure 11. The rate of change in air volume varies with pressure.

The change in outlet air volume varies with the change in inlet air volume. The overall
trend is consistent, but the slope k(Change rate of air volume at inlet and outlet) of the line
segment is different. The increase rate of the outlet is obviously lower than that of the inlet.
In working condition 1, when the inlet pressure increases from 200 Pa to 300 Pa, there is
no change at the outlet end, and even a downward trend appears when the inlet pressure
increases from 400 Pa to 500 Pa. In working condition 2, although there was no decline
during the process of increasing pressure from 200 Pa to 500 Pa, the growth rate was lower
than that of inlet pressure above 500 Pa.
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To explore the impact of increasing outlet clamps on dehumidification effects, a single
air inlet, and four air outlet conditions were also performed. The change of outlet ratio
with pressure and fitting curve is shown in Figure 12.
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Figure 12. Test data and fitting results.

The residual values of both single-inlet four-outlet and single-inlet double-outlet
fitting functions are smallest when they are cubic polynomials, and their fitting curves are
closest to the original data. The regularity shown by the single-inlet four-outlet experiment
is similar to that of the single-inlet double-outlet experiment. The difference is that the
multi-outlet overall discharge ratio is higher and increasing the number of outlet clamps
can improve the discharge ratio. Similarly, taking inlet and outlet air volume at 200 Pa as
baseline value and plotting changes in air volume at other pressures as shown in Figure 13.
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Figure 13. The rate of change in air volume varies with pressure.
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Compared with the data of double discharge, the outlet benefit brought by increasing
the inlet air volume of a single inlet and four discharge is lower than that of double
discharge. In double discharge, an increase in outlet up to 120% requires an increase in
inlet up to 160% of the baseline, while four discharge requires approximately 220% of the
baseline value for the inlet to increase by 20% of the discharge. Multiple outlet clamps
improve the discharge ratio, but each outlet clamp dilutes the effect brought about by
increasing inlet pressure when increasing inlet pressure. To improve the outlet volume of
multi-outlet, greater inlet pressure, and air volume are required.

4. Discussion
4.1. Water Content in the Main Cable

The water content in the main cable is important data for calculating the drying time
and air volume. There are mainly two sources of water in the main cable. One is due to the
long construction process, which is easily affected by factors such as rainfall, and water
remaining inside. The second is the dynamic load during the use of the main cable, aging,
and damage of the outer protective layer, causing water vapor in the air and rainwater
to invade on rainy days [24]. The water content in the main cable is difficult to measure.
According to a test result from Jiangsu Provincial Transportation Planning and Design
Institute, for parts where the angle between the tangent of the suspension line of the main
cable and the horizontal direction is within 0~11°, the water content is calculated as 7.5%,
and other parts of the main cable The water content is calculated as 5%. When estimating
the actual water content of the main cable, 5~7.5% can be selected according to the actual
steel wire laying conditions inside the main cable.

The pores in the main cable are generated by stacking thousands of steel wires. The
porosity can be calculated by the cross-sectional area inside the main cable, steel wire
diameter, and steel wire quantity [13].

e= 1 M)

7'[1’021

where ¢ is the internal porosity of the main cable, S; is main cable cross-sectional area, rg is
wire radius, I is the number of wires.

Generally, the porosity of main cables is around 20% (However, the porosity will
change with different bending angles of the main cable, and the temperature change will
cause the thermal expansion and contraction of the steel wire to also affect the porosity.
20% here is an estimate). Water occupies 5% of the pores in the main cable [20]. The amount
of water contained in the main cable segment of length L is:

W = 0.05¢L7tr? )

where W is the amount of water contained in the main cable, ¢ is the internal porosity of
the main cable.

According to the data of the main cable of Xihoumen Bridge, the water content of
the main cable is 5%, and the water content inside the main cable of Xihoumen Bridge is
calculated as 5.74 kg/m?.

4.2. Pressure Loss and Inlet Pressure

The key issue of main cable dehumidification is the problem of air flow and heat and
mass exchange. The theory involved in this kind of air flow and heat and mass exchange
problem in a narrow space is complex. In order to facilitate analysis and calculation, some
simplifications are made to the problem according to actual conditions.

Air flows from the main cable air inlet clamp to the outlet clamp. According to an
experimental report by Jiangsu Provincial Transportation Planning and Design Institute,
the pressure change during this flow process generally does not exceed 3%. (Based on the
experimental data of Humen Bridge and Runyang Bridge), with the purpose of protecting
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the outer protective layer of the main cable. Therefore, the pressure change during air
flow in the main cable cannot exceed 4% [25], and the temperature change is also small.
Therefore, the density change during air flow in the main cable can be ignored, and other
physical property parameters can also be regarded as constants for the same reason. In
theoretical analysis and processing of experimental data, it is carried out according to
common physical property problems.

During air flow in the main cable due to continuous absorption of water in the main
cable participating fluid mass variable on different sections of main cable flow and heat
and mass exchange affect each other increasing the complexity of the theory However
according to data tested by Runyang Bridge and Humen Bridge fluid mass change in a
main cable about 1% can be ignored [25]. Therefore, research does not need to couple flow
and heat and mass exchange problems. Fluid flow resistance and heat and mass exchange
can be treated separately.

4.2.1. Navier-Stokes Equation

In terms of size, the length of the suspension bridge main cable is in kilometers, and
the diameter is generally about one meter. Its length is much larger than its diameter.
According to fluid mechanics theory, it can be simplified into one-dimensional flow along
the main cable direction. Then there is the Navier-Stokes equation [26] as follows:

_lop Ru, 1du, 1%, d*u,
E=0atGr 3% T T o) )
After simplification:
F_ oy du,  dg du, Jdu, @
L, = ==

o Y T e T,

Use the Reynolds number calculation formula to judge the fluid flow state in the
main cable:

Re = — 5)

where Re is Reynolds number, p is fluid density, u# is dynamic viscosity coefficient, v is flow
field characteristic velocity, L is flow field feature length.

The internal gas of the main cable is regarded as air, and the characteristic velocity
of the flow field is low, and the Reynolds number is small, and the flow state belongs to
laminar flow. The complex flow can be regarded as flowing in a circular tube with an
equivalent diameter of D [20], and the calculation formula for the equivalent diameter is

as follows: A
D= 7 (6)

where D is the equivalent diameter of the round tube, A is flow cross-sectional area, x is
the wetted perimeter.

Then according to the theory of steady laminar flow in a laminar circular tube in fluid
mechanics, calculate the velocity distribution on the axis of this equivalent diameter circular
tube flow: "

2_ 2
e = g (R =717 @)
where 1, is axial flow rate, 7 is specific weight, y is dynamic viscosity, | is hydraulic slope,
r is the distance from any point in the tube to the center of the circle.

Considering that the flow direction is approximately perpendicular to the direction of
gravity (in actual operating suspension bridges, the main cable is a suspension line, and
the fluid in it is gas), the influence of volume force is ignored and obtained:

Ap =]l ®)
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where | is the length between the inlet clamp and the outlet clamp.
Substitute the general expression for hydraulic gradient into arrangement [27]:

1 1pV?
_ 1 lev”

p=3A"5 ©)

where V is average flow velocity, A is the drag coefficient [19].

4.2.2. Triangular-like Pore

The shape of the pores in the main cable is formed by the accumulation of gaps
arranged by the main cable steel wires. In most cases, the shape of the pores is a triangular
structure formed by stacking three steel wires. In this case, it is assumed that the pores
inside the main cable are triangular [21], and the total cross-sectional area of the triangular
pores in the main cable is A, and the equivalent diameter is de, as shown in Figure 14.

Figure 14. Triangular-like pore.

When gas flows through the main cable, the airflow between the pores is intercon-
nected. If we consider the mutual influence between the pores, then the calculation will
become very complicated and difficult to predict. Here we assume that each pore is in-
dependent and the mutual influence between the pores is represented by an influence
coefficient k. The pressure loss calculation formula per unit length is as follows [28]:

Alv? 32kvy
Ap= )\nge’y N QdezAg

(10)

where A is pipe friction resistance coefficient, de is equivalent diameter, - is the specific
gravity of flowing matter, v is the velocity of flow, v is kinematic viscosity, Al is unit length.

The constant 7y and v vary with temperature, and the value at 20 °C is used here. The
pressure loss in the pipeline is calculated as follows:

32kvy

Ap = Qm (11)

There will be a small amount of leakage of dry air during the flow process [29,30]. This
flow process is difficult to observe and is affected by many unknown factors. According to
the ideal flow process, the following assumptions are made: For a unit length of the main
cable, the gas leakage is the same and the leakage rate is constant. The air volume entering
the interior of the main cable is Q, and the gas volume leaked in each section is g;, as shown

in Figure 15.

0o 1 2 3 n-l  n
Q @ @ g Gy G

Figure 15. Schematic diagram of gas leakage.



Buildings 2023, 13, 1386

16 of 21

The pressure loss of the entire dehumidification section is obtained by adding up the
pressure loss of each small section, but there will be a certain loss for every section length
that the air flow enters, and the loss amount is g;. The air flow loss will cause the pressure
loss to decrease. At this time, the expression for the total pressure loss is:

32kvy

AP - Qd€12A1g

n—1 .
1+) (1—x)] (12)

i=1

In the above formula, x is usually selected as different values according to the condition
of the main cable protective layer as a gas leakage rate. The leakage rate of Runyang Bridge
is 0.005, here we take three reference values: 0.01, 0.005, and 0.0000001.

4.2.3. Inlet Pressure

When the main cable dehumidification system is added to the Xihoumen Bridge, it
will inevitably damage the outer wrapping structure of the main cable. Therefore, we
have to make certain restrictions on inlet pressure. Pressure exceeding 2000 Pa may cause
damage to the outer layer of the main cable [31]. The gas pressure discharged from the
outlet of the dehumidifier is about 14,000 Pa. The pressure range when it is sent to each air
clamp by pipeline is between 200~1000 Pa. The gas flow rate is between 4.0~11.5 m/s. It
can be calculated that when the gas flows inside a main cable with a diameter of 855 mm,
the pressure loss is between 200~300 Pa. To ensure dehumidification capacity, the inlet
pressure should not be lower than 300 Pa.

4.3. Air Volume
4.3.1. Dehumidification Capacity

The temperature of the air after entering the main cable is about 20 degrees Cel-
sius, here we take 20 degrees Celsius. At 100% relative humidity, its moisture content is
17.2 g/m3. According to the design parameters of the dehumidifier, after passing through
the dehumidifier, the moisture content of air is 6.2 g/m? and under a drying efficiency of
50%, each cubic meter of dry air passing through the interior of the main cable can take
away 5.5 g of water.

4.3.2. Air Volume Selection

Air volume is the most important parameter in dehumidification system design [32].
Without considering main cable leakage, when the length of the main cable is fixed, esti-
mating water content inside the main cable based on dry air moisture absorption capacity
can derive air volume during the dehumidification cycle, which represents air volume
required by the dehumidification system under ideal conditions to reduce humidity inside
the main cable to the theoretical value, while under interference from external environment
actually required air volume will differ from calculated value with calculation formula for

air volume as follows:
1000wl

Q:Tx24><6Owa (13)

where Q is Air volume, w is moisture content per unit length, [ is length of the main cable,
Ay is dehumidification capacity of 1 m? air, T is dehumidification time.
Considering leakage rate as x, the calculation formula for air volume becomes:

1
1000w[1 — ]

T T X Ay x 24 % 60 x (1—x)(1 — 1)

X

Q (14)

where Q is Air volume, w is moisture content per unit length, / is the length of the main ca-
ble, Ay, is dehumidification capacity of 1 m? air, T is dehumidification time, x is leakage rate.

Without considering leakage situation relationship between dehumidification time
and air volume shown in Figure 16. Air volume for dehumidification system is greatly
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affected by pressure and size of air volume related to dehumidification time from the
perspective of long-term stable anti-corrosion under determined inlet pressure water
content and dehumidification capacity minimum air volume for Xihoumen Bridge main
cable dehumidification system should be 30 m3/h.

140
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(=]

=
(=)

0
(=]
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Air volume(m3/h)

40

20

0 50 100 150 200 250 300
Dehumidification time(day)

Figure 16. Relationship between dehumidification time and air volume.

4.4. Dehumidification Distance

The determination of the dehumidification distance largely relies on the results of the
main cable ventilation experiment to select an empirical range. Currently, the dehumidi-
fication distance of most dehumidification systems is not less than 90 m and is between
150 and 200 m. This distance is more economical while ensuring a dehumidification effect.
In the results of a single inlet and outlet experiment, when the dehumidification distance
is above 200 m, the outlet effect is not ideal. Therefore, for the ventilation condition of
the main cable of Xihoumen Bridge, the maximum dehumidification distance should not
exceed 200 m and should be between 150 m and 180 m.

4.5. Dehumidification Time

During the dehumidification cycle when the dehumidification system is operating
at full power, the time span may reach one year. During this period, the air conditions
absorbed by the dehumidifier will also change. The absorbed air undergoes heating
and condensation, and its relative humidity changes greatly due to temperature. If only
considering removing water from inside the main cable and referring to previous data on
water content inside the main cable, calculate the dehumidification time.

The gas flow rate through a certain section of the main cable is g;, so the dehumidifica-
tion time can be expressed as:

W
gihw

For a main cable section with a length of L, the calculation formula for dehumidifica-
tion time is:

At; (15)

W
T — /(inw)dL (16)

According to other parameters of dehumidification systems, draw a relationship
between dehumidification distance and dehumidification time, where leakage rates are
taken as 0.01, 0.005, and 0.0000001 respectively. As shown in Figure 17.
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Figure 17. The dehumidification time varies with the dehumidification distance.

Dehumidification time is a dependent variable that is constrained by factors such
as pressure, air volume, air humidity, leakage rate, dehumidification distance, and air
humidity [33]. The range of values fluctuates greatly. The maximum value of the main
cable dehumidification time is about 300 days and the minimum value is about 100 days.

4.6. Dehumidification Experiment

The dehumidification experiment was conducted with an air volume of 30 m3/h and
a pressure of 300 Pa. The dehumidification experiment was carried out by supplying gas
from the No. 2 air clamp and outleting gas from the No. 0 air clamp. The dehumidifier was
operated continuously during the ten-day experimental period, and data were collected
every 60 min during the experiment period. The six sets of data were divided into one
collection segment, and there were four collection segments per day (0 o’clock, 6 o’clock,
12 o’clock, and 18 o’clock). After organizing the data, it is shown in Figure 18.
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Figure 18. Dehumidification experiment moisture content changes.

The weather conditions during the ten-day dehumidification experiment are shown
in Table 9.
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Table 9. Weather for dehumidification experiments.

Maximum Minimum

Date Temperature Temperature Weather
1 6°C 1°C cloudy
2 4°C 0°C cloudy
3 4°C 1°C cloudy
4 7°C 3°C light rain
5 11°C 2°C cloudy
6 10°C 2°C sunny
7 7°C -1°C cloudy
8 11°C 7°C cloudy
9 12°C 4°C sunny
10 14°C 4°C sunny

During the ten-day period, the dehumidification system operated normally, and the
gas moisture content at the outlet clamp showed a continuous downward trend. Among
them, there was a significant increase on the fourth day. Compared with local meteoro-
logical conditions, it can be inferred that the reason for the increase in moisture content
was that it rained that day, which caused the internal of the main cable to be invaded
by this external moisture, and humidity has a certain lag effect under the environmental
influence. With the weather turning sunny in the next few days, the water content returned
to a slow downward trend. The results of the dehumidification experiment are somewhat
satisfactory, and under this parameter, the dehumidification system can achieve a basic
dehumidification effect.

5. Conclusions

In this study, the design parameters of the dehumidification system were obtained
by the main cable ventilation experiment. Using this set of parameters to conduct a
dehumidification experiment, the result is that within ten days, the moisture content of the
outlet clamp has dropped by about 37.5%, and the dehumidification capacity can meet the
requirements. The conclusions are as follows:

(1) The water content inside the main cable is estimated to be 5.74 kg/m> based on
the cross-sectional area and the number of steel wires of the main cable of the
Xihoumen Bridge.

(2) Inthe ventilation experiment, it was found that when the air supply distance exceeds
200 m, it is difficult to detect the gas data at the outlet clamp, so the dehumidification
distance should not exceed 200 m. This data agrees with that of other bridges.

(3) After experimental analysis, the resistance loss of the 150 m main cable is 200-300 Pa,
so the air inlet pressure should not be lower than 300 Pa.

(4) Under the experimental conditions, the dehumidification capacity of the dehumidifi-
cation system is 5.5 g/m?3. In order to achieve a good dehumidification effect, the air
volume should be at least 30 m3/h. Under single air inlet and double outltes, every
100% increase in air volume will increase the dehumidification capacity by 35%.

(5) Increase the number of outlet clamps to obtain a higher discharge ratio.

(6) The time for Xihoumen Bridge to complete a main cable dehumidification is estimated
to be 100-300 days.

There are still some deficiencies in this study, which will be the focus of our
future research:

(1) This experiment is carried out at the lowest point of the mid-span where the main
cable is almost parallel to the ground, without considering the condition of the inclined
part of the main cable.

(2) The time of the experiment is December local time, and the working time of the
dehumidification system includes all the times of the year. That means the study
ignored other climate conditions.
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(3) Due to the inconsistent internal conditions of different main cables, the results of this
study are not applicable to other main cables.
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