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Abstract

In hot and humid regions, urban underground utility tunnels are susceptible to high tem-
perature and humidity due to moist inlet air, cable heat dissipation, and limited ventilation
jointly affecting the internal environment. To address this issue, an alternating ventilation
strategy, in which fan operation is periodically reversed to switch between air supply and
exhaust, is proposed. Compared to conventional mechanical ventilation, this strategy
overcomes the constraints of unidirectional airflow and mitigates thermal and humidity
stratification, with low retrofit requirements and good adaptability. Ventilation perfor-
mance was evaluated using non-guarantee rates for temperature and relative humidity, i.e.,
the ratio of the number of measurement points where the temperature/relative humidity
exceeds 40 ◦C/65% to the total number of measurement points in the utility tunnel (TNGR
and RHNGR), non-uniformity coefficients (KT and KRH), and mean temperature (Tm). The
alternating mode outperformed the conventional mode, reducing TNGR by 6.0% and Tm
by 0.3 ◦C while improving temperature and humidity distributions and lowering cable
temperatures. Although the reduction in Tm appears modest, it is practically meaning-
ful because it helps weaken thermal stratification and local overheating, improves cable
operating conditions, and may reduce the need for high-airflow operation when tunnel
temperatures approach the permissible limit. Response surface methodology was further
used to optimize the alternating ventilation parameters, indicating that the recommended
fan commutation frequency is 2 under different inlet air temperatures. CFD validation
confirmed the effectiveness of the optimized scheme. At an inlet air temperature of 35 ◦C,
KRH decreased from 11.9% to 11.0% and Tm decreased from 37.5 ◦C to 36.9 ◦C.

Keywords: underground utility tunnel; temperature and humidity distribution; alternating
ventilation; response surface methodology; numerical simulation

1. Introduction
With the acceleration of urbanization, underground space resources are becoming

increasingly scarce. Urban underground utility tunnels, as an important infrastructure that
effectively integrates various pipelines such as electricity, water supply, and communica-
tions, have been developed rapidly [1–3].
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The ventilation capacity of utility tunnels is limited, resulting in poor air circulation [4].
Lei et al. [5] monitored thermal and humidity conditions in utility tunnels and found that,
under natural ventilation conditions, air velocity was low and airflow was largely stagnant.
The high-temperature conditions within the cable compartments of utility tunnels have
attracted considerable attention [6]. During routine operation, power cables generate a
large amount of heat, and the thermal load on cable systems continues to increase with the
growth in urban electricity demand [7,8]. High temperatures reduce cable performance. If
heat is not dissipated in time, the tunnel temperature continues to rise, affecting power-
supply stability [9,10], accelerating insulation aging [11–15], and potentially triggering
fires [16,17]. In addition, excessively high humidity within integrated utility tunnels can
lead to a deterioration of sanitary conditions [18,19]. Reference [19] indicates that in humid
regions, condensation is likely to form on the inner walls of utility tunnels, which may
lead to equipment corrosion and potential operational safety hazards. Excessive humidity
compromises the operational safety of instruments and equipment within the pipe gallery,
shortens their service life, and increases operating costs [20]. Therefore, effective control of
temperature and humidity inside utility tunnels is essential for maintaining their safety
and reliability [21].

Ventilation systems, rapidly developing technical systems installed in underground
infrastructure, play an important role in improving the thermal environment of utility
tunnels [22,23]. Effective ventilation serves as a reliable means of ensuring the safety and
reliability of underground architectural spaces [24–26]. For instance, reference [26] pro-
posed a hybrid natural–mechanical ventilation mode for tunnels during the operational
transition period in high-geothermal environments, and developed a generally applicable
method for determining the optimal number of operating fans. The research approach and
methodology provide a useful reference for the ventilation optimization of utility tunnels
in the present study. Meanwhile, research in the field of mine ventilation has provided im-
portant methodological references for ventilation control in underground enclosed spaces.
Mine ventilation systems have long focused on key issues such as ventilation network
assessment, wind resistance fault diagnosis, and optimization of air volume distribution
under actual working conditions. The research ideas and technical methods can be ex-
tended to ventilation control and safe operation of integrated utility tunnels. For example,
Shen et al. [27] constructed a machine learning fault diagnosis model based on WGAN-div
and ResNet to address the problem of windage alteration in mine ventilation systems under
unbalanced sample conditions, providing a new approach for intelligent monitoring and
safety control of underground space ventilation systems; in Nguyen et al. [28], combining
field measurements and numerical simulations, the operation mode of the main ventilation
station of the coal mine ventilation system is evaluated and optimized. Its network analysis
and air volume control methods have reference value for the optimization of the integrated
pipe gallery ventilation system. In recent years, many scholars have studied the ventilation
system of underground buildings based on numerical simulation, and their focus has grad-
ually extended from general underground spaces to specific scenarios such as integrated
pipe corridors. In terms of ventilation efficiency evaluation, Ahn et al. [29] found through
the study of mechanical ventilation system in underground parking lots that the ventilation
method combining downward air supply and near-ground air supply is the most efficient.
However, Li et al. [30] pointed out in their study on air movement in an underground
hydropower station that simply increasing the wind speed cannot effectively improve the
indoor air exchange effect, suggesting that the ventilation effect is affected by the coupling
of multiple factors. For integrated pipe corridors, a typical underground enclosed space,
researchers have further focused on cable heat dissipation and temperature and humidity
distribution. Wang et al. [31] analyzed the influence of ventilation volume, cable location
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and other factors on the temperature field of the compartment, and the results showed
that a reasonable ventilation system design can maintain cable performance and improve
the temperature field. On this basis, Wang et al. [32] used a combination of numerical
simulation and experimental verification to compare the velocity field and temperature
field differences between conventional integrated pipe corridors and those with added
fireproof compartments, and found that opening an additional fireproof door can reduce
the average temperature in the pipe corridor by 3.25 ◦C (air exchange rate 2 times/hour).
Wang et al. [33] conducted a numerical study on the thermal environment of the heating
compartment in a utility tunnel under mechanical ventilation conditions. They found that,
under extreme conditions, the air temperature in the first 50 m of a ventilation interval
could fall below 0 ◦C. They proposed using piston wind generated in an adjacent subway
tunnel as the ventilation air source to improve the thermal environment of the heating
compartment. In addition, some scholars have tried new ventilation schemes. Although
the wall-attached ventilation studied by Li et al. [34] can provide high ventilation efficiency
and uniform velocity field, it requires many ventilation openings to be arranged above the
inner wall of the pipe gallery, which limits its practical engineering application. In sum-
mary, existing research has made some progress in improving the ventilation performance
of integrated pipe galleries, but the system optimization of temperature and humidity
coupling characteristics under high temperature and high humidity environments is still
insufficient.

Although the aforementioned ventilation studies provide important references for the
ventilation design of utility tunnels, large-scale retrofitting of existing tunnels is challenging
due to practical engineering constraints. Currently, utility tunnels in high-temperature,
high-humidity regions, designed with traditional mechanical supply and exhaust ventila-
tion systems, often exhibit persistent high-temperature zones caused by heat accumula-
tion [35]. Existing research shows a relative scarcity of studies on the thermal and humidity
distribution characteristics within utility tunnels in high-temperature, high-humidity re-
gions. Consequently, there is a lack of effective guidance on technical measures aimed at
improving the ventilation performance of existing operational utility tunnels.

This study proposes an alternating ventilation strategy based on existing ventilation
facilities. Unlike conventional mechanical ventilation with unidirectional airflow, piston
wind ventilation that depends on traffic induced piston effects [33], and wall-attached
ventilation that relies on guided attached jets [34], the proposed strategy periodically
reverses the airflow direction, thereby alternating the air supply and exhaust functions.
This operation can weaken the stable temperature and humidity stratification that tends to
develop under unidirectional ventilation. To address the problems of high temperature,
high humidity, and local overheating in utility tunnels located in hot and humid regions,
the proposed method regulates the internal temperature and humidity environment by
optimizing fan control logic rather than simply increasing the air change rate. It does not
require major structural modification of the tunnel and remains compatible with existing
ventilation facilities. Therefore, it may provide a practical retrofit option for existing utility
tunnels with relatively low implementation difficulty.

This paper uses numerical simulation to analyze the conventional ventilation scheme
for an integrated utility tunnel compartment nearing commissioning in a hot and humid
region. Based on the existing ventilation infrastructure, an alternating ventilation scheme
is proposed and further investigated. The main objectives are to: (1) analyze the thermal
and humidity fields under conventional ventilation; (2) evaluate the ability of alternating
ventilation to improve the internal environment; and (3) examine the coupled effects of air
change per hour (ACH), fan commutation frequency (FCF), and inlet air temperature (Ti)
to determine suitable operating parameters. The results are expected to provide guidance
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for ventilation, retrofitting and design optimization of existing utility tunnels and similar
underground structures in hot and humid regions.

2. Methodology
2.1. Mathematical Modeling

In this study, an underground utility tunnel located in southern China was selected as
the study object. The total length of the utility tunnel is 360 m, and ventilation openings
connecting to the outdoor environment are installed at both ends of the tunnel. A normally
open fire door has been installed at the midpoint along the tunnel length, while the tunnel
walls are constructed of concrete. The tunnel contains 10 kV power cables, 110 kV power
cables, communication cables, and water supply pipelines; a schematic model of the studied
tunnel is shown in Figure 1. Based on previous studies [32,34,36], which showed that the
volume of cable supports and pipe supports inside the tunnel are relatively small and have
a negligible influence on airflow, they were neglected in the model. The cross-sections of
cable trays were simplified to rectangles, while those of cables and water supply pipelines
were simplified as circles and that of the utility tunnel was simplified to a rectangle with
a width and height of 3 m. This geometric simplification was based on previous research
methods [32,34,36] and common CFD practices. The detailed structures of cable trays
and pipes may influence local airflow separation, near-wall turbulence, and heat transfer
around cables to some extent. However, compared with the dominant effects of cable
heat release, longitudinal ventilation, and the throttling and mixing effects of fire doors,
these local geometric details have a limited influence on the macroscopic airflow field and
the overall temperature and humidity distribution. Therefore, simplified geometry was
adopted to reduce mesh complexity and computational cost while maintaining the main
thermal and flow characteristics of the utility tunnel.

Figure 1. Model of underground utility tunnel.

2.2. Governing Equations

The flow and heat transfer of moist air inside the utility tunnel are governed by the
conservation equations of mass, momentum, energy, and species [37], as follows:

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (1)

∂(ρu)
∂t

+∇ · (ρuu) = −∇p +∇ · (µ∇u) + ρg (2)

ρcp

(
∂T
∂t

+ u · ∇T
)
= ∇·(k∇T) + qv (3)
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where ρ is the fluid density (kg·m−3); u, v, and w are the velocity components in the x,
y, and z directions (m·s−1); t is time (s); u is the velocity vector (m·s−1); p is the pressure
(Pa); µ is the dynamic viscosity (Pa·s); g is the gravitational acceleration (m·s−2); T is the
temperature (◦C); k is the thermal conductivity

(
w·m−1·K−1

)
; qv is the internal heat source

(W·m−2); and cp is the specific heat capacity at constant pressure (J·kg−1·◦C−1).
Component conservation equation:

∂(ρYi)

∂t
+∇ · (ρuYi) = ∇ · (ρDi,e f f∇Yi) + Si (4)

Di,e f f =
µt

σt
(5)

where Yi is the mass fraction of water vapor; Di,e f f is the effective diffusion coefficient of
water vapor; Si is the source term of water vapor; µt is the turbulent viscosity; and σt is the
turbulent Schmidt number.

2.3. Simulation Conditions and Solution Settings
2.3.1. Simulation Conditions

The ventilation strategies investigated in this study included conventional ventilation
and alternating ventilation. In the conventional mode, fresh air is supplied through a fixed
inlet at one end of the tunnel and exhausted through a fixed outlet at the other end. The
alternating ventilation scheme, as illustrated in Figure 2, is defined as a ventilation mode
in which the airflow direction is periodically reversed at fixed time intervals based on
conventional ventilation. Specifically, after a period of mechanical air supply at the inlet,
the fan was reversed, and the supply mode was switched to exhaust. Correspondingly,
after a period of mechanical exhaust at the outlet, the fan was reversed, and the exhaust
mode was switched to supply. The number of airflow reversals within 30 min (excluding
the 30th minute) is defined as the fan commutation frequency (FCF). For example, if the
airflow direction is reversed every 10 min (i.e., at 10, 20, and 30 min), the FCF is 2. For
comparison, the numerical simulation conditions were set as listed in Table 1.

Figure 2. Schematic diagram of alternate ventilation air flow path.

The fan reversing frequency (FCF) is based on the air exchange time τ (τ = V/Q, where
V is the tunnel volume and Q is the volumetric airflow) and is set to be shorter than the air
exchange time τ. For example, for ACH = 4 h−1 (baseline condition), τ is 15 min, which
means that under the condition of ACH = 4 h−1, it takes about 15 min for the air in the
tunnel to be completely replaced. If FCF = 2 (reversing at 10 min, 20 min, and 30 min),
this switching cycle (10 min) is set to be shorter than the air exchange time τ = 15 min to
ensure that the airflow direction has been reversed before the tunnel is completely flushed
with fresh air. This design aims to disrupt the stable thermal and moisture stratification
formed under unidirectional ventilation and enhance mixing without waiting for complete
air exchange.
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Table 1. Simulation conditions and parameter settings.

No. Ventilation
Mode

Inlet Air
Temperatures (◦C)

Air Exchange
Rate (h−1)

Fan Commutation
Frequency (Times)

1
Conventional

ventilation

25

4

/

2 30 /

3 35 /

4 Alternating
ventilation 30 4 1

2.3.2. Boundary Conditions and Solution Settings

In the simulations, both the air inlet and outlet were specified as velocity boundary
conditions. In Fluent, reversing the airflow direction is achieved by modifying the sign of
the velocity value: a positive velocity value indicates airflow entering the computational
domain, corresponding to supply air; a negative velocity value indicates airflow leaving
the computational domain, corresponding to exhaust air. During the calculation process, by
switching the signs of the velocities at the two ports, the airflow direction can be reversed,
completing the switching between supply and exhaust functions, thus achieving the effect
of reversible ventilation. Based on previous studies [38–40] and relevant standards [41], the
initial temperature and humidity in the utility tunnel prior to ventilation were assumed
to represent the most unfavorable conditions, with the initial temperature set to 40 ◦C
and the initial relative humidity set to 100%. The Species Transport Model can solve the
mass fractions of individual components during transport processes and is well-suited
to describe air–water vapor transport; therefore, this model was adopted to simulate the
mixing and transport of water vapor and air. Internal components, such as cables, were
treated as no-slip boundaries, and the tunnel walls were also assigned no-slip boundary
conditions [42]. Considering that the tunnel crown was located 15–22 m below ground
level, with a large cross-sectional area of 3 m × 3 m, the internal airflow velocity was low,
and near-wall air temperature and flow fluctuations were relatively stable, with the wall
temperature being minimally influenced by the internal air temperature and humidity.
Wang et al. [32] assumed a spatially uniform, constant wall temperature in their numerical
simulations, while Ma et al. [36] applied the average wall temperature measured along
the tunnel length as the thermal boundary condition. Based on previous studies and to
simplify the model, the tunnel walls were specified as constant-temperature boundaries.
According to long-term field measurements, the annual fluctuation in the in-service tunnel
wall temperature is approximately 0.3 ◦C; therefore, the wall temperature was set to the
measured average of 28.2 ◦C in this study, and the relative humidity of the inlet air was set
to 65%. Components such as water-supply pipes conveying ambient-temperature water
and communication supports, which have a negligible influence on ventilation heat transfer,
were treated as adiabatic boundaries. The heat generation rates of the 10 kV and 110 kV
cables were set to 17.1 W/m and 33.2 W/m, respectively [43].

The governing equations were solved using the PISO algorithm implemented in the
commercial software ANSYS Fluent 2022. The Boussinesq approximation was applied to
the air density term to better represent the influence of cable heat release on air density
variations inside the utility tunnel. The residuals of all governing equations were controlled
below 10−3, while a stricter convergence criterion of 10−6 was adopted for the energy
equation. By continuously monitoring the numerical variation in the average tunnel
temperature, it was confirmed that the temperature fluctuation remained within ±0.01 ◦C
over a calculation period of 30 s, while the mass flow deviation at the tunnel inlet and
outlet remained within 5% [24]. All key parameters reached a stable state, ensuring the
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reliability and accuracy of the simulation results. The tunnel walls were defined as concrete,
and the working fluid inside the tunnel was air. The thermophysical properties of the main
materials are listed in Table 2.

Table 2. Thermophysical properties of primary materials.

Material Density
(kg/m3)

Specific Heat Capacity
(J/(kg·K))

Thermal Conductivity
(W/(m·K))

Concrete 2400 960 1.5
Cable 920 2300 0.3

Air 1.225 1006.4 0.024

2.4. Grid-Independent Verification

The mesh size directly affects the accuracy of the numerical results and also determines
the total number of cells. In theory, a finer mesh leads to more accurate simulation results.
However, mesh refinement significantly increases the number of grid elements, resulting in
longer computational time and greater resource demands. Therefore, it was necessary to
determine an appropriate mesh resolution that ensured both computational efficiency and
numerical accuracy [44,45].

A hybrid mesh consisting of tetrahedral and hexahedral elements was adopted in
this study. This meshing approach, embedded in Fluent Meshing, is a mature technique
and is well compatible with the Fluent solver, enabling accurate numerical simulations.
Five different mesh resolutions were generated for the studied utility tunnel, and local
mesh refinement was applied around the cables to improve the accuracy of the numerical
results. The five mesh configurations contained approximately 8.29, 10.31, 12.32, 14.68,
and 15.59 million cells, respectively. The mesh configuration is illustrated in Figure 3.
The ventilation simulation results obtained using different mesh resolutions are shown
in Figure 4. The temperature and humidity distributions obtained from the five mesh
resolutions exhibited similar trends, characterized by an increase in temperature with
increasing distance from the air inlet and higher relative humidity in regions with lower
temperatures. The simulation results obtained with 8.29 million cells showed noticeable
deviations from those of the other meshes, with a temperature difference of approximately
0.5 ◦C and a relative humidity difference of about 1.5%. The number of grid cells increased
to 10.31 million; further increasing the grid count to reduce the grid size had a negligible
impact on the temperature and humidity simulation results. The simulation outcomes
remained largely stable. Subsequent simulations were conducted using a grid size of
10.31 million grid cells.

 

Figure 3. Schematic diagram of the utility tunnel mesh configuration.
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(a) (b) 

Figure 4. Grid independence verification. (a) Temperature independent characterization; (b) Relative
humidity independent characterization.

2.5. Time Step Independence Verification

To ensure the accuracy and efficiency of the calculations, time-step independence
verification was performed for the numerical simulations. The simulated temperature and
relative humidity under different time steps are shown in Figure 5. When the time step was
set to 0.02 s, both the temperature and relative humidity remained largely unchanged with
further reduction in the time step. Therefore, considering both computational accuracy and
time cost, a time step of 0.02 s was selected for this study.

  
(a) (b) 

Figure 5. Time step independence verification. (a) Temperature independent characterization;
(b) Relative humidity independent characterization.

2.6. Numerical Model Experimental Validation

To further validate the reliability of the numerical model, an in-service utility tunnel
was selected for on-site measurements of temperature, humidity, and air velocity. The se-
lected tunnel is located on a street adjacent to the target tunnel and shares identical external
climatic conditions. Its cross-sectional width and height are 4.6 m and 3.0 m, respectively,
and the total length of the measurement section is 100 m. The measurement section started
at the first normally open fire door (air inlet), passed through the second normally open fire
door, and ended at the third normally open fire door (air outlet). The length and width of
each normally open fire door opening are both 2.2 m. An impeller anemometer was used to
measure air velocity at different positions across the three normally open fire doors. A mul-
tifunctional measuring instrument was employed to measure temperature and humidity at
the fire door sections, and the locations of the air velocity and thermo-hygrometric measure-
ment points are shown in Figure 6a. A temperature data logger was used to measure the
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temperatures of the air and tunnel walls at cross-sections located at different distances from
the air inlet. The multifunctional measuring instrument was also used to measure the air
humidity distribution at cross-sections located at different distances from the air inlet. The
distributions of the measurement points and measurement cross-sections are illustrated in
Figure 6a,b, respectively. Prior to measurement, all measuring instruments were calibrated
in accordance with operating specifications. During the measurement process, each data
point was measured three times to ensure the validity of the measurement values. The
specifications of the main measuring instruments used in this study are listed in Table 3,
and the statistical uncertainties of the measured parameters are summarized in Table 4. The
results showed that the standard uncertainties for key parameters (air velocity, temperature,
and humidity) were low, highlighting the accuracy of the measured data. In combination
with similar ventilation conditions and environmental settings, these results provided the
numerical model with robust reliability and applicability in predicting the tunnel flow field
and temperature and humidity environment.

(a) 

 
(b) 

Figure 6. Geospatial configuration of field measurement sites in the utility tunnel. (a) Measurement
points; (b) Spatial distribution of monitoring positions along the tunnel.

Table 3. The information on the instrument parameters used.

Instruments Model Accuracy

Multi-parameter measuring instrument Testo 435 0.3 ◦C, 2% RH
Temperature monitoring system Fluke 2638A 0.5 ◦C

Rotary-vane anemometer Testo 417 0.1 m/s + 1.5%
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Table 4. Statistical uncertainty of measurement parameters.

Parameters Mean Experimental Standard
Deviation

Standard
Uncertainty

Fire door air velocity 1.82 m/s 0.017 m/s 0.01 m/s
Wall surface temperature 28.20 ◦C 0.100 ◦C 0.06 ◦C

Air temperature 29.13 ◦C 0.058 ◦C 0.03 ◦C
Air humidity 59.87% 0.351% 0.20%

Selecting an appropriate turbulence model is critical for numerical simulations of
airflow in utility tunnels. To identify the most suitable turbulence model, numerical
simulations were conducted using five turbulence models, including the Standard, RNG,
and Realizable k–ε models, as well as the Standard and SST k–ω models. The simulated
temperature and humidity results were compared with measured tunnel data to select the
optimal turbulence model. The in situ tunnel ventilation consisted of mechanical supply
and exhaust, with an air change per hour (ACH) of 4 h−1 and an inlet temperature of
28.9 ◦C.

A comparison of simulation results obtained from different turbulence models and
field measurements from the utility tunnel is shown in Figure 7. As shown in the figure,
the temperature and humidity distributions predicted by the five turbulence models agree
well with the field measurements. The deviations between the simulated and measured
humidity values are within 2.5%, while the temperature deviations are within 1.5%. Among
the tested models, the Realizable k–ε model exhibits the smallest deviation from the
experimental data, with humidity and temperature deviations of less than 1.5% and 1.3%,
respectively. The Realizable k–ε model provides improved predictions for jet-influenced
free flows and boundary layer flows and has been widely applied in simulations of utility
tunnels. Therefore, the Realizable k–ε model was selected as the turbulence model for this
study.

  
(a) (b) 

Figure 7. Turbulence modeling selection methodology. (a) Simulated temperature fields from
turbulence modeling; (b) Predicted relative humidity profiles by turbulence closure schemes.

It should be noted that the validation experiment was conducted in an adjacent utility
tunnel rather than in the exact target tunnel. The validation tunnel differs from the target
tunnel in length and cross-sectional dimensions, which may affect the absolute airflow
velocity and local flow details at specific locations. However, the two tunnels have similar
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cable heat loads, approximately 50 W/m, and similar wall temperatures, approximately
28 ◦C. Therefore, the main physical mechanisms governing the thermal and humidity envi-
ronment, including buoyancy-induced stratification caused by cable heat release, airflow
mixing induced by fire doors, and wall heat transfer, are consistent between the two tunnels.
In addition, the mesh independence analysis and turbulence model validation indicate
that the Realizable k–ε model and the constant wall-temperature boundary condition can
reasonably reproduce these core mechanisms. Therefore, although the validation does not
represent an exact one-to-one reproduction of the target tunnel, it supports the reliability of
the model in predicting the temperature and humidity distribution trends of similar utility
tunnels.

2.7. Evaluation Indicators
2.7.1. Temperature and Relative Humidity Non-Guaranteed Rate

Relevant regulations specify that the temperature inside utility tunnels should not
exceed 40 ◦C [41]. In this study, the temperature non-guarantee rate (TNGR) was used to
evaluate the thermal and hygrometric environments inside the utility tunnel under different
ventilation schemes. The TNGR is defined as the ratio of the number of measurement
points where the temperature exceeds 40 ◦C to the total number of measurement points in
the utility tunnel. A lower TNGR indicates better ventilation performance inside the utility
tunnel. The TNGR is calculated as follows:

TNGR =
Number of thermal non-compliance nodes

Total spatially distributed sensing units
(6)

Hong et al. [39] suggested that the recommended relative humidity range for utility
tunnels is 60–70%. In this study, the relative humidity non-guarantee rate (RHNGR) was
employed to evaluate the humid environment inside the utility tunnel. The RHNGR is
defined as the ratio of the number of measurement points with relative humidity exceeding
65% to the total number of measurement points in the utility tunnel. A lower RHNGR
indicates better ventilation performance inside the utility tunnel. The calculation formula
for this evaluation index is given as follows:

RHNGR =
Count of hygrometric threshold exceedances

Total spatially distributed sensing units
(7)

2.7.2. Temperature and Relative Humidity Non-Uniformity Coefficient

The non-uniformity coefficient is one of the important indicators for evaluating airflow
organization [30]. Along the height direction (Y-axis) of the utility tunnel, ten horizontal
planes were uniformly arranged. On each horizontal plane, ten monitoring points were
uniformly distributed along the width direction (X-axis) at intervals of 1 m along the
length direction (Z-axis). The simulated values at all monitoring points on each calculation
cross-section were used to calculate the temperature non-uniformity coefficient (Kt) and
the relative humidity non-uniformity coefficient (KRH) of the utility tunnel. Lower values
of the non-uniformity coefficients indicate better uniformity of airflow distribution. The
calculation formulas for Kt and KRH are given as follows:

Kt =

√
n
∑

i=1
(ti−t)2

n

t
(8)
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KRH =

√
n
∑

i=1
(ψi−ψ)

2

n

ψ
(9)

where ti and ψi are the temperature and relative humidity at each monitoring point on the
calculation cross-section, respectively; t and ψ are the average temperature and average
relative humidity of the calculation cross-section, respectively; n is the total number of
monitoring points on the calculation cross-section.

2.7.3. Average Temperature

The average temperature (Tm) of the utility tunnel provides a more appropriate basis
for comparing the overall temperature distribution under different operating conditions.
Under identical air supply conditions, a lower Tm indicates more effective ventilation
and heat dissipation. This study uses the arithmetic mean of all monitoring points as the
average temperature of the utility tunnel at the calculation time, with Tm obtained through
numerical simulation post-processing.

3. Results and Discussion
3.1. Air Temperature Distribution Within the Utility Tunnel

As shown in Figure 8a,b, the air temperature and humidity distributions are subse-
quently analyzed on two cross-sections along the X and Y directions, as well as at spatial
locations along three measurement lines in the Z direction. The two cross-sections corre-
spond to the mid-plane of the utility tunnel in the horizontal and vertical directions, located
at Y = 1.5 m and X = 1.5 m, respectively. Measurement line 1 is located at the uppermost
region of the utility tunnel, near the 10 kV power cable, at X = 0.4 m and Y = 2.3 m. Measure-
ment line 2 is positioned at the center of the utility tunnel, with coordinates X = 1.5 m and
Y = 1.4 m. Measurement line 3 is located above the water supply pipe at the mid-position,
at X = 2.55 m and Y = 0.9 m.

(a) cross-sectional position (b) position of the measurement 

Figure 8. Schematic diagram of monitoring section and measurement line positions.

Figure 9 presents the temperature contour distributions at a typical cross-section of
the utility tunnel under the conventional ventilation mode for three inlet air temperatures
(25 ◦C, 30 ◦C, and 35 ◦C). The arrows indicate the airflow direction, and the simulated air
change rate is 4 h−1. As shown in the figure, the air temperature within the tunnel gradually
increases along the axial direction, and the overall temperature level rises with increasing
inlet air temperature. This phenomenon arises from the coupling of buoyancy-driven
natural convection and momentum transport from forced ventilation. In the Y-direction,
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the temperature in the upper region is significantly higher than that in the lower region,
forming a pronounced thermal stratification. This is because heat dissipation from the
cables heats the surrounding air, causing it to expand, decrease in density, and rise under
buoyancy forces. In contrast, denser cold air sinks to compensate for the imbalance,
eventually forming a stable “warmer upper and cooler lower” stratification. As the inlet air
temperature increases, the initial air density decreases, further enhancing buoyancy and
accentuating stratification. In the X-direction, the temperature on the left side is higher
than that on the right, which is directly related to the difference in cable loads. The 110 kV
cables on the left release more heat than the 10 kV cables on the right, resulting in a higher
volumetric heat release rate and a greater temperature rise in the left-side air. Meanwhile,
the forced airflow enters from the left side and continuously absorbs heat from the cables
along its path, causing the temperature to accumulate along the flow direction and further
intensifying the “higher on the left and lower on the right” temperature difference.

In the Z-direction, the tunnel exhibits an alternating temperature distribution pattern of
“low–high–low–high,” primarily caused by the flow obstruction and throttling effects of the
fire doors. On the one hand, the fire doors act as physical barriers that hinder the movement
of high-temperature air in the upper region on the upstream side along the Z-direction. On
the other hand, when the airflow passes through the fire doors, the cross-sectional area of
the tunnel suddenly contracts. According to the continuity equation, the air velocity near
the floor increases significantly (as shown in Figure 10). As a result, the low-temperature
air near the bottom is entrained into the downstream region, enhancing air mixing and
reducing the downstream temperature difference. Furthermore, heat accumulation zones
were observed above the downstream ventilation sections, and the high-temperature region
on the left side was larger than that on the right. As the inlet air temperature increased,
both the extent of these zones and the peak temperature increased. Heat accumulation
was also found above the upstream side of the fire door, indicating the combined effects
of thermal buoyancy and the blocking effect of the fire door. Overall, increasing the inlet
air temperature from 25 ◦C to 35 ◦C raised the overall temperature level inside the utility
tunnel and significantly enlarged the high-temperature zones near the upstream side of the
fire door and the downstream ventilation sections. This is mainly attributed to the enhanced
thermal buoyancy at higher inlet air temperatures, which promotes hot air accumulation in
the upper part of the tunnel and aggravates the local thermal environment.

Figure 11 shows the temperature contour of the utility tunnel at the 30th minute under
the alternating ventilation mode, with a supply air temperature of 30 ◦C, an FCF of 1 cycle,
and an ACH of 4 h−1. Figure 12 presents the temperature contour distributions at key cross-
sections under the same conditions, comparing the alternating ventilation mode with the
conventional ventilation mode. As shown in the figure, the overall temperature distribution
pattern under the alternating ventilation mode is generally similar to that observed under
the conventional ventilation mode. Overall, the temperature near the air inlet is significantly
lower than that near the air outlet. Along with the airflow direction, the air temperature
gradually increases downstream. The temperature in the upper region of the tunnel is
noticeably higher than that in the lower region. The temperature on the left side is higher
than that on the right side. High-temperature accumulation occurs above the upstream side
of the fire door and in the downstream ventilation sections, while the fire door promotes
a more uniform air temperature distribution on the downstream side. Compared with
the conventional ventilation mode under the same inlet air conditions, the alternating
ventilation mode results in a more uniform cross-sectional temperature distribution inside
the utility tunnel. Furthermore, high-temperature accumulation alternates between the
two ends of the utility tunnel and the areas near the fire doors, which helps prevent
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specific sections from remaining exposed to high temperatures for long periods and thereby
improves the internal thermal environment of the tunnel.

 

 

(a) X = 1.5 m, ACH = 4 h−1,  T i  = 25 °C 

 
 

(b) X = 1.5 m, ACH = 4 h−1,  T i  = 30 °C 

 

 
(c) X = 1.5 m, ACH = 4 h−1,  T i  = 35 °C 

 

 
(d) Y = 1.5 m, ACH = 4 h−1,  T i  = 25 °C 

 

 
(e) Y = 1.5 m, ACH = 4 h−1,  T i  = 30 °C 

 

 
(f) Y = 1.5 m, ACH = 4 h−1,  T i  = 35 °C 

Figure 9. Temperature contour distribution at a typical cross-section of the utility tunnel under the
conventional ventilation mode.
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(a) X = 1.5 m, ACH = 4 h−1,  T i  = 30 °C 

 

 

 

 
(b) Y = 1.5 m, ACH = 4 h−1,  T i  = 30 °C 

Figure 10. Velocity contour distribution at a typical cross-section of the utility tunnel under the
conventional ventilation mode.
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(a) X = 1.5 m, T i  = 30 °C,ACH = 4 h−1,  FCF  = 1 

 

 
(b) Y = 1.5 m, T i  = 30 °C, ACH = 4 h−1,  FCF  = 1 

Figure 11. Temperature contour distribution at a typical cross-section of the utility tunnel under the
alternating ventilation mode.

 

 
(a) (b) 

 
(c) (d) 

Figure 12. Cont.
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(e) (f) 

 
(g) (h) 

 
(i) (j) 

Figure 12. Cont.
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(k) (l) 

Figure 12. Temperature contour distributions at typical cross-sections of the utility tunnel under
alternating ventilation (ACH = 4 h−1, Ti = 30 ◦C, FCF = 1) and conventional ventilation (ACH = 4 h−1,
Ti = 30 ◦C). (a) alternating ventilation mode, Z = 10 m; (b) alternating ventilation mode, Z = 90 m;
(c) alternating ventilation mode, Z = 170 m; (d) alternating ventilation mode, Z = 190 m; (e) alternating
ventilation mode, Z = 270 m; (f) alternating ventilation mode, Z = 350 m; (g) conventional ventilation
mode, Z = 10 m; (h) conventional ventilation mode, Z = 90 m; (i) conventional ventilation mode,
Z = 170 m; (j) conventional ventilation mode, Z = 190 m; (k) conventional ventilation mode, Z = 270 m;
(l) conventional ventilation mode, Z = 350 m.

Figure 13 illustrates the temperature distributions along each measurement line un-
der conventional and alternating ventilation modes at different inlet air temperatures
(ACH = 4 h−1, FCF = 1). As shown in the figure, measurement line 1, located in the upper
region of the utility tunnel and adjacent to the 10 kV cables, exhibits higher temperatures
than measurement line 2 due to the combined effects of thermal buoyancy and cable heat
dissipation. Measurement line 3, positioned in the lower region of the utility tunnel, shows
significantly lower temperatures than measurement lines 1 and 2. Consistent with the
temperature contour distribution, the temperature in the air inlet zone is significantly lower
than that in the air outlet zone. Along the airflow direction, the temperature gradually
increases and eventually exceeds 40 ◦C in the downstream section, where heat accumu-
lation leads to the formation of high-temperature zones. At the fire door located in the
middle section of the utility tunnel, a sharp drop in air temperature is observed along all
measurement lines, followed by a gradual increase downstream. This temperature drop
is most pronounced for measurement line 1, followed by measurement line 3, while it
is relatively insignificant for measurement line 2. This can be attributed to the fact that
measurement line 1 is located near the tunnel ceiling, where airflow is obstructed and
locally retained by the wall at the fire door. Measurement line 3 is also affected by the
wall obstruction, but it is located in the lower region of the tunnel and is therefore less
influenced. In contrast, measurement line 2 is positioned near the center of the normally
open fire door, where the airflow is least disturbed compared with the other two lines. As
the inlet air temperature increases, the air temperature along the measurement lines also
rises, and the tunnel length over which the temperature exceeds 40 ◦C becomes longer.
Under the same inlet air condition (30 ◦C), the alternating ventilation mode exhibits a
shorter section where the temperature exceeds 40 ◦C, indicating that alternating ventilation
can effectively reduce the overall air temperature along the measurement lines within the
utility tunnel.
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(a) measurement line 1 (b) measurement line 2 

 
(c) measurement line 3 

Figure 13. Air temperature distribution along the measurement lines. (ACH = 4 h−1, FCF = 1).

3.2. Relative Humidity Distribution of Airflow Within the Utility Tunnel

Figures 14 and 15 show the relative humidity contour distributions of the utility tunnel
under various operating conditions for the conventional and alternating ventilation modes,
respectively. Figure 16 presents the relative humidity contour distributions at key cross-
sections for both ventilation modes. As observed, the relative humidity near the air inlet
is significantly higher than that near the exhaust, gradually decreasing along the airflow
direction. This is because heat dissipation from the cables raises the air temperature; with
constant moisture content, the relative humidity decreases as temperature rises. Meanwhile,
because the air velocity near the ground is low (Figure 10) and no heat sources are present
in this region, the air temperature remains relatively low (Figure 9). Consequently, thermal
buoyancy is weak, resulting in relatively high humidity and further reinforcing the vertical
stratification characterized by lower humidity in the upper region and higher humidity
in the lower region. In the Z-direction, the fire doors in the central region of the tunnel
indirectly enhance downstream airflow mixing, resulting in a more uniform distribution
of relative humidity. Under constant inlet relative humidity, higher inlet air temperatures
correspond to higher air moisture content. Consequently, when the inlet air temperature is
higher, the temperature rise inside the tunnel is greater, and the buoyancy effect is stronger,
which accentuates the vertical stratification of both temperature and relative humidity. In
the X-direction, the relative humidity on the left side is lower than that on the right, which
is directly related to the temperature gradient caused by the difference in cable loads. The
110 kV cables on the left release more heat, leading to locally higher temperatures and
lower relative humidity, whereas the 10 kV cables on the right release less heat, resulting in
lower temperatures and higher relative humidity. Along the tunnel’s axial direction, the
relative humidity exhibits a “lower on the left, higher on the right” distribution pattern.
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(a) X = 1.5 m, ACH = 4 h−1,  T i  =  25 °C 

 
(b) X = 1.5 m, ACH = 4 h−1,  T i  =  30 °C 

 

 
(c) X = 1.5 m, ACH = 4 h−1,  T i  =  35 °C 

 

 
(d) Y = 1.5 m, ACH = 4 h−1,  T i  =  25 °C 

 

 
(e) Y = 1.5 m, ACH = 4 h−1,  T i  =  30 °C 

 

 
(f) Y = 1.5 m, ACH = 4 h−1,  T i  =  35 °C 

Figure 14. Relative humidity contour distribution under the conventional ventilation mode.
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(a) X = 1.5 m, ACH = 4 h−1,  T i  =  30 °C, FCF  = 1 

 

 
(b) Y = 1.5 m, ACH = 4 h−1,  T i  =  30 °C, FCF  = 1 

Figure 15. Relative humidity contour distribution under the alternating ventilation mode.

 

 
(a) (b) 

 
(c) (d) 

Figure 16. Cont.

https://doi.org/10.3390/buildings16102035

https://doi.org/10.3390/buildings16102035


Buildings 2026, 16, 2035 22 of 36

 
(e) (f) 

 
(g) (h) 

 
(i) (j) 

Figure 16. Cont.
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(k) (l) 

Figure 16. Relative humidity contour distributions at key cross-sections of the utility tunnel un-
der alternating (ACH = 4 h−1, Ti = 30 ◦C, FCF = 1) and conventional ventilation (ACH = 4 h−1,
Ti = 30 ◦C). (a) alternating ventilation mode, Z = 10 m; (b) alternating ventilation mode, Z = 90 m;
(c) alternating ventilation mode, Z = 170 m; (d) alternating ventilation mode, Z = 190 m; (e) alter-
nating ventilation mode, Z = 270 m; (f) alternating ventilation mode, Z = 350 m; (g) conventional
ventilation mode, Z = 10 m; (h) conventional ventilation mode, Z = 90 m; (i) conventional ventilation
mode, Z = 170 m; (j) conventional ventilation mode, Z = 190 m; (k) conventional ventilation mode,
Z = 270 m; (l) conventional ventilation mode, Z = 350 m.

Figure 17 shows the relative humidity distributions along each measurement line
under conventional and alternating ventilation modes at different inlet air temperatures
(ACH = 4 h−1, FCF = 1). As observed, the humidity distributions along the measurement
lines reflect trends consistent with those seen in the contour maps. Under the conventional
ventilation mode, the relative humidity decreases in the order of measurement line 3,
measurement line 2, and measurement line 1. The humidity near the air inlet is significantly
higher than that near the air outlet, and it gradually decreases along the airflow direction.
A sharp increase in relative humidity is observed at the fire door location. Under inlet air
temperatures of 30 ◦C and 35 ◦C, certain regions near the air inlet and local areas near the
air outlet exhibit relative humidity values exceeding 65%. For measurement line 3, at an
inlet air temperature of 35 ◦C, the axial length over which relative humidity exceeds 65% is
the longest. Moreover, under the alternating ventilation mode, the relative humidity along
all measurement lines remains mostly below 65%, indicating that this mode provides better
control of airflow humidity.

3.3. Evaluation Index Analysis

To further evaluate the ventilation performance of the utility tunnel, the assessment
indices defined in Section 2.6 are used to compare the temperature and humidity distri-
butions under conventional and alternating ventilation modes. Ten horizontal planes are
selected within the utility tunnel, uniformly distributed from Y = 0.15 m to Y = 2.85 m at
an interval of 0.3 m. On each horizontal plane, 3600 measurement points are uniformly
sampled, and the corresponding data are used to evaluate the non-uniformity coefficient
and the dissatisfaction rate.
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(a) measurement line 1 (b) measurement line 2 

 
(c) measurement line 3 

Figure 17. Air relative humidity distribution along the measurement lines. (ACH = 4 h−1, FCF = 1).

The average temperature non-uniformity coefficient (Kt) and relative humidity non-
uniformity coefficient (KRH) under various operating conditions are shown in Figure 18.
Their distribution can be analyzed from cable heat dissipation, temperature and humidity
stratification, and airflow organization. At a height of 1.35 m, both coefficients increase
significantly. This plane is close to the 110 kV cables (see Figure 8), which dissipate much
more heat per unit length than the 10 kV cables. As a result, a local high-temperature
and low-humidity zone forms nearby. The fluctuations in temperature and humidity at
this height are amplified, leading to higher Kt and KRH values. Apart from the 1.35 m
plane, the non-uniformity coefficients generally increase with height. This is directly re-
lated to buoyancy-induced thermal stratification. The upper air forms high-temperature,
low-humidity regions due to buoyancy, while the lower air remains cooler and more humid.
As the inlet air temperature rises, Kt and KRH tend to decrease. Higher inlet temperatures
strengthen buoyancy effects and intensify temperature and humidity stratification. At
the same time, the high-temperature zones expand, which reduces Kt and KRH . Under
conventional ventilation, the average Kt values are 11.8%, 9.3%, and 7.4% for inlet temper-
atures of 25 ◦C, 30 ◦C, and 35 ◦C, respectively. The corresponding KRH values are 21.9%,
16.7%, and 11.9%. Under alternating ventilation with a 30 ◦C inlet, the average Kt and KRH

are 9.0% and 16.5%, respectively. Compared with conventional ventilation, alternating
ventilation clearly reduces both Kt and KRH . It also improves the spatial uniformity of
temperature and humidity. The main mechanism is that alternating ventilation changes
the airflow direction inside the tunnel. This disrupts the stable temperature and humidity
stratification formed under conventional ventilation and creates a more uniform field of
flow. In addition, reversing the airflow enhances mixing and transverse transport of heat
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and moisture. This weakens the accumulation of high-temperature, low-humidity air and
improves the overall uniformity of the tunnel’s temperature and humidity distribution.

  
(a) K t  (b) KR H 

Figure 18. Kt and KRH under different ventilation conditions.

Figure 19 illustrates the average temperature not guaranteed rate (TNGR) and relative
humidity not guaranteed rate (RHNGR) within the utility tunnel under different operating
conditions. The average TNGR reaches its maximum at a height of 1.35 m, and the non-
guaranteed rates in the upper region of the tunnel are generally higher than those near the
bottom. Moreover, both TNGR and RHNGR increase with increasing inlet air temperature.
Under the same inlet air temperature, the average TNGR under the alternating ventilation
mode is slightly lower than that under the conventional ventilation mode. Along the Y
direction, TNGR exhibits a distribution characterized by higher values in the middle and
lower values on both sides. In contrast, RHNGR shows the opposite trend, with lower
values in the middle and higher values on both sides. For the conventional ventilation
mode at inlet air temperatures of 25 ◦C, 30 ◦C, and 35 ◦C, and for the alternating ventilation
mode at 30 ◦C, the corresponding average TNGR values are 7.9%, 15.1%, 20.6%, and
14.2%, respectively, while the average RHNGR values are 3.2%, 6.1%, 27.3%, and 6.0%.
Compared with the conventional ventilation mode under the same operating conditions,
the alternating ventilation mode reduces TNGR by 0.9% (an improvement of nearly 6%)
and RHNGR by 0.1% (an improvement of 1.6%), indicating that the alternating ventilation
mode provides a more uniform temperature and humidity environment within the utility
tunnel.

  
(a) TNGR (b) RHNGR 

Figure 19. TNGR and RHNGR under different ventilation conditions.
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In addition, the simulation results indicate that the average air temperature (Tm) under
the conventional ventilation mode is 34.4 ◦C, 36.0 ◦C, and 37.5 ◦C for inlet air temperatures
of 25 ◦C, 30 ◦C, and 35 ◦C, respectively. In comparison, a Tm of 35.7 ◦C is obtained under
the alternating ventilation mode at an inlet air temperature of 30 ◦C. When the inlet air
temperature is fixed at 30 ◦C, the alternating ventilation mode reduces Tm by 0.3 ◦C com-
pared with the conventional ventilation mode, indicating an improvement in the average
thermal environment within the utility tunnel. Overall, compared with the conventional
ventilation mode, the alternating ventilation mode exhibits improved performance in terms
of Kt, KRH, TNGR, RHNGR, and Tm, demonstrating that the alternating ventilation strategy
can provide superior ventilation effectiveness in utility tunnels.

3.4. Optimization of Alternating Ventilation Scheme Based on the Response Surface Method
3.4.1. Experimental Design

Response surface methodology (RSM) is a statistical technique widely used for exper-
imental design, analysis, and optimization. RSM requires relatively low computational
resources and is well-suited for addressing multi-parameter problems; therefore, it has been
extensively applied in engineering design optimization [46,47]. To improve ventilation
performance, this study further optimizes the alternating ventilation mode using RSM. The
technical roadmap is shown in Figure 20.

Figure 20. Technical roadmap of the response surface optimization.

In this study, response surface experiments were designed using Design-Expert 13
software, and the Box–Behnken design (BBD) method was adopted. Kang et al. [48]
demonstrated that the ACH significantly influences air distribution in utility tunnels.
According to the Technical Code for Urban Utility Tunnel Engineering [41], the ACH under
normal ventilation conditions should not be less than 2 h−1, and, for emergency ventilation,
except for natural gas compartments, the ACH should not be less than 6 h−1. The fan
commutation frequency (FCF) is a critical parameter. We note that when the ACH is 4 h−1,
τ = 15 min. If FCF = 2, the switching cycle is 10 min, ensuring that the airflow direction
changes before the tunnel is fully flushed, allowing the commutated airflow to interact
with the stratified airflow remaining from the previous stage. If the FCF is higher (e.g.,
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FCF = 3, switching cycle = 7.5 min), the fan commutation is too frequent, resulting in
more additional energy consumption and mechanical wear. Therefore, the FCF is limited
to 0–2 (switching cycle 15–10 min), covering a range from “no commutation” (FCF = 0)
to “commutation once every 2/3 τ” (FCF = 2). Gao et al. [49] reported that the inlet air
temperature (Ti) has a pronounced effect on the temperature distribution within utility
tunnels. Given the local climatic conditions in the study area, Ti was set at 25–35 ◦C.
Accordingly, ACH, Ti, and FCF were selected as the three dominant factors affecting the
ventilation performance of the utility tunnel. The corresponding factor levels are listed in
Table 5, while the remaining parameters were kept consistent with previous settings. The
experimental results are presented in Table 6.

Table 5. Factors and Levels for RSM Experiments.

Levels ACH (h−1) Ti (◦C) FCF (Times)

−1 2 25 0
0 4 30 1
1 6 35 2

Table 6. Results of the RSM Experiments.

No. Ti
(◦C)

ACH
(h−1)

FCF
(Times)

TNGR
(%)

RHNGR
(%)

Kt
(%)

KRH
(%)

Tm
(◦C)

1 25 4 2 6.2 2.1 11.5 21.3 34.2
2 30 6 2 9.5 8.9 8.2 13.5 34
3 35 4 2 18.6 25.8 7 10.9 37
4 35 2 1 38.9 30.1 7.9 12.9 38.4
5 30 4 1 14.2 6 9 16.5 35.7
6 30 2 0 32.2 6.2 10.1 18.1 37.6
7 30 6 0 11.1 10 8.6 14 34.2
8 25 4 0 7.9 3.2 11.8 21.9 34.4
9 35 4 0 20.6 27.3 7.4 11.9 37.5
10 35 6 1 14.1 34.1 6.5 9.5 35.8
11 25 6 1 2.7 5.7 10.6 19.2 32.5
12 25 2 1 25.7 4.2 12.1 23.1 36
13 30 2 2 31.1 5.5 9.4 17.2 37.2

3.4.2. Response Surface Model

After performing numerical simulations for the 13 experimental cases defined by the
response surface experimental design, the results are statistically analyzed using Design-
Expert 13 software. In this section, analysis of variance (ANOVA) is employed to examine
the response surface methodology (RSM) models for different evaluation indices. Previous
analyses indicate that KRH and Tm exhibit relatively pronounced variation with changes in
the investigated variables and can thus effectively illustrate the humidity and temperature
distributions within the utility tunnel. Therefore, KRH and Tm were selected as the response
variables for the response surface analysis. Previous analysis showed that, compared with
TNGR and RHNGR, KRH and Tm exhibited more significant fluctuations with the changes
of the studied variables, and KRH and Tm were more effective in reflecting the uniformity
of the overall humidity and temperature distribution in the public tunnel. In accordance
with the research method of Li et al. [34], KRH and Tm were finally selected as the response
variables for response surface analysis.

The effects of the three variables on KRH are analyzed using a quadratic model, and
the corresponding results are summarized in Table 7. In this analysis, the p-value is used as
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the criterion for statistical significance, with lower p-values indicating stronger effects. It
can be observed that, among the three variables, Ti and ACH have statistically significant
effects on KRH. The final equation for KRH in terms of actual factors is expressed as follows:

KRH = 0.580375 − 0.016075Ti − 0.002438ACH − 0.005FCF
+0.000125Ti · ACH − 0.0002Ti · FCF + 0.0005ACH · FCF
+0.000095Ti

2 − 0.001406ACH2 − 0.002375FCF2
(10)

Table 7. ANOVA results for the TNGR response surface model.

Source Sum of
Squares

Degree of
Freedom

Mean
Square F-Value p-Value

Model 0.0234 9 0.0026 1156.57 <0.0001
A-Ti 0.0203 1 0.0203 9022.72 <0.0001

B-ACH 0.0029 1 0.0029 1266.72 <0.0001
C-FCF 0.0001 1 0.0001 50 0.0058

The response surface for KRH is presented in Figure 21. As shown, Ti, ACH, and FCF
all exhibit the same trend in their effects on KRH. Specifically, KRH gradually decreases with
increasing Ti, ACH, and FCF.

 
(a) T i  and  ACH (b) T i  and FCF 

Figure 21. The influence of parameters on KRH.

The effects of the three variables on Tm were analyzed using a quadratic model, and
the corresponding results are summarized in Table 8. It can be observed that, among the
three variables, Ti and ACH have statistically significant effects on Tm. The final equation
for Tm in terms of actual factors is expressed as follows:

Tm = 32.71827 + 0.215Ti − 1.49375ACH + 0.1875FCF
+0.0225Ti · ACH − 0.015Ti · FCF + 0.025ACH · FCF

(11)

Table 8. ANOVA Results for the Tm Response Surface Model.

Source Sum of
Squares

Degree of
Freedom

Mean
Square F-Value p-Value

Model 37.43 6 6.24 621.8 <0.0001
A-Ti 16.82 1 16.82 1676.63 <0.0001

B-ACH 20.16 1 20.16 2009.68 <0.0001
C-FCF 0.2112 1 0.2112 21.06 0.0037
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The response surface for Tm is presented in Figure 22. As shown, Tm decreases with
increasing ACH and FCF, indicating a negative correlation between these variables and Tm.
Conversely, Tm increases with increasing Ti, indicating a positive correlation between Ti

and Tm.

 
(a) Ti and ACH (b) Ti and FCF 

Figure 22. The influence of parameters on Tm.

3.4.3. Optimization Results and Verification

The suitable parameters for the alternating ventilation mode at different inlet air
temperatures were determined using Design-Expert 13 software, and the resulting design
conditions were subsequently validated using Fluent 2022 R1. Since ACH is directly related
to the energy consumption of tunnel ventilation fans and both energy efficiency and a
satisfactory internal ventilation environment, the study was conducted with ACH fixed
at 4 h−1. In Design-Expert 13, KRH and Tm were simultaneously minimized, with equal
importance assigned to both responses, yielding optimal results of 25 ◦C, 30 ◦C, and 35 ◦C
for Ti, as summarized in Table 9. It can be observed that, compared to the conventional
ventilation mode, the optimized scheme improves KRH by 1.4–7.6% and reduces Tm by
0.2–0.6 ◦C across different Ti conditions, indicating enhancements in both KRH and Tm for
each optimized scenario. For Ti = 35 ◦C, KRH decreased from 11.9% to 11.0%, representing
a 7.6% improvement, while Tm decreased from 37.5 ◦C to 36.9 ◦C, a reduction of 0.6 ◦C.
The optimized results across different operating conditions consistently show FCF = 2,
indicating that, within the range considered in this study, setting FCF to 2 yields the best
ventilation performance for the alternating ventilation mode. The optimization results show
that FCF = 2 (switching cycle = 10 min) is shorter than the ventilation time (τ = 15 min),
which improves the uniformity of temperature and humidity. This confirms that the choice
of FCF is indeed related to the characteristic time scale (τ) of the system and verifies the
physical principle behind the parameter selection.

Table 9. The results of response surface optimization.

Ti
(◦C)

ACH
(h−1)

FCF
(Times)

KRH
(%)

Tm
(◦C)

25 4 2 21.3 34.2
30 4 2 15.9 35.6
35 4 2 11.0 36.9

For the operating condition not previously simulated in Table 9 (i.e., Ti = 30 ◦C,
ACH = 4 h−1, and FCF = 2 times), a numerical simulation was conducted using Fluent 2022
R1, yielding Tm = 35.6 ◦C and KRH = 16.1. The results of the three RSM-optimized scenarios
were compared with their corresponding simulation results, with only minor deviations
observed. When Ti is 30 ◦C, the deviation of KRH reaches its maximum, with a maximum
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value of 1.3%, which is less than 5% [50]. This indicates a good agreement between the
response surface optimization results and the numerical simulation outcomes.

4. Comprehensive Discussion
The thermal and moisture stratification phenomenon of “hot at the top and cold at

the bottom, hot on the left and cold on the right” observed in this study, as well as the
thermal accumulation phenomenon in the near exhaust area, is consistent with the research
conclusions of Wang et al. [33] and Li et al. [34] in similar utility tunnel, verifying that the
buoyancy effect dominated by cable heat dissipation is the key mechanism causing this
stratification. In addition, the fire door barrier effect observed in this study strengthens
the disturbance of downstream airflow and improves the local airflow uniformity. Similar
performance was also observed in the flow field characteristics of relay fan ventilation
(RFV) and wall-attached ventilation (WAV) studied by Li et al. [34], which may be a
useful inspiration for improving the airflow uniformity inside the utility tunnel. At the
solution level, the characteristics of several different ventilation strategies are shown in
Table 10, which reveals the applicable boundaries of different ventilation optimization
strategies. While “increasing the number of air changes” is applicable to a wide range
of scenarios, it significantly increases energy consumption and may be limited in humid
and hot regions due to the high temperature and humidity of the inlet air [19]. “Piston-
wind ventilation” relies on piston-wind generated in subway tunnels as the ventilation
air source and is suitable for special scenarios. Wall-attached ventilation has a significant
effect on improving the environment of utility tunnels and has obvious advantages in new
construction and large-scale renovation projects. However, in existing utility tunnels where
space is limited and large-scale renovation cannot be carried out without interruption
of operation, alternating ventilation has certain advantages in terms of low renovation
requirements.

Table 10. Characteristics of different ventilation strategies in underground utility tunnels.

Strategy Core Principles
Environmental
Improvement

Effect

Modification
Difficulty

Applicable
Scenarios Potential Limitations

Increase ACH Increase fresh air
volume Limited Low Universal Energy consumption

increased significantly

Utilizing
piston-wind

[33]

Employs the
piston-wind

generated in a
subway tunnel as
the air source of

ventilation

Limited
(dependent on
traffic tunnel
environment)

High (requires
connection to a
subway tunnel)

Restricted (must be
near sub-

way/transportation
tunnel)

Relies on the vent size
and the piston-wind

interval

Wall-attached
ventilation [34]

Wall adhesion and
displacement

ventilation
Obvious

Medium (requires
installation of

multiple fans and
slotted air vents)

New construction
or major repair

projects

The height, width, and
air velocity of the

slotted air vents need
to be carefully

designed

Alternating
ventilation
(this article)

Periodically
reversing the

direction of airflow
disrupts

stratification

The absolute
temperature drop

is limited

Low (adjust fan
control logic)

Existing and
in-service utility

tunnels

Frequent reversal of
the wind turbine may

increase energy
consumption and

maintenance
requirements

The optimization results of this study show that FCF = 2 is the best choice within the
range of experimental parameters. However, the optimal FCF may be closely related to the
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inlet air parameters, tunnel length, cross-sectional dimensions, and heat source intensity.
Future research needs to explore the robustness of this strategy under different geometric
and thermal conditions to form a more universal design guideline.

Although this study shows that the alternating ventilation mode produces only a mod-
est absolute temperature reduction of 0.3 to 0.6 ◦C, its engineering significance is reflected
in several respects. First, the decrease in ambient temperature increases the temperature
difference for heat exchange at the cable surface, which is conducive to lowering cable tem-
perature. Second, the main advantage of this strategy lies in its ability to actively weaken
thermal and humidity stratification, as indicated by the reductions in Kt and KRH, thereby
helping to suppress localized cable overheating. For power cables, maintaining a uniform
operating temperature and avoiding local hot spots are particularly important, because
these factors help delay the thermal aging of insulation materials and preserve current
carrying capacity [11,12]. According to the Arrhenius-IPM electrothermal life model, under
a constant electric field, a 0.3–0.6 ◦C decrease in service temperature near the rated temper-
ature of 90 ◦C corresponds to an approximately 2.5–5.0% increase in normalized cable life,
indicating that small thermal reductions can still be meaningful when cables operate close
to the allowable temperature limit [51]. In addition, the improved humidity distribution,
reflected by the reduction in RHNGR, helps decrease the risk of condensation on the inner
walls of the tunnel and on metal components, thereby reducing corrosion and maintenance
demand [19]. This is beneficial to long-term operational safety and maintenance manage-
ment. Finally, from an engineering perspective, when rising outdoor temperatures cause
the tunnel temperature to approach or exceed the permissible limit, the usual response
is to increase the ventilation rate. Under the same conditions, alternating ventilation can
maintain a lower average temperature than conventional ventilation, which means that
outdoor temperatures 0.3 to 0.6 ◦C higher can be tolerated before additional ventilation is
required. As a result, the operating duration of high airflow conditions may be reduced,
although the associated energy implications require further quantitative assessment.

It should be noted that the practical implementation of alternating ventilation strate-
gies in engineering applications requires careful evaluation of their potential energy and
operational implications. Fan reversal may increase energy consumption, mainly because
of the surge current at startup and the temporary operation of the fan in a relatively in-
efficient state during the startup process. Although the reversal frequency adopted in
this study is relatively low, it may still lead to additional operating energy consumption
and accelerate the mechanical wear of fan components. These potential drawbacks, how-
ever, may be mitigated through technical improvement and operational optimization. For
example, variable frequency drive control can be employed to enable reversal without
shutdown, thereby reducing the additional energy consumption associated with repeated
startup. In addition, the air change rate may be further optimized, while maintaining
indoor environmental requirements, to reduce daily operating energy consumption. Future
research should therefore focus on developing adaptive control strategies that dynamically
adjust the reversal frequency and air change rate according to real time indoor and outdoor
environmental conditions, such as inlet air temperature and cable load, to achieve a better
balance between environmental control and energy efficiency. Moreover, fan selection,
including the applicability of reversible fans, as well as the establishment of appropriate
periodic maintenance schedules, should be regarded as important prerequisites for practical
engineering application.

Furthermore, this study, focusing on the consistency of the internal spatial environment
of the utility tunnel, selected KRH and Tm as optimization objectives in the response surface
methodology (RSM) analysis. It should be noted that TNGR and RHNGR are important
safety-related indicators, and using TNGR and RHNGR as optimization objectives is also
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essential. Therefore, future research could focus on optimizing ventilation parameters
based on safety risk control.

5. Conclusions
In this study, a CFD-based numerical model of a utility tunnel was established to

investigate temperature and humidity distributions under conventional and alternating
ventilation modes. Additionally, the alternating ventilation scheme was optimized using
response surface methodology, aiming to provide guidance for temperature and humidity
environment assessment and ventilation strategy optimizations in existing utility tunnels.
The main conclusions drawn from the data analysis are as follows:

(1) Under the conventional ventilation mode, the air temperature along the tunnel axis
gradually increases, exceeding the standard temperature near the tunnel exit. Higher inlet
air temperatures lead to larger regions exceeding the standard. Driven by buoyancy effects
induced by cable heat dissipation, pronounced temperature and humidity stratification is
observed within the utility tunnel. Compared with the alternating ventilation mode, the
uniformity of temperature and humidity is poorer. Under the conventional ventilation
mode, a clear thermal–humidity stratification forms, leading to gradual temperature in-
crease along the axis and potential exceedance of the standard limit near the outlet. This
mode shows poorer uniformity of the environmental parameters.

(2) Under the alternating ventilation mode, the distributions of air temperature and rel-
ative humidity in the utility tunnel show improvement. The uniformity of the temperature
and humidity fields is improved. This mode suggests a way to address some limitations of
conventional unidirectional ventilation. It can actively disrupt temperature and humidity
stratification within the tunnel and shows advantages of low retrofit difficulty and good
adaptability to varying operating conditions. Compared to conventional ventilation mode,
the temperature at the measuring points along the line was lower under the same intake
air temperature. Both non-uniformity coefficients and non-guarantee rates are improved;
TNGR decreases from 15.1% under conventional ventilation to 14.2%, an improvement of
6.0%, and the average tunnel temperature (Tm) is reduced by 0.3 ◦C.

Alternating ventilation demonstrates improvements in the distribution of air tempera-
ture and relative humidity, resulting in a more uniform environmental field. By periodically
changing the airflow direction, this strategy helps mitigate the thermal and moisture strati-
fication observed in conventional unidirectional ventilation. Numerical results obtained
under the conditions studied show that, at the same inlet air temperature (30 ◦C), the
alternating mode reduces the temperature non-guarantee rate (TNGR) from 15.1% to 14.2%
(a relative improvement of approximately 6.0%) and lowers the tunnel’s mean tempera-
ture (Tm) by 0.3 ◦C. These improvements, coupled with minimal structural modifications
(requiring only adjustments to the control logic), suggest that alternating ventilation may
serve as a potential ventilation optimization option for improving the thermal environment
of existing utility tunnels, particularly focusing on enhancing spatial uniformity.

(3) The optimal results for the alternating ventilation mode were achieved based on
the response surface method. For different inlet air temperatures (Ti), the recommended
fan commutation frequency is suggested to be 2, meaning that the airflow direction re-
verses every 10 min within a 30 min ventilation period. For Ti = 35 ◦C, ACH = 4 h−1, and
FCF = 2 times, the optimized alternating ventilation scheme reduced KRH and Tm from
11.9% and 37.5 ◦C under the conventional mode to 11.0% and 36.9 ◦C, respectively, corre-
sponding to a 7.6% improvement in KRH and a 0.6 ◦C reduction in Tm. CFD simulations
supported validation for the optimized alternating ventilation scheme, with a maximum
relative error of 1.3%, which is within an acceptable range for engineering evaluation.
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It should be noted that, although the results of this study provide useful reference
value, several limitations remain. First, the geometric model simplifies the cross-sections of
cables and pipes into regular shapes, and the resulting effects on local flow and heat transfer
were not fully captured. This simplification may affect the prediction of the near-wall flow
field, local flow resistance, and the non-uniformity coefficients of temperature and humidity.
Second, the assumption of constant cable heat generation ignores dynamic variations in
electrical load, which may make the simulated environment appear more stable than actual
operating conditions. Third, the tunnel walls were treated as constant-temperature bound-
aries, without considering the possible feedback of internal temperature and humidity
variations on wall heat transfer. In addition, the extra energy consumption and equipment
wear associated with frequent fan reversals were not evaluated, and the techno-economic
feasibility of this strategy therefore requires further quantitative assessment. Furthermore,
the optimization of safety metrics (TNGR and RHNGR) was not evaluated in the optimiza-
tion of the alternating ventilation scheme. Overall, these limitations highlight the need for
further research and provide guidance for continued improvement and expansion of the
current findings.

Future research should focus on several aspects. Frequent fan reversal may increase
energy consumption during fan start-up and shutdown and may also accelerate mechanical
wear. Therefore, future studies should develop adaptive control strategies for alternating
ventilation under dynamic meteorological conditions. Fan performance curves and energy
simulation tools can be combined to evaluate the annual energy consumption and eco-
nomic feasibility of the system. In addition, small-scale experimental platforms should be
established to validate the numerical model, the geometric model should be further refined,
and the applicability of this strategy should be tested under different climate conditions
and variable load scenarios to support a more comprehensive assessment of its engineering
feasibility. Furthermore, from the perspective of safety risk control, the alternating ventila-
tion scheme should be optimized. Through the exploration and discussion of the above
research directions, the performance of alternating ventilation in utility tunnels may be
further improved, supporting its broader application across a wider range of utility tunnel
systems.
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Nomenclature

Symbols
u x-direction velocity, m/s
v y-direction velocity, m/s
w z-direction velocity, m/s
t time, s
u velocity vector, m/s
g gravity coefficient, m/s2

cp specific heat capacity, J/(kg·◦C)

k thermal conductivity, w/(m·K)

Di,e f f effective diffusion coefficient of water vapor
Si source term of water vapor
p pressure, Pa
qv internal heat source, W/m2

a thermal diffusion source term, m2/s
T temperature, ◦C
Yi mass fraction of water vapor
Ti inlet air temperature, ◦C
Kt temperature non-uniformity coefficient
KRH relative humidity non-uniformity coefficient
Tm average temperature, ◦C
ψ average relative humidity
n total number of monitoring points
Greek symbols
µt turbulent viscosity
ρ density, kg/m3

µ dynamic viscosity, Pa·s
σt turbulent Schmidt number
Abbreviation
ACH air change per hour
ANOVA analysis of variance
CFD computational fluid dynamics
FCF fan commutation frequency
TNGR temperature non-guarantee rate
RHNGR relative humidity non-guarantee rate
RSM response surface methodology
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