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Abstract

Fire in complex tunnels poses unique threats to urban public safety and infrastructure.
This study systematically investigates the fire characteristics in a branched tunnel with
sloped mainline, focused on the effect of mainline slope, longitudinal ventilation and
heat release rate on temperature distribution in mainline and ramp. Results reveal lower
maximum ceiling temperature under higher airflow velocity. Greater heat release rate
significantly elevates the maximum ceiling temperature in mainline. The maximum
ceiling temperature rise is changed as the variation of mainline slope. The induced
airflow velocity was employed to correlate the dimensionless temperature rise that the
0.36 power of sinf was utilized to normalize the induced airflow velocity. The
temperature beneath the mainline ceiling decreases with higher airflow velocity and is
slightly influenced by the mainline slope. The Fr was utilized to correlate the
dimensionless temperature longitudinal decay along mainline ceiling that sum of two
exponential equations were established. The effect of mainline slope on temperature
longitudinal decay along ramp ceiling is limited, but the heat release rate plays an
important role. The prediction model for temperature distribution in ramp is developed
based on the exponential equation. This study contributes to developing robust fire
safety strategies and risk assessment in complex branched tunnel conditions.
Keywords: Tunnel fire, Maximum temperature, Bifurcation tunnel, longitudinal
ventilation

1. Introduction

The tunnel, as an irreplaceable component of urban infrastructure, have been
extensively constructed to alleviate the urban traffic congestion, and provide urban
operation efficiency [1-2]. Tunnel fire pose a significant threat on tunnel operation
safety due to causing serious casualties and facilities damage [3-4]. For instance,
Yanhou tunnel fire in Shanxi province in 2024 caused 40 deaths and 12 injures [5],
Maoliling tunnel fire in Zhejiang province in 2019 caused 5 deaths and 31 injures.
Tunnel as a long-narrow confined space restricted the heat and toxic smoke diffusion
that results in the high-temperature toxic smoke becoming a crucial factor for the death
and injure, even over 85% deaths in tunnel fire due to the smoke [6]. Recently, the
complex tunnel composed with multiple branched structures has been extensively
developed to connect the urban ground transportation and underground road. The
multiple passways for smoke movement and airflow in those tunnels give rise to the
difficulty of smoke control and evacuation, which bring about more serious of hazards
consequences. Therefore, it’s urgent to unveil the smoke movement and temperature
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profile in complex urban tunnel fire.

The smoke propagation and temperature distribution in tunnels have been attached
great importance in previous study. Alpert [7-8] described the plume of smoke
movement in a confined space and established the theoretical model for maximum
temperature of ceiling jet under natural condition. Kurioka et al. [9] derived the model
formula for maximum temperature beneath the tunnel ceiling by taking the effect of
longitudinal ventilation into account that utilizing the non-dimensional heat release rate
and Froude number to correlate the maximum ceiling temperature. Hu et al [10]
conducted the full-scale experiments and numerical modelling to validate this empirical
model with difference less than 4.5%. But there is no application of this formula for
maximum temperature under natural conditions. Ingason et al. [11] proposed the two
piecewise functions for maximum smoke temperature beneath the tunnel ceiling that
neglected the influence of ventilation during dimensionless ventilation velocity less
than 0.19. Hu et al. [12] upgraded this model to predict the maximum ceiling
temperature under influence of blockage. The existing empirical model mainly utilized
the heat release rate and ventilation velocity, which represent the energy intensity and
cooling effect, to correlate the maximum ceiling temperature. The multiple factors
would impact the cooling effect and heat distribution beneath the tunnel ceiling, further
changing the ceiling temperature. Thus, the tunnel slope [13], fire source position [14],
sub-atmospheric [15], double fire source [16] and branched structure [17] has been
considered to optimize the prediction model for maximum ceiling temperature. But the
coupling effect of mainline slope and bifurcation structure on temperature distribution
is complexed that has not been unveiled. The previous study only revealed the effect of
ramp slope on smoke propagation and temperature distribution in a naturally branched
tunnel [18]. There is still a research gap on multiple tunnel slopes and ventilation on
temperature distribution in branched tunnels.

The smoke temperature decays with distance between maximum temperature
position two sides. Ingason and Li [19] developed an exponential function for
dimensional temperature distribution along the tunnel ceiling with constant coefficient
of 0.9575, furtherly, the sum of two exponential equations was developed and can well
predict longitudinal temperature. The temperature longitudinal decay relates to the CO
concentration along tunnel ceiling [20] and be normalized utilizing dimensionless
distance x/H [21] with constant coefficient of 1 that lager than 0.9575. Zhang et al. [22]
given impetus to the longitudinal temperature prediction model by modified the
dimensionless distance utilizing flame length. The asymmetric attenuation of
longitudinal temperature would occur between fire source two sides under the action of
ventilation and tunnel slope. Hu et al. [23] compared the full-scale experimental results
with calculated temperature by Delichatsios proposed model [24], which taken the
longitudinal ventilation velocity into account. The induced airflow occurs in sloped
tunnels that smoke is toward uphill direction and attaches great importance to
temperature attenuation. Ji et al [25] investigated the upstream temperature rise and
developed an empirical model under natural condition. Yu et al. [6] numerically studied
the combination effect of tunnel slope and ventilation on smoke distribution in ordinary
tunnel fire but without the quantification for longitudinal temperature. The inertial force



and stack effect induced by buoyancy would significantly change the temperature
longitudinal decay upstream and downstream. In current, the complex urban tunnel has
been extensively constructed that composed with bifurcation structure. The temperature
longitudinal decay in those branched tunnel cannot be correlated by utilizing the
previous model for ordinary single tunnel because of the combination effect of
divergent flow and multiple slope region [26]. Thus, Cheng et al. [18] proposed an
empirical model to predict the longitudinal temperature beneath the mainline tunnel
ceiling by taking the ramp slope into account. Li et al. [27] claimed that the fire source
transverse location at joint node played an important role in temperature distribution
and quantified it utilizing the exponential function. Huang et al. [28] studied the
temperature longitudinal decay in mainline and ramp under ventilated condition in
horizontal tunnel. However, the inclined mainline always occurred to connect with
ground transportation. The combination effect of stack effect, divergent flow and
longitudinal ventilation on smoke movement is complex and has been barely studied.
There is still a lack of prediction models for the temperature distribution in this
branched tunnel that causes difficulties in tunnel design, emergency management and
risk assessment. Thus, to fill this gap, it is necessary to investigate the temperature
longitudinal distribution in branched tunnel with mainline slope and ventilation
conditions.

In view of this, the present study carried out a series of small-scale experiments to
investigate the smoke movement and ceiling temperature distribution in the branched
tunnel. The combination effect of ventilation velocity and mainline slope on ceiling
temperature has been revealed and proposed the mathematical model for temperature
longitudinal decay. The findings of this study contribute to tunnel fire dynamics and
provide theoretical guidance for design of ventilation systems in tunnels.

2. Experimental approach

In present study, a 1:20 scale-down branched tunnel was utilized to conduct fire
experiments, which were controlled by the Froude criterion. The branched tunnel
consisted of mainline region and ramp with cross dimension of 0.5 m (width) X 0.25
m (height), where the tunnel length of mainline and ramp were 10 m and 4 m, as shown
in Fig.1. To visually observe the fire process, the front tunnel wall was covered by the
10 mm thickness fireproof glass with thermal conductivity of 1.1 W/(m-k). The other
tunnel walls were constructed by 5 mm thickness of steel plate with thermal
conductivity of 17 W/(m'k). The bifurcation angle between mainline and ramp
maintains 30°. The mainline slope before shunting ranges from 0% to 7% with interval
of 2%.
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Fig.1 Schematic diagram of small-scale experimental setup.

The thermocouple with diameter of 1 mm was utilized to detect the ceiling
temperature that the measurement ranges from 0 °C to 1500 °C with accuracy of 1 °C.
Five thermocouple trees were placed between fire source two sides with interval of 0.2
m, where each thermocouple tree consisted of three probes. Beyond of this region, the
thermocouples were longitudinal mounted along mainline and ramp beneath the ceiling
0.1 m with longitudinal spacing of 0.4 m, the detail information can be found in
previous study [3]. A data acquisition system of Keysight DAQ970A was employed to
collect the temperature signal and transferred to a personal computer. A frequency fan
was utilized to supply the longitudinal ventilation from downhill mainline entrance that
the velocity was measured by a hot-wire anemometer (Kanomax KA12). The
measurement range of hot-wire anemometers is from 0 m/s to 20 m/s with accuracy of
0.01 m/s. The airflow velocity away from downbhill entrance 2.05 m and 2.95 m were
detected where the cross-section velocity full development. An electronic balance was
employed to weigh the fuel mass with accuracy of 0.01 g, furtherly, the mass loss rate
was calculated to deduce the heat release rate at quasi-steady state, expressed as Eq. (1).
The n-heptane with the combustion heat of 44.6 MJ/kg [29] was employed as the fuel.
Three heat release rates including 1.12 kW, 1.64 kW and 2.8 kW were considered in
present study. Five airflow velocity in downhill mainline region was conducted for each
heat release rate and mainline slope. The experimental conditions were summarized in
Table 1 for various HRRs, mainline slope and airflow velocity.

Q= ymAH (1

where Q is the heat release rate (kW), y is the combustion efficiency 0.92 for n-heptane,
m is the mass loss rate (kg/s), AH is the combustion heat (kJ/kg).
Table 1 List of the experimental conditions

Bifurcatio HRR Mainline slope
No. Ventilation velocity (m/s)
n angle (°) (kW) (%)

Test A 30 1.12 0,1,3,5,7 0.10, 0.15, 0.20, 0.3, 0.40



Test B 30 1.64 0,1,3,5,7 0.10, 0.15, 0.20, 0.30, 0.50

Test C 30 2.80 0,1,3,5,7 0.15, 0.20, 0.30, 0.50, 0.65

3. Results and discussion
3.1 Temperature longitudinal distribution in mainline

Fig.2 exhibits the longitudinal temperature beneath the tunnel ceiling under
ventilation conditions. The temperature decays gradually between fire source two sides
that upstream temperature decays faster than downstream value, this phenomenon
becomes more obvious with higher ventilation velocity. In horizontal tunnels with
natural ventilation, the driving force of smoke movement is the thermal pressure as the
temperature difference between smoke and ambient air. While the airflow is mainly
governed by the local negative-pressure effect near the fire source [30]. Because of the
asymmetrical air entrainment from fire source two sides including only mainline portal
before shunting and mainline tunnel portal combined with ramps after shunting, the
smoke layer slightly inclines to the portal sides with larger opening area [31]. In
longitudinal ventilation tunnel, the inertial force of ventilation causes the hot smoke to
preferentially exhaust from the downstream portal as the local negative-pressure effect
induced by the asymmetrical air entrainment. Owing to the ventilation velocity
suppresses the local negative-pressure effect near fire source, a pressure imbalance is
more prominent even leading to the maximum ceiling temperature position shifted to
downstream. That demonstrated the non-orthogonal ventilation effect of longitudinal
airflow and buoyancy. The stronger the airflow velocity, the lower the ceiling
temperature occurred. That indicates the cooling effect of ventilation suppressing the
combustion assisting effect.

From Fig. 2, the mainline slope before shunting exerts an unfavorable influence on
temperature longitudinal decay beneath the tunnel ceiling. The smoke temperature at
upstream decays faster with steeper uphill mainline but this influence is limited. The
elevation difference between lower portal to location of fire source at joint node cause
the rising hot smoke to preferentially discharge from the high portals [30]. The induced
airflow is formed in sloped tunnel as the stack effect [32], which combined with the
longitudinal ventilation suppresses the oxygen supply effect and deflects plume toward
to high-slope portal. Under the circumstance, the longitudinal temperature weakens and
the ceiling impingement point shifts further toward the high-slope side. Therefore, the
smoke temperature distribution in bifurcation tunnel is affected by the asymmetrical air
entrainment from multiple portals, ventilation velocity and mainline slopes.
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Fig.2 Temperature longitudinal decay under different mainline slopes.

The maximum ceiling temperature rise in horizontally bifurcation tunnel has been
normalized in previous study [3], expressed as Eq. (2).
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where A Tuq is the maximum temperature rise (K), Q" ner is the dimensionless heat
release rate, Q" ner =0/(poc,Tog"*Her'?), po is the ambient density (kg/m®, ¢, is the air
specific heat capacity (kJ/(kg-K)), g is the gravitational acceleration (m/s?), H,r is the
effective height between fire source surface to tunnel ceiling (m), 7y is the ambient
temperature (K), " is the dimensionless velocity u =u/(Qg/bpoc,To), bris the radios of
fire source (m).

But for the inclined mainline, the induced airflow velocity was taken to modify the
ventilation velocity u. Meric [33] established a induced airflow velocity regarding
global stack effect caused by fires in inclined tunnel under natural condition. The
mainline slope has been replaced by the sine of title angle. The induced airflow velocity
is expressed as,

w, =220 §in® g1 Q0 (1 - exp(—bfh)) )

where u;, is the indued airflow velocity (m/s), L is the tunnel length of inclined region
(m), @ is the mainline slope (°), d is the roughness of the tunnel wall (m), Q. is the
convention heat release rate (MW), / is the convection coefficient (W/(m?-K)).

The u+uiy, is utilized to replace the ventilation velocity inside tunnel and substitute
this velocity into Eq. (2) to predict the maximum temperature rise in branched tunnel
with inclined mainline. The prediction of maximum ceiling temperature was calculated
utilizing Eq. (2) and compared with the experimental results, as shown in Fig.3. The
prediction demonstrates good agreement with experimental data, with most prediction
errors remaining within 20%. In addition, the predictions also compared with the
calculated value using formula proposed by Huang et al. [3] and experimental results
conducted by Chen et al. [18]. The predictions agree well with the previous
experimental results, showing a relative error of less than 20%. The previous model
also took the induced airflow velocity into account but not considering the effect of heat
release rate on induced airflow velocity, thus, there is still a little deviation.
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Fig.3 Comparison of AT (calculated value vs. measurement value).



The temperature longitudinal decay in mainline is influenced by the fire power,
tunnel slope and airflow velocity. The dimensionless excess ceiling temperature of
AT/ATmax was introduced to correlate the excess temperature along tunnel ceiling that
has been verified following an exponential decay [20]. Hu et al. [34] established a single
exponential expression for dimensionless excess ceiling temperature taking the tunnel
slope into account, given as Eq. (4). To well normalized the ceiling temperature, the
constant coefficient [25] is always loaded in left-hand side of Eq. (5). Furtherly, the sum
of two exponential equations was proposed to normalize the ceiling temperature inside
branched tunnel [28, 35], expressed as Eq. (5).

ATx —k(x-x))

=e
AT]"l’laX (4)
AT X—X X—X
X — al exp(bl max ) + a2 exp(bz max) (5)
AT, max o ef

where AT is temperature rise at position x (K), & is the coefficient, x is the reference
position, a; and a; are constant, b; and b are coefficients.

For the natural condition, the dimensionless ceiling temperature has been directly
correlated utilizing the heat release rate [36] but not A7, given as Eq. (6). But this
model is invalid for tunnel fire under longitudinal ventilation conditions. Li et al. [37]
also directly normalized the ceiling temperature utilizing Q and Richardson number (Ri)
based on the single exponential equation, given as Eq. (7).

AT X—X X=X
—2= =g exp(b %) +a, exp(b 2) 6
Lo U U H, U H, (©)
AT, | . R
Tx/ (O Ry =a+be ™ ()
0

where Ri is the Richardson number, a and b are coefficients.

From the experimental results, the temperature rise at upstream is limited due to air
inflow. Thus, the temperature decay in mainline downstream region is mainly focused.
Fig.4 exhibits the relationship between downstream dimensionless excess temperature
and (x-x9)/H,s for heat release rate of 1.12 kW and mainline slope of 0%. It is obvious
that excess temperature decay cannot be normalized using dimensionless values at
different ventilation velocities.
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Fig.4 Relationship between dimensinless temeprature rise and distance.

From the Fig.4, the ventilation velocity has a siginificant influence on the
temeprature longitudinal decay along the mainline ceiling. Zhao et al. [38] claimed that
the temperature longitudinal decay related to the -1/2 power of the Fr, where
Fr=u/(gH)"?. The research conducted by Kurioka et al. [9] indictade that the -2/5 power
of the Fr can well correlate the dimenisnoless maximum temeprature rise beneath the
tunnel ceiling. Based on the physical mechanism of dimensionless excess ceiling
temperature to -2/5 power of the Fr, the denominator in equation (5) was promoted
taking Fr*” into account. Thus, the dimensionless excess temeprature can be expressed
as AT/ ATwaFr*?). Fig.5 exhibits the relationship between the dimensionless excess
ceiling temeprature and distance away from reference position under typical mainline
slope of 0% and 7%. The dimensionless temeprature rise along mainline tunnel can be
well correlated utilizing the sum of two exponential funations taking the Fr*° into
account. That the dimenisonless temeprature rise along the mainline donstream has
been normalized utilizing the sum of two exponential functions under all mainline slope,
and the coeffcinets is shown in Table 2.
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There are some difference of the coefficients in Eq. (1) between horizontal tunnel



and sloped tunnel. Thus, the pieswise function was developed for temeprature
longitudinal decay inside mainline region. For horiozntal mainline, the temeprature
longitusinal decay can be expressed as Eq. (8). For the inclined mainline, the
exponential coefficients of b; and b; are similar under all tunnel slope conditions, thus,
the average value are selected as the coefficients, given by 5;=-0.6 and 5,=-0.032. The
constant coeffcients fo a2 is 0.77 under all mainline slopes. The coeftciient of a; linearly
decreases with the mainline slope, which can be normalizned by utilizing the sine of
slopes, as shown in Fig. 6. Furthermore, the coefficient of a; equals to 2.61-2.35sin6.
Therefore, the temeprature longitudinal decay in sloped mainline can be expressed as

Eq. 9).
For horizontal mainline tunnel,
AT X—X X=X
————=1.98exp(—0.72 —%) +0.77 exp(—0.05 ——==
AT p( i, ) p( | ) (8)
For inclilned mainline tunnel,
AL (2.61-2.35sin @) exp(-0.6 X mx) 4 0,77 exp(—0.032 X mmy g
AT, Fri® . e H, e H, ®
Table 2 Coefficients for AT/(ATwaFr*?) under different mainline slope.
Coefficients 0% 1% 3% 5% 7%
aj 1.98 2.59 2.54 2.49 2.45
az 0.77 0.77 0.77 0.77 0.77
b; -0.72 -0.59 -0.61 -0.6 -0.61
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3.2 Temperature longitudinal decay in ramp

The temperature distribution in ramp for horizontal bifurcation tunnel has been
studied in previous work [17, 39]. Thus, this study mainly focused on the effect of
mainline slope on the temperature longitudinal distribution in ramp. Fig.7 exhibits the
temperature longitudinal decay along ramp ceiling under different mainline slopes. The
error bars are plotted to display the temperature difference as the mainline slope rises



from 1% to 7%. The temperature beneath the ramp ceiling is higher under greater fire
power that indicates the more smoke enters the ramp region. The temperature in ramp
is significantly decreased as the higher airflow velocity because of both the shearing
effect near ramp entrance and cooling effect enhanced. For fire power of 2.8kW, the
temperature in ramp decreased to ambient value away from joint node 0.8 m that
indicates the airflow velocity arrive the critical value to control the smoke entering to
ramp. The temperature beneath the ramp ceiling is slightly lower under steeper mainline
conditions due to the larger induced airflow velocity. In total, the effect of mainline
slope on the temperature distribution in ramp is weakly. However, Chen et al. [ 18] found
the ramp slope has a significantly influence on the ramp temperature as the more smoke
entering into ramp under steeper ramp slope.
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Fig.7 Temperature longitudinal distribution along ramp.

The temperature longitudinal decay in ramp has been corrected using an exponential
correlation by Chen et al.[18], expressed as Eq. (10). Huang et al.[39] also normalized
the temperature longitudinal decay in ramp using the (x-xo)/H.r. However, the previous
study only considered the temperature distribution in ramp under natural condition. The
present study takes the airflow velocity entering from mainline into account that the
temperature at entrance node was selected as reference point. The temperature at
reference position and in ramp also decreased as the cooling effect under higher airflow
velocity, thus, the dimensionless temperature longitudinal decay is slightly impacted by



airflow velocity, as shown in Fig. 8. The dimensionless temperature longitudinal decay
under each condition is corrected by utilizing (x-xo0)/He. Fig.8 exhibits the
dimensionless temperature longitudinal decay along ramp with mainline slope of 1%.
The longitudinal decay rate of dimensionless temperature in ramp is different under
various heat release rates. The decay coefficients under all mainline conditions are fitted
and plotted in Fig.9. For a given heat release rate, the longitudinal temperature decay
correction coefficients in ramp are closed as the mainline slope increases, suggesting
the effect of mainline slope on temperature decay along ramp ceiling is weak. Thus, the
average values of coefficients are selected to establish an exponential formula for
temperature longitudinal decay and formulated by dimensionless heat release rate.

ATx — o k(x=xp)
AT, =be +a (10)
where ATy is the temperature rise at reference point in K.

From Fig.9, the coefficients of a and b are very close to each other under different
fire source powers. Thus, the average value of coefficients @ and b can be taken as the
fitting coefficient, which are 0.15 and 0.84. The exponential coefficient of k is lower
under heat release rate of 2.8 kW than that value under 1.12 kW and 1.64 kW. Therefore,
the dimensionless heat release rate Q" was employed to correlate coefficient k. Fig.10
presents the relationship between k and Q" that can be well expressed using the
exponential formula, given as,

k=0.81-0.0017%¢ (11)

Substitute a=0.15, »=0.84 and Eq.(11) into Eq.(10), as well utilizing (x-xo)/Her
replacing (x-x¢), the dimensionless temperature rise in ramp can be given as Eq. (12).
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4. Conclusions
This study conducted a series of small-scale fire experiments in a branched tunnel to
investigate the temperature profile in a branched tunnel. The effect of mainline slope



and longitudinal ventilation velocity on temperature profile has been analyzed and
developed the empirical model for maximum temperature. The main conclusions are
summarized as follows:

(1) The maximum temperature beneath the tunnel ceiling increases with the heat
release rate and decreases with lager longitudinal ventilation velocity. The effect of
mainline slope on maximum temperature has been expressed by using the wu;,, which
related to sin®>%6).

(2) The temperature longitudinal decay along mainline is significantly influenced by
the longitudinal ventilation and mainline slope. The Fr??
temperature longitudinal decay along mainline downstream region where the sum of
two exponential functions is established to predict the temperature longitudinal
distribution.

(3) The temperature beneath the ramp ceiling decreases with increasing longitudinal
ventilation velocity but increases with the fire power. The temperature inside ramp
drops to ambient value as the airflow velocity achieving critical threshold for
controlling smoke entry into the ramp. The exponential equation is established to
predict the temperature longitudinal decay along ramp.

The present study clarified the temperature profile in a bifurcation tunnel fire with
sloped mainline. This study contributes to fire risk assessment and guidance for fire
protection system design. However, the fire location, ramp slope and lateral smoke
exhaust affect the fire behaviors and temperature profile, which will be further
investigated in the future.
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