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Abstract: The model-scale tunnel is used in this investigation to analyze the maximum smoke temper-
ature rise of the interconnected tunnel for various longitudinal ventilation velocities, blockage ratios,
and heat release rates where the fire is at the confluence of the underground interconnected tunnel.
The results showed that the longitudinal ventilation velocities of both the ramp upstream of the fire
source and the adjacent ramp influenced the maximum temperature rise under the underground
interconnected tunnel, and the ventilation of both ramps jointly affected the maximum temperature
rise. The change in the maximum temperature rise depends on who is more affected by the longitudi-
nal ventilation velocity or the vehicle blockage ratio. As the longitudinal ventilation velocity in the
interconnected tunnel increases, the convective heat transfer near the fire source increases, resulting
in a decrease in the maximum temperature rise, and the effect of the blockage ratio on the maximum
temperature rise is reduced. In this paper, a maximum temperature rise prediction model suitable for
the case of blockage in the interconnected tunnel is proposed.
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Urban ground traffic congestion is a common problem faced in the development of
cities. Building “three-dimensional transportation” in cities has gradually emerged to
relieve traffic pressure in large cities. The underground interconnected infrastructure is

fire6020050 used to change the three-dimensional traffic line from the ground to the underground [1].

The structure of an underground interconnected tunnel is complex, and the consequences
are serious once a fire occurs [2,3].

Alpert [4] analyzed the maximum temperature rise generated by the structure fire in
the absence of wind to establish a forecast model. Heskestad and Delichatsios [5] proposed
another classical equation for calculating the maximum temperature rise through the
dimensionless heat release rate (HRR). Moreover, researchers investigated the impact of
parameters such as ventilation velocity, tunnel slope, and smoke exhausting methods on
the maximum temperature rise [6-10].

Highway tunnel ventilation methods primarily include longitudinal, transverse, and
semitransverse ventilation [11-13]. In terms of cost, longitudinal ventilation continues
to be the most commonly used method of smoke control in the construction of tunnel
projects around the world [14]. In 2003, Kurioka [15], a Japanese scholar, conducted
experiments in three different scaling models and combined the tunnel section aspect ratio,
HRR, and longitudinal ventilation velocity to propose the maximum temperature rise
prediction equation:
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where the dimensionless HRR and the Froude number were written as:
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where:

AT, is the maximum temperature rise (K);
Tp is the ambient temperature (K);

Q is the heat release rate (kW);

7, € is the experimental constant;

p is the air density (kg/ m3) ;

cp is the specific heat at constant pressure (kJ/(kg-K));
¢ is the gravitational acceleration (m/s?);

H is the tunnel height (m);

V is the longitudinal ventilation velocity (m/s).

Li [16] discovered that Kurioka’s formula could not accurately predict the maximum
temperature rise at a shallow velocity. Thus, Li improved the formula concerning the maxi-
mum temperature rise with longitudinal ventilation and without longitudinal ventilation
as follows:

Vb1/(32H5/3r V'>0.19
fo Hlef
ATy = 53 @)
1759, V' <0.19
H

ef
where:

Q, is the total HRR (kW);

by, is the fire source’s radius (m);

H, is the vertical distance above the bottom of the fire source (m);
V' is the dimensionless longitudinal ventilation velocity.

With the construction of urban underground interconnected tunnels, the tunnels
need to connect with the ground road or other underground roads, which makes the
underground interconnected tunnel more complex and the traffic flow larger. It is simple
to create a blockage once a fire has started.

The maximum tunnel temperature rise in the situation of a single-pipe tunnel blockage
has been the subject of research. Li et al. [17] and Luo et al. [18] investigated the relation-
ship between the maximum temperature rise and the blockage ratio during longitudinal
ventilation. The maximum temperature is reduced as the blockage ratio rises. Tang [19]
investigated the impact of the distance between the obstruction site and the fire source on
the maximum temperature rise when the longitudinal ventilation was adjusted using a
model-scale test. Wang [20] analyzed the maximum temperature rise at different velocities
and heat release rates (HRRs) and provided a formula in the event of a blockage. In Kay-
ili’s [21] study, the maximum temperature rise and the blockage ratio were correlated. The
results showed that the blockage ratio was proportional to the maximum temperature rise
for a particular ventilation velocity. In addition, Li et al. [22] experimentally investigated
the influence of blockage on the maximum smoke temperature and revised the Kurioka
model by introducing the blockage ratio coefficient ¢.

AT, ('32/3
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where:
¢ is the blockage ratio (%).

Due to the existence of the interconnected tunnel, the ventilation airflow velocity at
the bifurcation is inconstant, and the smoke diffusion characteristics and control under fire
conditions are very different from those of ordinary single-pipe tunnels. Huang et al. [23]
investigated the influence of bifurcated angles, HRRs, and velocities on maximum tem-
perature rise. A correlation equation for the maximum temperature variation under the
bifurcated tunnel’s ceiling was proposed. Whether the fire source was upstream or at
the bifurcation point, Chen et al. [24] found that as the velocity increased, the maximum
temperature rise in the main tunnel decreased linearly.

Previous research focused on the bifurcation angle, longitudinal ventilation velocity,
and fire source location, most of which employed a single-pipe straight tunnel. However,
in the interconnected tunnel, it has not yet been possible to develop a predicted correlation
of the maximum temperature rise that takes into account the coupling impact of various
blockage ratios, ventilation velocities, and HRRs. In this work, a prediction method is
proposed along with physical model tests to evaluate the effects of the blockage ratio,
ventilation velocity, and HRR on smoke maximum temperature rise.

2. Experimental Setup
2.1. Model-Scale Tunnel

A 1:30 underground interconnected tunnel model was constructed. The interconnected
tunnel consisted of multiple curved and straight tunnel sections, a ramp D length of
6 m, and a ramp C length of 21.5 m, and the cross-sectional dimension of the ramp was
0.32 m (W) x 0.22 m (H). The tunnel sidewalls were composed of 6 mm thick fire-proof
glass, while the tunnel ceilings were composed of 3 mm thick fire-proof plates. The model-
scale tunnel is shown in Figure 1. Ramp C and ramp D traffic flows were at a confluence at
the bifurcated point.

Direction of the
ventilation

Figure 1. Model-scale underground interconnected tunnel.

The underground interconnected tunnel was made up of 8 multiple curved tunnel
segments, as shown in Figure 2, with Ramp C and D forming a merge at the splitting
point. The tunnel had no slopes. Table 1 shows the length and radius of curvature of
each segment.

The thermocouples arrangement is shown in Figure 2. They were placed 0.01 m
under the tunnel ceiling, and the longitudinal distance was 0.15 m. For a more accurate
measurement of the maximum temperature rise of the tunnel, the thermocouple array
was arranged at the confluence. There were a total of 108 horizontal and longitudinal
intervals of 0.06 m. Propane gas was used as the fire source fuel in the test. Propane has the
characteristics of low pollution and controllable combustion. At present, a large number of
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scholars have applied it to the test of reduced-size fire. In the experiment, the mass flow
rate of fuel was measured and controlled by a mass flowmeter to control the HRR of the
fire source. The burner’s inner diameter was 0.03 m x 0.03 m. The fire source was situated
near the bottom of the tunnel, in the center of the D ramp, and was 0.02 m high.
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Figure 2. Schematic diagram of the different sections of the underground interconnected tunnel.

Table 1. Parameters of different segments of the underground interconnected tunnel.

Ramp Number Curvature Radius R (m) Length (m)

C 1 o0 3.00
C 2 4.35 341
D 3(bifurcated point) - -

D 4 00 3.00
C 5 2.50 3.93
C 6 2.50 4.88
C 7 o 1.50
C 8 4.50 3.22

This test adopted the longitudinal smoke exhaust mode. The jet fans were 0.185 m
long, had an outlet diameter of 37 mm, and an operating voltage of 4.5 V=12 V. As shown
in Figure 1, a group of jet fans was arranged at the entrance of ramp C and ramp D, and in
each group with two jet fans, wind was blown from the entrance of ramp C and ramp D
to the exit of ramp C. The fans were fixed in the tunnel by customized brackets, and the
tunnel’s ceiling was 0.045 m from the jet fans’ center. The lateral distance between the two
jet fans was 0.11 m, which achieved the triple outlet diameter of the jet fans. The adjustable
direct current (D.C.) power was used to manage the longitudinal ventilation velocities. The
locations for measuring the airflow velocity were in the center of the tunnel cross-section,
but the blockage measurement points were above the obstruction.

The selection of the HRR was the most critical aspect of the tunnel fire test. The HRRs
were set to be 5 MW, 8 MW, 12 MW, 16 MW, and 20 MW, which should be 1.01 kW, 1.83 kW,
2.43 kW, 3.24 kW, and 4.05 kW, respectively, when generalized on a small scale by using the
Froude number.

As the blockage vehicle at the upstream fire source, three typical vehicles were chosen.
The distance between the fire source and the vehicle was 0.1 m. For the convenience of cal-
culation, the vehicles are simplified as rectangular bodies, and the width and height of each
vehicle were 0.06 m (W) x 0.055 m (H), 0.08 m (W) x 0.10 m (H), and 0.08 m (W) x 0.13 m
(H). The vehicle blockage length was 0.8 m, and the blockage area was the area of the same
type of two vehicles side by side, as shown in Figure 3. Therefore, the tunnel blockage
ratios (¢) were 0%, 10%, 20%, and 30%, respectively.
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Figure 3. The layout of test points for the model-scale test.

2.2. Experimental Conditions

Table 2 summarizes the parameters of the model-scale tunnel experiment. The block-
age ratios (¢) were set to be 0%, 10%, 20%, and 30%. In addition, five different HRRs
(1.01 kW, 1.83 kW, 2.43 kW, 3.24 kW, and 4.05 kW) and six ventilation methods (veloc-
ity was based on the velocity at ¢ = 0%) were considered. A total of 120 test conditions
were developed.

Table 2. Experimental conditions.

Velocity HRR (kW Blockage Velo a;?p(c/ ) Vi H a!tt‘p(D/ )

Test NO. Schema (kW) Ratio (%) ¢ e OC{/}C’ m/s e OC{]}]; m/s
1-20 Scheme 1 0.42 0.38
21-40 Scheme 2 }gé/ 0.41 0.45
41-60 Scheme 3 2' 43’ 0, 10, 0.40 0.61
61-80 Scheme 4 39 4’ 20, 30 0.44 0.55
81-100 Scheme 5 4' 05’ 0.46 0.85
101-120 Scheme 6 : 0.65 0.96

3. Results and Discussion
3.1. Variations in Longitudinal Ventilation Velocities in the Interconnected Tunnel

Figure 4 shows the variations in the longitudinal ventilation velocities with different
blockage ratios for the same velocity scheme. When velocity Scheme 1 was used for the
interconnected tunnel, the velocity at ramp C remained essentially constant, as the blockage
ratio rose. The velocity of ramp D showed a decreasing trend. The velocity dropped from
0.38 m/s to 0.16 m/s and changed significantly. When velocity Scheme 6 was used for the
interconnected tunnel, as the blockage ratio rose, the velocity at ramp C varied between
0.6 m/s and 0.8 m/s. The velocity of ramp D showed a decreasing trend. The velocity
dropped from 0.96 m/s to 0.78 m/s, which also changed significantly. Even though the
interconnected tunnel used the same velocity scheme, the actual velocity changed as a
result of the blockage in the tunnel, among which ramp D changed greatly. Therefore, the
longitudinal ventilation velocities of ramp C and ramp D in this paper were based on the
actual velocity measured by the flow velocity measuring point in the interconnected tunnel,
as shown in Table 3.
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Figure 4. Variation in longitudinal ventilation velocities with different blockage ratios under the
same velocity scheme: (a) ramp C velocity; (b) ramp D velocity.

Table 3. Longitudinal ventilation velocity measured values of ramp C and ramp D.

Longitudinal Ventilation Velocities (m/s)

Test NO. 4) 0% 10% 20% 30%
Ramp C D C D C D C D

1-20 0.42 0.38 0.40 0.32 0.41 0.25 0.42 0.16
21-40 0.41 0.45 0.28 0.47 0.37 0.44 0.30 0.40
41-60 0.40 0.61 0.35 0.65 0.34 0.62 0.33 0.55
61-80 0.44 0.55 0.40 0.60 0.46 0.46 0.47 0.41
81-100 0.46 0.85 0.38 0.87 0.43 0.73 0.43 0.68
101-120 0.65 0.96 0.75 0.91 0.65 0.83 0.72 0.78

Figure 5 shows the sum of the ramps C and D velocities with the blockage ratios.
In the interconnected tunnel, both ramps C and D had longitudinal ventilation. When
the blockage ratio increased, the velocity total (Vcip) of ramps C and D dropped to
some amount. According to Figure 3, this was because Vp decreased as the blockage
ratio increased.

o Schemel v Scheme4
20| o scheme2 ¢ Scheme5 T
Scheme 3 Scheme 6
o 1l5F 1
&
> < o .
<
10+ < v J
8 . v
o
8 . o
o
0.5 1 1 1 1
0 10 20 30

Blockage ratio (%0)

Figure 5. Variation in the sum of longitudinal ventilation velocities with blockage ratio for ramps C
and D.
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Ramp C and ramp D had longitudinal ventilation in the interconnected tunnel. Figure 6
selects the data for ramp C with similar velocities and ramp D with different velocities.

When ¢ =20%, Q = 4.05 kW, ramp C’s velocities were comparable, and ramp D’s velocities
varied from 0.25 m/s to 0.73 m/s, and the maximum temperature rise drastically dropped
from 501 K to 267 K. The maximum temperature rise varied dramatically when the velocities
at ramp D changed while the blockage ratio was constant and the velocities at ramp C were
similar. This may be related to the fire source located on ramp D, which made ramp D
velocities have a greater impact on the smoke.

500 T T T T T T T T
0 V. =0.40m/s, Vp = 0.32 m/s| a 500 | @ Vo=041m/s, V,=0.25m/s
o V.=0.40m/s, V, =0.60 m/s 0 V;=043mfs, V=073 m/s
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= o Z
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[
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Figure 6. Variation in maximum temperature rise with HRR under similar velocities on ramp C:
(@) ¢ = 10%; (b) ¢ =20%.

Figure 7 selects the maximum temperature rise data when the velocities of the D ramp
were similar and the velocities of the C ramp were different. When ¢ = 20%, Q = 4.05 kW,
the ramp C velocities were 0.37 m/s and 0.46 m/s, and the maximum temperature was
405 K while the minimum was 317 K. The longitudinal ventilation velocity in ramp C also
caused a change in the maximum temperature rise.

250 T T

T T 500 T T T T
o V.=038mfs, V,=087mis o o V=037 mls, V, =044 m/s
200 LL O Ve =075 mis, Vo =0.91 mfs | 400 L1 © Ve =046m/s Vp =046 mis o
o ° o
o
g 150 | 1 g 300 |
z o o = o o
= =
< 100 } g <1 200 +
o ° a o
o
50 - o . 100F o
o o
o
0 . 0 . . . .
1 2 3 1 2 3
Q (kw) Q (kw)
(a) (b)

Figure 7. Variation in maximum temperature rise with HRR under similar velocities on ramp D:
(a) ¢ = 10%; (b) ¢ = 20%.

The velocities of ramp C and ramp D jointly affected the maximum temperature rise.
Any change in the velocities of one of the ramps would cause the maximum temperature
rise to vary. The influence of ramp D was greater, which could have been because the fire
source was positioned on ramp D and influenced it significantly.

From Figures 68, with an increasing HRR, the maximum temperature rise increased.

When the velocity increased for both ramps C and D, Q =4.05 kW, the maximum tempera-
ture rise fell from 405 K to 107 K. The addition of HRR gradually reduced the increase in
the maximum temperature rise.
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3.2. Variation in Maximum Temperature Rises with Blockage Ratios in the Interconnected Tunnel

At a certain ventilation velocity, the maximum temperature rise increased with the
blockage ratio for the 0%, 10%, and 20% blockage ratios, as shown in Figure 9. Behind
the blockage, the wind created a vortex area. Because the wind flow created a vortex area
behind the obstruction when the blockage was located upstream of the fire, it resulted
in a slowed local velocity and enhanced thermal feedback of the fire source, as well as
an increase in the maximum temperature. The length and size of the vortex would have
steadily risen as the blocking ratio increased [21]. When the blockage ratio was 30%, it was
rather high; when the blockage ratio was increased, velocity increased, but the maximum
temperature rise was reduced. Who was more impacted by the vehicle blockage ratio or

velocity determines the maximum temperature rise in the interconnected tunnel.
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Figure 9. The maximum temperature rise varies with blockage ratio: (a) Scheme 1; (b) Scheme 2;
(c) Scheme 3; (d) Scheme 4; (e) Scheme 5; (f) Scheme 6.
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According to the analysis of 3.1, the velocities of ramp C and ramp D jointly affected
the maximum temperature rise of the interconnected tunnel. The change in the maximum
temperature rise from velocity Scheme 1 to 6 shows that as the velocity increased in the
interconnected tunnel, convective heat transfer near the fire source increased, resulting in a
decrease in temperature and a decrease in the effect of the blockage ratio on the maximum
temperature rise.

3.3. Maximum Temperature Rise Prediction Model for Interconnected Tunnel

The experimental data were processed by the maximum temperature rise prediction
Equation (6) proposed by Li [16]. The sum of the velocities of ramps C and D was used
as the characteristic velocity. The maximum temperature rise data fit well, as shown in
Figure 10. It demonstrated how the velocities of ramp C and ramp D had an impact on
the maximum temperature rise. However, the experimental results were lower than the
prediction of Equation (6).

Q ,
ATy = , V/'>0.19 (6)
1/31,5/3
Vb Hf
Vi
V= Ve =t
bropocpTo

where:

Ve p is the sum of ramps C and D velocity (m/s).
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2 200} 1 2 200t 1
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Q lvnblf:)SHeS’IS Q IVlblf/OSHeSf/S
(a) (b)
500~ | Blockage ratio P 500 | Blockage ratio ]
o 20% e o 30% .
o - . -
400 - Lietal. L8 1 400 Lietal. o.” 1
o . 4 . /n
< 300} .7fe 1 < 300t 4 1
= =g Aa
€ €
2 200} 1 2 200t §
100 1 100 :
ot . of :
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Q V'biHZ® Q V'bPHE®
(0 (d)

Figure 10. Fitting of maximum temperature rise with different blockage ratios: (a) ¢ = 0%; (b) ¢ = 10%;
(c) ¢ = 20%; (d) ¢ = 30%.
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This is because the maximum temperature rise prediction equation proposed by Li
is based on ventilation tests in the single-pipe tunnel. The maximum temperature rise in
this paper was based on the interconnected tunnel. At the same velocity, the tunnel section
where the fire source was located was larger than the tunnel section in the Li model, so
the air volume was also larger than that in the Li model. Ramp C and ramp D supplied
air at the same time, which increased the contact area between the fire plume and the
airflow, so the air entrainment of the fire plume in the tunnel section also increased, which
resulted in the decrease in the temperature. Therefore, the experiment data were lower
than Equation (6).

Figure 11 contrasts the maximum temperature increases with various blockage ratios
with the predictions of the Li model. It was discovered that there were no obvious fluctua-
tion tendencies in the distribution under the various blockage ratios. This demonstrates that
when the interconnected tunnel was blocked, Equation (6) was not capable of forecasting
the increase in temperature.

600 1-| Blockage ratio §
o 0% .
500 o 10% .7 .
20% 0"V
__400FH v 30% & .
9 —— Lietal o7 oy
2300 0" v @0 !
|_
<
200 + .
100 + .
of ¢ .

0 100 200 300 400 500 600 700 800 900
3 N\ /1131y 5/3
Q V'by, Hy

Figure 11. Comparison of the maximum temperature rise with the prediction equation of Li.

Equation (6) focuses on the maximum temperature rise of the single-pipe tunnel.
To better understand the maximum temperature rise during the interconnected tunnel’s
blockage, this paper establishes a suitable maximum temperature rise model for different
blockage ratios of the test data. The effects of vehicle blockage, longitudinal ventilation
velocity, and HRR on the maximum temperature increase in an interconnected tunnel were
studied in this model, where the ventilation velocity of ramp D was directly affected by the
vehicle blockage.

In the underground interconnected tunnel, the maximum temperature rise was af-
fected by the velocities of both ramp C and ramp D, while the velocity of ramp D changed
with the vehicle blockage ratios. The longitudinal velocity and blocking ratio were com-
bined with interconnected tunnels, and this paper analyzed the smoke mass flow rate to
establish a prediction model.

The smoke mass flow was mainly composed of the fuel mass flow and air mass flow
in ramp C and ramp D.

Tﬁszmc-l-mp-i-fﬂf 8)

The fuel mass flow rate was much lower than that of ramp C and ramp D. Therefore,
the mass flow rate of smoke can be expressed by the sums of the longitudinal ventilation
velocities of ramps C and D:

s = pVey S )
where:

S is the tunnel cross-sectional area (m?).
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Based on the heat calculation formula, where QC = 0.7Q:

Q. = C x 11 x AT, (10)

where C is a constant. .
The maximum temperature rise is proportional to Q. /1, as shown in Equation (11):

Q.
AT, P (11)

When the blockage ratio is 0%, the relation (12) is obtained from Equation (11), which
is shown in Figure 12 by fitting the data.

Q,
ATy 00 12
m,O %o S8 p’UC+DS ( )

where:

vc4p is the sum of the velocity of ramps C and D when the blockage ratio is 0%.

30T Mo B=1.01kw s
300l | © Q=183kwW 0.’ 1
I Q=2.43kW e
250} | B Q=3.24kw oo’ ]
< | | o Q=405kw e
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o e
£ 7

— 150 . e .
< I //‘E.
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8.59L —22.8
PVcio

Figure 12. Maximum temperature rise prediction formula (¢ = 0%).

As can be seen from Figure 12, the prediction equation at 0% blockage is shown in
Equation (13), which agrees well with the experimental results.

Q,

PYC+D

ATy 09 =859 —228, 0.6 <vcyp <16 (13)
For the velocity sum of ramps C and D, introducing the blockage ratio ¢, the following
relationship can be obtained:

Veyp = vcypg(9) (14)

As the blockage ratio increases in the interconnected tunnel, the sum of the velocities
at ramps C and D becomes lower. If the relationship between Vi p and v, p satisfies
Equation (15), the data are fitted by fitting the data as shown in Figure 13.

8(¢) = Veyp/veqp = (1 —ag) (15)
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Figure 13. Variation in velocities with blockage ratio.

The relationship between the ratio V4 p and vy p and the blockage ratio can be
obtained from Figure 13, as shown in Equation (16).

8§(¢) = Vesp/vcep = (1-0.6¢), 0% < ¢ < 30% (16)

Equations (13) and (16) may be used to derive the link (11) between the maximum
temperature rise and velocity and blockage ratio, and the data are fitted, as shown in
Figure 14. The test data under different blockage ratios of the interconnected tunnel fit
well with the prediction formula, while Li’s [22] formula cannot predict it well, as shown
in Figure 15. The prediction formula is shown in Equation (17). This formula applies to
interconnected tunnel blockage rates between 0% and 30%.

Q.
pvcn(1—0.69)S

AT,, = 8.59 —228, 0.6<vcip <16 (17)

900 T T T T 7 T
7
I 6 ,
250 L AT, =859——~c ____208,~ ]
PVc.o(1-0.64)S .
4 7
7 7
600 | \( i
—~~ 4 -
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Figure 14. Maximum temperature rise prediction formula of different blockage ratios.
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Figure 15. Comparison between the Li’s model and the experimental data considered in this study.

4. Conclusions

The model-scale tunnel calculates the maximum temperature increase in the smoke
under the interconnected tunnel by combining the velocity and HRR of the fire source
under various blockage ratios. The following are the key conclusions of this paper:

(1) The velocity of the ramps upstream of the fire source and the adjacent ramp have
an impact on the maximum temperature rise in the interconnected tunnel. The maximum
temperature rise is jointly impacted by both ramps’ ventilation.

(2) The maximum temperature rise in the interconnected tunnel varies with velocity
and the blockage ratio. Depending on who is more impacted by the velocity or blockage
ratio, the maximum temperature rise differs. The maximum temperature rise decreases,
and the impact of the blockage ratio diminishes when the velocity in the interconnected
tunnel decreases. This is because the convective heat transfer near the fire source increases.

(3) In an underground interconnected tunnel fire, the maximum temperature rise is
influenced by the velocity upstream of the fire source and the adjacent tunnel. As a result,
this research provides a novel method for predicting the maximum temperature rise under
the underground interconnected tunnel that is blocked by vehicles.

We only studied blockage rates between 0% and 30% in this paper. Additionally, the
angles between ramp C and ramp D were not considered. More research will be carried
out in the next stage.
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