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A B S T R A C T   

By sealing the portal at one end of tunnel and changing the transverse location of linear fire 
source in tunnel, the hot smoke layer, longitudinal temperature distribution and maximum 
temperature of linear fire source were investigated. It is found that the flame will bend under the 
influence of curved ceiling and hot smoke layer will be thicker when the linear fire source ap-
proaches to the side wall. The variation law of heat release rate is analyzed by considering the 
limiting effect of side wall and thermal feedback. By modifying the previous formula of effective 
ceiling height, an empirical formula for predicting longitudinal temperature distribution of linear 
fire sources with different aspect ratios is proposed, and the ventilation coefficient is obtained to 
characterized the temperature under sealing and without sealing. Moreover, the accuracy of 
predicted temperature under sealing is verified by using the ventilation coefficient. Based on 
dimensional analysis, it’s concluded that the maximum temperature mainly depends on the heat 
release rate, and an empirical formula is proposed to predict the maximum temperature rise of 
linear fire sources with different aspect ratios in several transverse positions. The error of pre-
dicted values and actual values is within 13%.   

1. Introduction 

The utility tunnel is an important public facility and many cables are placed in there. Thus, fire occurred in tunnel will cause serious 
damage. The burning cable can be regarded as a linear fire source, and the cable layout can be simulated by changing the transverse 
position of linear fire source in fire research. Investigation of linear fire characteristics is helpful for the fire protection work in utility 
tunnel. 

The tunnel fire has been researched by many scholars [1–8]. A series of experiments have conducted to investigate flame height and 
fire characteristics of linear fire with different aspect ratios. Ji et al. [9] studied the combustion characteristics of n-heptane fires with 
different aspect ratios, and found that the aspect ratio has little effect on the flame morphology and radiation distribution of linear pool 
fires when the width of the oil pool is constant. Chuan Gang Fan [10] investigated the influence of sidewall, it was found that more 
extended flame heating sidewall and the heat feedback from sidewall increased when the aspect ratio of fire increased, which also 
caused the mass loss rate rose. However, the flame height of n-heptane decreased because the oxygen needed for complete combustion 
of n-heptane was 1.56 times than that of ethanol, while the flame height of methanol fire increased. Zhou et al. [11] found the aspect 
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ratio of fire source has limited influence on the maximum temperature rise, while the effective ceiling height has great influence on the 
maximum temperature by changing central angle between linear source and ceiling center. A modified first order non-homogeneous 
linear differential equation was proposed based on the model of Ingason, which can predict the longitudinal temperature distribution 
of linear fire source with different aspect ratio. 

In reality, location of fire is relatively random due to the multi-layer arrangement of combustibles in the utility tunnel, which causes 
fire extinguishing system occupied in tunnel can’t put out the fire accurately, so the fire sealing is usually used to control fire in tunnel. 

Many scholars have conducted a series of experiments to study combustion parameters of fire when sealing the tunnel portal. Yao 
et al. [12] conducted the experiment in a reduced-scale closed rectangular tunnel. It was found that the flame would bend to the 
nearest closed end when the fire source deviated from tunnel center, the maximum temperature would decrease with the increase of 
flame angle. A modified formula to predict the maximum temperature in enclosed tunnel under a series of boundary conditions was 
proposed. Chen et al. [13] investigated the maximum ceiling temperature of tunnel fire theoretically, experimentally and numerically, 
and concluded that sealing ratio had great influence on maximum ceiling temperature. Moreover, a critical sealing ratio was obtained, 
the maximum gas temperature will decrease gradually when beyond the critical sealing ratio. Besides, an empirical model to predict 

List of symbols 

Q̇ Heat release rate of linear fire source(kW) 
Q̇* Dimensionless heat release rate of linear fire source 
ΔH Complete combustion heat of fuel(kJ/g) 
Ts,x Ceiling temperature at location x from the center of the fire source under sealing(K) 
Ts,max Maximum ceiling temperature at location x from the center of the fire source under sealing (K) 
To,x Ceiling temperature at location x from the center of the fire source without sealing(K) 
To,max Maximum ceiling temperature at location x from the center of the fire source without sealing (K) 
T0 Ambient temperature(◦C) 
ΔTx Ceiling temperature rise from the center of the fire source(K) 
ΔTmax Maximum ceiling temperature rise (K) 
ΔT*

max Dimensionless maximum ceiling temperature rise 
ΔT*

s,max Dimensionless maximum ceiling temperature rise under sealing 
ΔT*

o,max Dimensionless maximum ceiling temperature rise without sealing 
ṁ′′

0 Mass loss rate per unit area(kg/(sm2)) 
ṁ′′

∞ Asymptotic value for mass loss rate per unit area(kg/(s·m2)) 
ṁ Mass loss rate of linear fire source(g/s) 
x Longitudinal distance from the center of the linear fire source(m) 
Yox,l Oxygen fraction feeding the flame 
Yox,o Oxygen fraction in the free burning 
q̇External Heat feedback from external environment(kW/m2) 
L Heat of gasification(kJ/kg) 
AF,b Fuel burning area(m2) 
H Vertical height from the bottom of fire source to the ceiling(m) 
Hef Effective ceiling height(m) 
H′

ef Modified effective ceiling height(m) 
R Radius of the tunnel(m) 
r Arc length from the plume impact point to the ceiling center (m) 
θ The angle between the impinge point and the tunnel centerline(◦) 
l Transverse distance from the centerline of the tunnel(cm) 
d Length of the linear fire source(m) 
cp The specific heat capacity of ambient air at constant pressure(J/(kg ⋅K)) 
g Acceleration of gravity(m/s2) 
ρ0 Density of ambient air(kg/m3) 
χ Average combustion efficiency 
D Pool equivalent diameter(m) 
γ Ventilation coefficient  
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the maximum ceiling temperature is developed. Liu et al. [14] carried out experiments in a reduced-scale circular tunnel, and found 
that the gas temperature appeared obvious stratification in the vertical direction. Considering the effect of ceiling jet temperature, the 
prediction formula of maximum ceiling temperature proposed by Li [15] was modified that derived from the energy conservation 
equation. 

Lots of experiments conducted by predecessors were in the rectangular tunnel, while the investigations in curved ceiling tunnel are 
less. The circular tunnel has a curved ceiling compared with the rectangular tunnel, which reduces the heat exchange with the external 
environment and thickness of hot smoke layer is larger. Moreover, accumulation of heat in the center of curved ceiling will cause 
thermal damage to concrete structure. In addition, the thermal feedback will affect the combustion of fire source. Thus, experiments 
are carried out in a reduced-scale tunnel, and linear fire source with three aspect ratios is put on different transverse location when 
portal is under sealing and without sealing. The hot smoke layer, longitudinal temperature distribution and the maximum temperature 
rise are investigated. Moreover, a modified empirical equation to predict the longitudinal ceiling temperature distribution is proposed. 
Based on dimensional analysis, an empirical formula for predicting the maximum ceiling temperature rise is also proposed. Also, it’s 
found that the ventilation coefficient can characterize the relationship of the temperature under different sealing condition. Investi-
gation provides some reference significance for the structural fire resistance design and fire control work in underground utility tunnel. 

2. Experiment 

According to the Froude similarity criterion, the experiment was conducted in a reduced-scale circular tunnel with length 20 m and 
radius 0.75 m. A revolving fire proof door was installed at one end of tunnel as sealed portal. The tunnel model is shown in Fig. 1 (a). 

Q̇c,M  = Q̇c,F

(
lM

lF

)5/2

Mc,M = Mc,F

(
lM

lF

)5/2

tc,M  =  tc,F

(
lM

lF

)5/2

Tc,M  =  Tc,F

(1) 

Eq. (1) is the Froude similarity criterion formula, where M represents reduced-scale model experiment while F represents full-scale 
experiment. 

Linear fire sources are with three lengths of 1.9 m, 1.7 m and 1.5 m, 4 cm in width and 5 cm in height, and the aspect ratios are 47.5, 
42.5 and 37.5, respectively. When the aspect ratio is greater than 10, the fire source can be regarded as a linear fire source [16], use 
n-heptane as fuel. Besides, the fire source is at the height of 20 cm vertically from the center of the tunnel, and at the transverse 
positions of 0 cm, 30 cm, 50 cm, and 65 cm, respectively. The fire source position is shown in Fig. 1(c), and the ambient temperature is 
27 ◦C. 

Laser sheet below the fire source can illuminate the smoke particles. And a HD camera records the flame shape and smoke flow. 
The weighing equipment used in experiment is SIWAREX weighing sensors with range of 0–10 kg, which has sampling frequency 

for 1 s/time so that the process of quality changing of fire source can be recorded accurately. Thus, the mass loss rate is obtained and 
the heat release can be calculated by using Eq. (2). ΔH is the combustion heat of n-heptane, 44.4 kJ/g χ is the average combustion 
coefficient, which is 0.92 when the portal is sealed, while coefficient is 0.75 when the portal is without sealing. ṁ is the mass loss rate, 
g/s [17,18]. 

Q̇ = χ · ṁ · ΔH (2) 

The hot gas of fire rises vertically and spreads horizontally after hitting the ceiling, so the maximum temperature exists in the 
position closest to the ceiling. In order to measure the smoke temperature near the ceiling more accurately, the distance of thermo-
couples and ceiling is 1 cm to avoid direct contact [11]. The temperature distribution of ceiling jet in the vertical direction showed 
top-hat distribution with a bulging shape. Besides, the thickness of temperature layer with rapid temperature rise is tiny, and with large 

Fig. 1. Diagram of experimental setup. 
(a) The reduced-scale tunnel 
(b) Arrangement of experimental devices in reduce-scale tunnel 
(c) Location of fire source and arrangement of thermocouples in cross section 
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temperature gradient in this layer. Therefore, the spacing of the thermocouple is set closely in this layer [19]. Arrangement of 
experimental devices and thermocouples is as shown in Fig. 1(b) and (c). All experimental tests are listed in Table 1. 

3. Results and discussion 

3.1. Hot smoke layer 

The hot smoke will spread along the ceiling when fire occurs, which will accumulate under the tunnel ceiling and cause damage to 
concrete structure. Thus, investigation of transverse temperature distribution and smoke flow of the hot smoke has reference signif-
icance for the protection design of structure and the installation of fire detectors in tunnel. Cables are usually laid close to the side walls 
in utility tunnel. Therefore, working conditions at L = 50 cm and L = 65 cm were selected to analyze the hot somke layer in the stable 
combustion stage, as shown in Fig. 2(a) and Fig. 2(b). 

Fig. 2(a) and (b) show that plume impact zone is located vertically above the fire source. Also, the hot smoke hit the ceiling 
vertically at first when the fire source near the wall, then flows along the curved ceiling. When the hot smoke flows to the side that 
away from fire source, it no longer spreads vertically downward but horizontally spreads towards to the fire source, and the smoke 
entrains air and forms a number of vortices. By comparing Fig. 2(a) and (b), when fire source approaches to side wall, the flame will be 
bent under the influence of curved ceiling, which resulting a thicker hot smoke layer. 

Fig. 2(c) is transverse temperature distribution under curved ceiling. The temperature directly above the fire source is the highest 
and decreases along the direction away from the fire source, which is consistent with the flow law of the hot smoke layer in Fig. 2 (a) 
and Fig. 2 (b). 

3.2. Heat release rate 

Circular tunnel has arc-shaped structure, so curved ceiling will accumulate more hot smoke under ceiling center than flat ceiling, 
which will cause damage to the structure. When linear fire approaches to the side wall, air entrained of plume is not symmetrical due to 
the ceiling constraint effect, then affects heat release rate. Sealing portal will also affect the air entrainment of fire plume in the 
longitudinal direction. Fig. 3 shows the varying tendencies of heat release rate in the process of fire sources moving towards the side 
wall under sealing and without sealing. 

According to Eq. (2), when the fuel type and combustion efficiency are determined, the heat release rate is related to the mass loss 
rate. Investigating the parameters that affect the mass loss rate is helpful to study the change of heat release rate. Previous researchers 
have conducted fairly extensive pool-fire experiments with a variety of liquids. It is found that when the diameter is greater than 0.2 m, 
the combustion rate increases with the increase of pool diameter, and when it reaches a certain value, it is called the asymptotic 
diameter mass loss rate, which is generally expressed as ṁ′′

∞, kg/(m2⋅s).The mass loss rate of a pool fire is affected by the pool diameter 
and two empirical constants that depend on the type of fuel used, the two constants are extinction -absorption of the flame, k, and mean 
beam length corrector, β. A lot of free combustion experiments were conducted for liquids with different diameters, and Eq. (3) [20, 
21],was obtained. 

Table 1 
Summary of experimental tests.  

Number Length l Portal Quality Number Length l Portal Quality 

1 1.5 m 0 cm Open 307g 13 1.5 m 0 cm Sealed 306g 
2 1.5 m 30 cm Open 304g 14 1.5 m 30 cm Sealed 307g 
3 1.5 m 50 cm Open 306g 15 1.5 m 50 cm Sealed 304g 
4 1.5 m 65 cm Open 305g 16 1.5 m 65 cm Sealed 306g 
5 1.7 m 0 cm Open 308g 17 1.7 m 0 cm Sealed 305g 
6 1.7 m 30 cm Open 306g 18 1.7 m 30 cm Sealed 305g 
7 1.7 m 50 cm Open 304g 19 1.7 m 50 cm Sealed 304g 
8 1.7 m 65 cm Open 305g 20 1.7 m 65 cm Sealed 306g 
9 1.9 m 0 cm Open 306g 21 1.9 m 0 cm Sealed 307g 
10 1.9 m 30 cm Open 305g 22 1.9 m 30 cm Sealed 305g 
11 1.9 m 50 cm Open 304g 23 1.9 m 50 cm Sealed 307g 
12 1.9 m 65 cm Open 306g 24 1.9 m 65 cm Sealed 306g  
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ṁ′′
0 = ṁ′′

∞ ·
(
1 − e−kβD)

(3)  

ṁ′′
0is the free burn mass loss rate per unit area. ṁ′′

∞ and kβ depending on the liquid type. ṁ′′
∞is 0.075 kg/(m2⋅s) for n-heptane [21], and D 

is equivalent diameter for linear pool fire, m. The mass loss rate can be expressed as follows: 

ṁ = ṁ′′
0AF,b

Yox,l

Yox,o
+

q̇External

L
(4)  

Where AF,b is the surface area of the combustion fuel. Yox,l is the oxygen fraction of the feed flame. Yox,o is the oxygen fraction of the free 
combustion fire source. q̇Externalis the feedback heat flow of the external environment. And L is the heat of vaporization. Substituting Eq. 
(3) into Eq. (4), we can get: 

Fig. 2. The hot smoke layer and transverse temperature distribution. 
(a) The fire source is in 50 cm from the center and without sealing 
(b) The fire source is in 65 cm from the center and without sealing 
(c) Transverse temperature distribution under curved ceiling 

Fig. 3. The heat release rate of all experimental tests.  

Fig. 4. The schematic of modified effective ceiling height.  
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Fig. 5. Correlation of longitudinal temperature when portal is in different sealing situation. 
(a) The longitudinal temperature distribution of all experimental tests 
(b) Correlation of dimensionless temperature rise and the dimensionless length 
(c) Correlation of Ts,x / Ts,max and To,x / To,max 
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ṁ = ṁ′′
∞ ·

(
1 − e−kβD)

AF,b
Yox,l

Yox,o
+

q̇External

L
(5) 

The variety of heat release rate in Fig. 3 can be analyzed by Eq. (5). On the left side of red dotted line, the heat release rates of the 
three sizes of fire sources have the same changing trend of decreasing first and then increasing, which as shown in Fig. 3. In the process 
of moving from the center to the sidewall, the thermal feedback received from the sidewall strengthens q̇External in Eq. (5). Thus, the heat 
release rate increases under the effect of thermal feedback. On the right side of red dotted line, fire directly heated the wall and thermal 
feedback received from the wall increased, then the heat release rate of fire source with 1.5 m length continued to increase. Heat 
release rate of fire source with 1.7 m length is reduced, that with 1.9 m length decreased. When burning surface area (AF,b) is larger, the 
demand for oxygen sis greater. When fire source against wall, only the non-wall-side entrains air, as Fig. 2 (a) and Fig. 2 (b). Sealing 
portal can also affect the air flow and oxygen supply in the tunnel, resulting in a loss of Yox,l in Eq. (5) and the mass loss rate decreases 
[22,23]. 

With the insufficient oxygen supply and the restriction of side wall, sealing portal has a certain influence on combustion of fire 
source with aspect ratio greater than 42.5:1 near the side wall. The reasons are the side wall constraint effect and lack of oxygen supply. 
More oxygen is needed for combustion when the fire area is larger, so fire source combustion will be restricted by insufficient oxygen 
supply. 

3.3. Longitudinal temperature distribution 

When fire occurs in tunnel, hot plume first rises vertically and hits the ceiling, and ceiling jet then moves toward the opposite 
direction along curved ceiling. When fire reaches stable stage, the ceiling jet develops from a radial flow to a one-dimensional flow 
along the longitudinal direction of tunnel. It is instructive to investigate the longitudinal temperature distribution of ceiling jet for the 
placement of fire detectors in the tunnel. The longitudinal temperature distribution of all working conditions as shown in Fig. 5(a). The 
temperature tends to be consistent in the range of x < 2 m. When x > 2 m, the ceiling jet forms a stable one-dimensional flow and 
temperature attenuation accelerates along the longitudinal direction. The longitudinal temperature distribution of fire source is 
affected by effective ceiling height. Ingason et al. [24] proposed a formula to predict the longitudinal temperature distribution under 
ceiling: 

ΔTx

ΔTmax
= A1 · exp

(

− a1
x

Hef

)

+ A2 · exp
(

− a2
x

Hef

)

(6) 

When studying the fire in rectangular tunnel, Hef is usually expressed by the vertical distance between fire source and flat ceiling. 
While the circular tunnel has a curved ceiling, which causes a thicker smoke layer than rectangular tunnel. Therefore, it is necessary to 
make corrections about Hef in the circular tunnel. When the fire occurs, plume will spread along curved ceiling after impinged on the 
ceiling vertically. The vertical distance between fire source and plume impinge point and the arc length from impinge point to ceiling 
center is taken as the modified effective ceiling height H′

ef , as shown in Fig. 4, which can be expressed as: 

H′

ef = H + r (7)  

H =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 − l2

√
− 0.2 (8)  

θ = arcsin
l
R

(9)  

r =
θπR
180

(10) 

H represents the vertical height from fire source bottom to the impinge point, m. r represents the arc length between impinge point 
and ceiling center, m. 

The modified equation can be obtained from Fig. 4, the modified effective ceiling height are listed in Table 2: 

H′

ef =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 − l2

√
− 0.2 +

πR
180

arcsin
l
R

(11) 

Table 2 
The modified effective ceiling height in different transverse locations.  

l (cm) 0 30 50 65 

H′

ef (m)  0.55 0.7974 0.9090 0.9651  
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Substituting the revised equation into Eq. (6), the relationship of dimensionless temperature rise ΔTx/ΔTmax and dimensionless 
length x/H′

efcan be obtained, as shown in Fig. 5(b). 
Thus, Eq. (12) is proposed to predict longitudinal temperature distribution of linear fire with different aspect ratios under sealing 

and without sealing. 

ΔTx

ΔTmax
= − 3.443 · exp

(

− 1.754
x

H ′

ef

)

+ 1.289 · exp

(

− 0.104
x

H ′

ef

)

(12) 

The dimensionless temperature rise and dimensionless length show good correlation obtained by Eq. (12) is as shown in Fig. 5(b), 
and the predicted temperature is higher than the previous results [24–26]. That’s because the formula of Ingason, Z.H. Gao and X.C. 
Zhang is proposed from the experiment with flat ceiling, and thicker smoke layer causes higher ceiling temperature due to the smoke 
accumulation under curved ceiling. It should be noted that modified Eq. (12) only applies of the x > d/2 area, and impact zone of fire 
plume is in the x ≤ d/2 area, where ΔTx/ΔTmax is always 1. 

When portal is sealed, oxygen supply near the fire source is insufficient, which will affect mass loss rate and longitudinal tem-
perature distribution. The temperature of the fire source with same aspect ratio at same position shows a correlation under different 
sealing conditions. The correlation can be expressed by Eq. (13). 

Ts,x

Ts,max
∝

To,x

To,max
(13) 

To,x And Ts,x is temperature under ceiling at longitudinal location x from fire source when portal is under sealing and without 
sealing, To,max and Ts,max is the longitudinal maximum temperature under ceiling when portal is under sealing and without sealing. 
Since the heat release rate is affected by ventilation condition, ventilation coefficient γ is proposed to characterize the relationship 
between the temperature ratio under different sealing situation. 

Ts,x

Ts,max
= f (γ)

To,x

To,max
(14) 

The relationship in Eq. (14) is shown in Fig. 5(c). Ts,x/Ts,max and To,x/To,max show a linear correlation and the correlation coefficient 
is 0.99. The ventilation coefficient γ is obtained as 1.12, which is a constant. The ventilation coefficient can be used to predict lon-
gitudinal temperature distribution when portal is sealed. 

3.4. Maximum temperature rise under ceiling 

According to previous research, a fire partition in utility tunnel is generally 200 m. When fire occurs in a fire partition, fire door of 
adjacent fire partition will be closed, and it will be opened again after the fire is extinguished. In some fire scenarios, maximum 
temperature in a portal-sealed tunnel will be higher than that in the actual tunnel fire. The fire sealing will limit the oxygen supply and 
affect the heat release rate of fire source. In order to characterize the influence of fireproof sealing on fire, Fig. 6(a) shows the tem-
perature curve of working conditions #3 and #15. 

It can be seen from Fig. 6(a) that sealing portal will increase the maximum temperature and accelerate the decay rate of heat due to 
insufficient oxygen supply. The main reasons are fireproof sealing reduce smoke emission and heat loss, and much thermal feedback 
from surroundings will increase the heat release rate [13].Which will affect the maximum temperature. Thus, it’s necessary to analyze 
the dominant factor that affect heat release rate. Fig. 6(b) shows the relationship of ΔTmax/T0 and dimensionless heat release rate Q̇*, 
it’s found that Q˙* increases with the increase of ΔTmax/T0, so it can be concluded that maximum temperature under ceiling is mainly 
influenced by heat release rate. 

Excessive maximum temperature will damage the tunnel structure, so it is an important parameter in tunnel fire research. Pre-
decessors conducted a series of experiments to study the maximum ceiling temperature rise. Li et al. [15,27],conducted experiments in 
a reduced-scale tunnel and proposed an empirical formula for predicting the maximum temperature rise under different wind speeds: 

ΔTmax =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Q̇
Vb1/3Hef

5/3,  V ′

> 0.19

17.5
Q̇

H5/3
ef

2/3

, V
′

≤ 0.19

(15) 

Therein 

V ′

=
V

(

gQ̇2/3

bρacpTa

)1/3 (16) 

It can be seen that ΔTmax is related to heat release rate Q̇ and effective ceiling height Hef. 
Kurioka et al. [28] proposed a formula to predict the maximum temperature rise: 

G. Xu et al.                                                                                                                                                                                                              



Case Studies in Thermal Engineering 26 (2021) 101032

11

ΔTmax

T0
= γ

(
Q̇*2/3

Fr1/3

)ε

(17)  

Wherein， γ = 1.77  ε = 1.2 (Q̇*2/3
/Fr1/3) < 1.35

γ = 2.54  ε = 0 (Q̇*2/3
/Fr1/3) ≥ 1.35 

Q̇
*

=
Q̇

ρ∞cpT∞g1/2H5/2
ef

(18)  

Fr =
V2

gHef
(19) 

Fr is 0 when the wind speed V is equal to 0. Eq. (17) does not apply to low wind speed conditions. 
Previous studies by scholars have found that the maximum temperature rise are related to air temperature, density of air, specific 

heat capacity of air, gravitational acceleration, heat release rate, and the location of fire source in tunnel [12,29]. The effective ceiling 
height will change when the fire approaches to the sidewall, so the effective ceiling height can represent the position of fire source. The 
relationship of maximum ceiling temperature rise and the related parameters above can be expressed as Eq. (20). 

ΔTmax = f
(

Q̇, Hef , T0, ρ0, cp, g
)

(20) 

T0、ρ0、cp and g in Eq. (20) are all constants, so Eq. (20) can be expressed as Eq. (21) 

Fig. 6. Comparison of temperature and the effect of heat release rate. 
(a) Temperature changing curve of #3 and #15 
(b) Correlation graph of dimensionless heat release rate and ΔTmax/ T0 
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ΔTmax

T0
= f

(
Q̇

ρ0cpT0g1/2H5/2
ef

, Hef

)

(21)  

Wherein, Q̇*
= Q̇

ρ0cpT0g1/2H5/2
ef 

in Eq. (21), and Eq. (21) can be modified as: 

ΔTmax

T0
= f

(
Q̇*

, Hef

)
(22)  

ΔTmax

T0Q* = ϕ
(
Hef

)
(23)  

ΔTmax

T0Q̇* can be expressed by ΔT*
maxin Eq. (23), so Eq. (23) can be simplified as: 

ΔT*
max = ϕ

(
Hef

)
(24) 

The ventilation coefficient has been proposed in section 3.3, the experiment value ΔT*
s,max and the predicted values γΔT*

o,max are 
listed in Table 3. It can be obtained that the experimental dimensionless maximum temperature rise and the predicted values are 
nearly. Thus, the ventilation coefficient γ can be used to predict the temperature under sealing. 

Hef in Eq. (24) can be modified by H′

ef in Eq. (11), the correlation of H′

ef and ΔT*
max is shown in Fig. 7(a). 

It can be seen from Fig. 7(a) that the dimensionless maximum temperature rise ΔT*
max increases with the increase of H′

ef .Therefore, 
the formula of dimensionless maximum temperature rise and modified effective ceiling height is shown in Eq. (25). 

ΔT*
max = 5.693 exp ·

(
2.793H ′

ef

)
− 22.368 (25) 

The R2 of the fitting curve reached 0.9878, which indicates a high degree of fitting. Fig. 7 (b) shows the relationship of dimen-
sionless maximum temperature rise predicted by Eq. (25) and the maximum temperature rise obtained from the experiment. The error 
of predicted value and experimental value is less than 13%. Therefore, the maximum temperature rise of linear fire source at different 
transverse positions in tunnel can be predicted with Eq. (25) under different sealing conditions. 

4. Conclusions 

A series of experiments were conducted in a reduced-scale tunnel. And the combustion of linear fire source with three aspect ratios 
in different transverse positions was studied. The longitudinal temperature distribution, maximum ceiling temperature rise and 
temperature of smoke layer are investigated under the coupling effect of sealing portal and different transverse position of linear fire 
source. The main conclusions are：  

1. The flame will bend when linear fire source approaches to the curved sidewall, and a thicker smoke layer will be formed. Moreover, 
the maximum transverse temperature is at the vertical impact area above fire source.  

2. For fire sources of same fuel, the heat release rate is mainly influenced by the heat feedback and area of fire source. When fire source 
approaches to the sidewall, heat release rate of fire source with aspect ratio lower than 42.5:1 increases due to the heat feedback is 
dominant. While heat release rate decreases of fire source with aspect ratio greater than or equal to 42.5:1 due to insufficient 
oxygen supply, and the influence of sidewall on air entrainment is dominant.  

3. The effective ceiling height under curved ceiling is modified, the vertical distance between the fire source and plume impinge point 
and the arc length from impinge point to ceiling center is taken as the modified effective ceiling height. Therefore, a modified 
empirical formula to predict the longitudinal temperature distribution of linear fire sources with different sizes at different 
transverse positions is proposed. This formula is only applicable beyond the plume impinging area. Moreover, the ventilation 
coefficient is obtained, which can represents the correlation of temperature under different sealing situation.  

4. Based on dimensionless analysis, it’s concluded that the maximum ceiling temperature mainly influenced by heat release rate. 
What’s more, it is validated that ventilation coefficient can predict the maximum ceiling temperature rise under sealing. Besides, an 

Table 3 
Comparison of predicted values and experimental values of dimensionless maximum temperature rise.  

Condition ΔT*
s,max  γΔT*

o,max  Condition ΔT*
s,max  γΔT*

o,max  

1.5 m 0 cm 4.023 4.087 1.7 m 50 cm 44.215 45.189 
1.5 m 30 cm 34.075 32.436 1.7 m 65 cm 65.724 67.215 
1.5 m 50 cm 53.800 53.466 1.9 m 0 cm 4.493 4.721 
1.5 m 65 cm 58.786 60.357 1.9 m 30 cm 32.618 34.218 
1.7 m 0 cm 3.405 4.203 1.9 m 50 cm 47.593 48.658 
1.7 m 30 cm 26.265 25.735 1.9 m 65 cm 63.255 64.746  

G. Xu et al.                                                                                                                                                                                                              



Case Studies in Thermal Engineering 26 (2021) 101032

13

empirical formula to predict the maximum ceiling temperature rise is proposed, and the error between predicted value and 
experimental value is within 13%. 
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Fig. 7. The predicted formula and regression analysis of dimensionless maximum temperature rise. 
(a) Correlation diagram of modified effective ceiling height and dimensionless maximum temperature rise 
(b) Regression analysis of dimensionless maximum temperature rise 
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