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In order to study the large scale flow structure of fire smoke in tunnels, this paper
uses the excellent ability of proper orthogonal decomposition for the first time to
extract flow field structure, processes the flow field data obtained from numerical
simulation, obtains the 2-D and 3-D large-scale flow structure of fire smoke in
tunnels and analyzes it. The proper orthogonal decomposition of temperature and
velocity pulsation field shows that the proportion of first-order modal energy in
temperature field is much higher than that in velocity field, indicating that the flow
structure of velocity field is more complex than that of temperature field. Through
modal phase analysis and modal decomposition of 3-D flow field, the influence of
mode on fire smoke flow is recognized, and the understanding of tunnel fire smoke
flow structure is deepened. The low-order mode is closely related to smoke flow.
The increase of fire power has little effect on the reconstruction of flow field, and
the cross-section energy recovery ratio near the fire source is higher under the
same fire power.
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Introduction

According to statistics, when a tunnel fire broke out, the smoke spread caused great
threats to the affected people, and about 85% of the casualties were caused by inhaling toxic
smoke [1]. The temperature of fire smoke is higher than the ambient temperature and it flows
longitudinally under the buoyancy drive. In the absence of longitudinal forced ventilation or
when the intensity of longitudinal forced ventilation is small, the cold air downstream flows to
the fire source to supplement the oxygen needed for combustion, and the fire smoke and the
cold air move in opposite direction. The smoke flow in tunnel fire is closely related to turbu-
lence. With the deepening of the understanding of turbulence, the initial random movement is
transferred to the large-scale coherent structure, and the existence of large-scale coherent struc-
ture greatly affects the transport process. The large-scale structure of tunnel smoke is closely
related to entrainment and heat transfer. It is very necessary to analyze and study the structure
of smoke flow field for understanding the heat transfer and entrainment characteristics of fire
smoke from the physical mechanism.

Modal decomposition technology is used to mathematically extract potential flow
features from flow field data or flow evolution operators. We refer to modal decomposition as
a mathematical technique to extract important characteristics of fluids in terms of energy and
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dynamics. The spatial characteristics of flows are called (spatial) modes. The input object of
modal decomposition is flow field data, which can be either numerical simulation data or exper-
imental data. Therefore, modal decomposition is also a data-based technology [2]. Proper or-
thogonal decomposition (POD) is a widely used modal decomposition method. The POD is also
known as Karhunen-Loe’ve Decomposition, Principal Component Analysis, Singular Value
Decomposition, Empirical Eigenfunction Decomposition, efc. The method was independently
discovered by different scientists [3]. In this method, the flow field is divided into the combina-
tion of space and time from the massive and high dimensional data, and the non-linear system
is treated with linear order reduction according to the energy contribution rate of each order
mode, and the large-scale coherent structure is obtained by using the low order mode. Lumley
[4] was the first to introduce it into the field of fluid dynamics turbulence and extract coherent
structures from turbulent flow fields. With the increase of data volume, Sirovich [5] proposed
the snapshot POD method. Applications of POD technology mainly include basic analysis of
fluid flow [6-8], order reduction modelling [9, 10], data compression/reconstruction [11], flow
control and aerodynamic design [12, 13], etc.

The research on the smoke movement of tunnel fire mainly focuses on the maximum
temperature rise under the roof [14-16], smoke transport [17-20], critical wind speed [21-23],
longitudinal attenuation law of temperature [24, 25], and shaft smoke exhaust [26, 27], fire risk
assessment [28]. The research methods include full-scale experiment, model experiment and nu-
merical simulation. Although many laws and conclusions have been obtained from the aforemen-
tioned studies, there are few studies on the large-scale flow structure in flue gas and the relation-
ship between the structure and heat transfer and entrapment. The POD has successfully extracted
large-scale flow structures in the field of fluid mechanics [29], but its application in fire smoke is
rare. Yang et al. [30] extracted the large-scale flow structure of fire-induced buoyancy plume by
using POD. Therefore, this paper combined with POD method, made use of its excellent ability to
extract flow field structure, processed the flow field data obtained from numerical simulation, and
obtained the large-scale flow structure of tunnel fire smoke and analyzed it.

Used methods
The proper orthogonal decomposition

The study object of the POD method can be either a scalar field (temperature) or a vector
field (velocity). For the instantaneous flow field at a moment 7, sampling is carried out at m spatial
positions and arranged into a column vector in a certain order, which can be called a snapshot of
the flow field. The snapshot of the flow field at N moments constitutes matrix A containing the
spatial and temporal information in the original flow field:

a4y
A=| : .. : @)
A1 " Aun

The POD method decomposes the pulsation in the original flow field into a com-
bination of space and time, that is, the combination of the modal basis function and the time

coefficient:
‘1(5”)_‘7(3):A:Zaj(’)‘/’j(g) 2)
J
where ¢ (¢) is the average value of flow field, a;(f) — the time coefficient, ¢;(¢) — the modal basis
function, and a,(t)p,(¢) — the modal.
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The C = ATA is the time correlation matrix, 4;, o, are eigenvalues and eigenvectors of
matrix C:

0 (e)=ﬁAa,-(t) 3)
a;(1)=[0; ()] 4 )

Simulation model

The fire dynamics simulator (FDS) is a CFD tool designed specifically for low-speed
and thermally driven flow rate large-scale eddy current simulation (LES) and has been widely
used in fire research and its effectiveness has been widely proven. The model tunnel in numeri-
cal simulation was constructed according to the experimental model in the literature of Lee and
Ryou [31]. The experimental model was a 1/20 scale ratio model with a length of 10.4 m and a
width to height ratio of 1:1 and 0.4 m, fig. 1. In this paper, FDS was used to establish a numer-
ical model of the same size scale. A total of seven temperature monitoring points were set at
the longitudinal interval of every meter on the top of the tunnel, and 18 temperature monitoring
points were set along the vertical direction 2 m away from the fire source.
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Figure 1. Tunnel model and lay-out of measuring points

Mesh sensitivity analysis

In order to ensure the accuracy of the numerical simulation, the grid independence and
the accuracy of the numerical simulation must be verified first. The FDS user manual recom-
mends using D"/dy to evaluate mesh size [32]. The fire characteristic diameter, D", is expressed:

2/5
p=|—2 (5)
PocrpTng

The D*/0yis recommended for 4-16. Taking an 0.40 -
8 kW HRR as an example, the recommended mesh € 35 ]
size range is 0.0084-0.035 m. Therefore, 0.014 m, % 030 1
0.016 m, 0.02 m, 0.025 m and 0.03 m were selected = ]
as grid sizes within the recommended range for grid 020 ]
independence verification. ' = 0014m
The fig. 2 shows the vertical temperature dis- 131 D gg;ﬁm’"
tribution at two meters away from the fire source 0101 v 0025m
with different mesh sizes. As can be seen from the 005 1 v 003m
figure, with the decrease of the grid size, the tem- 0.00 , , , : ;
perature distribution in the vertical direction tends A " T

to be uniform. It is found that when the grid size is ~ Figure 2. Grid independence verification
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0.016 m, the temperature changes little compared with 0.014 m. That is, when the grid size is
less than 0.016 m, the calculation result does not significantly improve and the calculation time
increases. Therefore, the grid size is chosen as 0.016 m.

220 1 , Model validation
G 200 4 ® Experiment ] )
% 180 = FDS Lee and Ryou [31] experiment monitored
£ 160 ] the longitudinal temperature distribution of an
“g 0] ¢ 8.27 kW fire source. Set a thermocouple at the
€ 150 ] . top of the tunnel at intervals of 1 m from the fire
100 1 . source. The FDS was }Jsed to simulate the ex-
80 1 T periment, the grid size is chosen as 0.016 m and
60 - . . . the experimental data and numerical simulation
40 - results were compared
20 1 It can be seen from the fig. 3 that the sim-
0+ S ulation results of longitudinal temperature are
Distance from the fire source [m] in good agreement with the experimental data,
Figure 3. Comparison between numerical so it can be considered that FDS is accurate for
simulation and scale experiment data numerical simulation of fire.

Modal decomposition region selection

The spread of smoke can be divided into four stages:

— plume rising stage,

— radial spreading stage,
— transition stage, and

— the 1-D spreading stage.

The 4.2 m cross-section corresponds to the transition stage, the 7 m cross-section cor-
responds to the 1-D propagation stage, and the 10 m cross-section corresponds to the inflow of
a large amount of cold air at the tunnel outlet. Longitudinal sections are taken from the center
of the fire source, and the cross-sections are taken from the longitudinal 4.2 m, 7 m, and 10 m
of the tunnel to be used as the region of 2-D POD. Physical quantities at different moments in
the region are extracted as the objects of decomposition.

The area from 4.2 m to 5 m is a transitional stage, therefore, it is regarded as a 3-D de-
composition area. In the process of 3-D decomposition, the cross-sections of 4.2 m, 4.4 m, 4.6
m, 4.8 m, and 5 m were taken as the decomposition area, fig. 4, and the velocity and temperature
at different moments in the area were extracted as the decomposition objects.

“»X=02m

Figure 4. The POD cross-sectional schematic
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Results and discussion
Verification of modal convergence

The modal decomposition data were
calculated by FDS software. Using MAT-
LAB software to write a program to realize
the pod algorithm, and decompose the flow
field data obtained by numerical simula-
tion. Mixing and entrainment of fire smoke
are closely related to the flow structure. The
method of POD can effectively separate the
flow structure. Firstly, the convergence ver-
ification of flow snapshot should be carried
out. Referring to the article of Huang et al.
[33], When the energy ratio of each mode
varies little under different flow field snap-
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Figure 5. Energy ratio of each mode under

shots, the number of flow field snapshots is
considered to converge.

As can be seen from the fig. 5, as the number of snapshots in the flow field increases,
the energy proportion of each order mode changes. When the number of snapshots is 500, if the
number of snapshots is increased, the energy proportion of each order mode no longer changes,
so it can be considered that the number of snapshots in the flow field converges at this time.

different number of flow field snapshots

Modal analysis of velocity field and temperature field

Through the analysis of temperature and velocity fluctuation, the disturbance in the
flow field is mainly caused by the interaction between the smoke and the tunnel wall and the
inflow of fresh air. In order to further study the dominant temperature mode and turbulence
coherent structure in the flow field, the temperature and velocity pulsation fields were decom-
posed by POD, and the energy proportion of each order mode and the first four order modes at
different sections were obtained as shown in the figs. 6 and 7. The energy ratio of the 25" order
mode is only about 1%, and the energy of the subsequent high-order modes is lower. Therefore,
only the energy proportion curve of the first 25 modes is given in this paper.

As can be seen from the fig. 6, the energy of the lower order mode is larger. With the
increase of the order number, the energy proportion of each order mode decreases gradually,
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Figure 6. The energy ratio of each mode of (a) velocity pulsation field and (b)
temperature pulsation field at different longitudinal positions of the tunnel
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indicating that the low-order mode represents the large-scale flow structure in the flow field,
while the high-order mode represents the small-scale flow structure. Due to shear entrainment
and energy transfer in the flow field, the large-scale vortex structure with high energy breaks
down into small scale structure with low energy, and finally dissipates.

By decomposing the velocity field and temperature field at the fire source, it can be
seen from the fig. 7 that the first and second modes of the velocity field represent the large-scale
vortex structure in the plume rising stage. Mode 3 and 4 represent the impact of the plume struc-
ture on the tunnel roof. Because of the existence of these large-scale vortex structures, the flue
gas absorbs a lot of fresh air and the mass-flow rate of flue gas increases rapidly.

Mode 1

-

Mode 3 Mode 4

" 3

Figure 7. The four modes of (a) velocity field and (b) temperature field
at the longitudinal 2.8-3.2 m fire source of the tunnel
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For the cross-sections at different positions, fig. 8, compared with the energy propor-
tion of each order of the velocity field, the energy of each order of the temperature field ac-
counts for a larger proportion. At the cross-section of 7 m, the first-order mode energy accounts
for 55%, and the maximum value of the first-order mode energy obtained by velocity field
decomposition is 6%, indicating that the structure of velocity field at the cross-section is more
complex than that of temperature field.
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Figure 8. The energy ratio of each mode of velocity pulsation field and
temperature pulsation field in 4.2 m, 7 m, and 10 m cross-section; (a) and (b)

The fig. 9 represents the spatial distribution diagram of velocity vector and vorticity
of the first four modes of velocity pulsation field obtained by POD decomposition. It can be
seen from the figure that due to the difference of flue gas movement, the modes of the same
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order at different sections have significant differences. For the 4.2 m cross-section near the fire
source and the 7 m cross-section in the middle of the tunnel, the smoke movement of these two
cross-sections is mainly concentrated in the upper part of the tunnel and the tunnel wall, and the
spatial distribution of each order mode is mainly concentrated in the upper part. Due to the sup-
plementary inflow of fresh air, the modal spatial distribution at the 10 m cross-section is mainly
concentrated in the lower part. The first mode of the 4.2 m cross-section is a vortex that rotates
clockwise in the central region of the upper section. As the mode coefficient will change with
time, this mode represents the alternating shedding of the vortex in the middle of the tunnel. The
second-order mode is two vortices rotating in opposite directions at the upper part of the tunnel,
which represents the vortices falling off alternately in opposite directions under the influence
of tunnel wall. The second-order and fourth order modes of the 10 m cross-section are similar
to the first-order and second-order modes of the 4.2 m cross-section, except that the position of
the vortex is lower and is caused by the inflow of fresh air.

Mode 1
m—

Mode 2 Mode 1 Mode 2 Mode 1 Mode 2
=Y = = % B P T e

i

Mode 3

(a)

Figure 9. The four modes of velocity pulsation field decomposition in 4.2 m (a),
7 m (b), and 10 m (c) cross-sections

The fig. 10 represents the spatial distribution diagram of the first four modes of tem-
perature pulsation field obtained by POD decomposition. Combined with the energy proportion
diagram, it can be known that the first mode is the dominant mode. The first mode represents the
vertical temperature change and represents the temperature stratification. The energy of mode
2-4 of the 4.2 m cross-section is higher than that of other sections, and there are alternately pos-
itive and negative pulsation regions, which represent the change of temperature along the trans-
verse direction. These regions are distributed in the upper part of the tunnel. From the modal
diagrams of the temperature pulsation field of three cross-sections, it can be seen that the area
with drastic changes coincidences with the area of the velocity pulsation vorticity of the hot flue
gas, indicating that the temperature pulsation mode is closely related to the flue gas movement.
It shows that the temperature changes dramatically due to the eddy motion of the flue gas.
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Figure 10. The four modes of temperature pulsation field decomposition in 4.2 m (a),
7 m (b), and 10 m (c) cross-sections
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Phase analysis

The time coefficient 4; of each mode represents the change rule of the mode with time.
Taking the section of 7 m as an example, the time coefficients of the first four modes obtained
by velocity field decomposition are shown in the fig. 11.
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Figure 11. The time coefficient of the first four modes of the velocity pulsation
field in the 4.2 m section varies with time

As can be seen from the fig. 11, the time coefficients of each mode fluctuate around
the value of 0 with the growth of time, and have a certain periodicity. Power spectral density
analysis was performed on the modal time coefficient, as shown in the fig. 12.
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Figure 12. Power spectral density analysis of four modes time coefficients of velocity
field (a)-(d), and temperature field (e)-(h) in 7 m cross-section

As can be seen from the fig. 12, the modes identified by POD have multiple frequen-
cies, and the flow structure with a single frequency cannot be separated by this method. Com-
pared with the frequency identified by temperature field, the modal frequency of velocity field
is generally higher than that of temperature field, because the movement of flue gas is faster
than the speed of heat transfer.

In order to better understand the flow structure corresponding to each mode and repro-
duce the generation of vortices in the instantaneous flow field, we can use the time coefficients
of the first two modes to determine the phase information related to vortices [34]. The a, and
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a, are not independent of each other, while statistically
unrelated. Firstly, the time coefficients of the first two
modes are normalized dimensionally:

* a;

aiz\/ﬁ,i=1,2 (6)

The fig. 13 shows the correlation of the normalized
time coefficients of the first two modes. All points can be
grouped into a circle of radius 3. Phase angle, 6, can be
considered ;" and a," angle in the plane. The phase angle
6 is defined:

ar

a (1)
o(t)= arctan|:a* ( t):|6 [-7.7] (7) " Figure 13. Normalized scatter plot of
1 modal time coefficient

The relationship between a," and a,"and phase an-
gle 6 is shown in the fig. 14.
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Figure 14. The relationship between (a) a," and (b) a," and phase angle 8

As can be seen from the fig. 14, the values of ;" and @," fluctuate greatly, so they are
averaged, and the curve between the averaged values and the phase angle 8 is shown in the
figure. The values of ¢," and a,” can be assigned within the range [-=, n]. The changes of the
reconstructed flow field after the superposition of the first-order mode and the second-order
mode at different phases are shown in the fig. 15.

Figure 15. Representation of the flow field in different phases
after the reconstruction of the first two modes



Chen, M., et al.: Analysis of Flow Structure of Tunnel Fire Based on Modal ...
5036 THERMAL SCIENCE: Year 2022, Vol. 26, No. 6B, pp. 5027-5041

Changes of the reconstructed flow field after superposition of the average flow field,
first-order mode and second-order mode under different phases are shown in the fig. 16.

—TT

it |

Figure 16. Representation of the flow field in different phases
after the reconstruction of the first two modes and the mean flow field

The average flow field is steady flow, and the first and second order modes are unsteady
flow. It can be seen from the figure that the flow field change after superposition is a periodic
process. When the phase is —, the flow field after the superposition of the first two modes is
centered by a counterclockwise rotating vortex with clockwise rotating vortices on both sides.
The average flow field is two opposite vortices near the tunnel wall. After superposition of the
aforementioned flow field and the average flow field, it is found that after superposition of the
first two modes, the clockwise swirling vortex on the left side of the tunnel wall is offset by the
counterclockwise swirling vortex on the left side of the tunnel wall. As a whole, there are two
vortices in opposite directions at the upper part of the tunnel, which are in the same direction
as the swirling vortex on the tunnel wall. When the phase is —n/2, the vortex after superposition
of the first two modes has the same rotation direction as the tunnel wall vortex, and both of
them enhance the motion of the tunnel wall vortex. When the phase is 0, the vortex after the
superposition of the first two modes changes. After superposition with the average flow field,
the left counterclockwise rotating vortex enhances the motion of the left tunnel wall vortex. The
vortex in the upper part of the tunnel is in the opposite direction the vortex in the upper part of
the tunnel when the phase is —t. When the phase is /2, the vortex after superposition of the first
two modes has the opposite rotation direction the tunnel wall vortex, which weakens the motion
of the tunnel wall vortex. When the phase is 7, the motion of the vortex is consistent with the
phase of —mt, completing a periodic cycle. It can be seen that the superposition of the first two
modes has different effects on the vortex motion of the tunnel wall under different phases. The
first two modes represent only two kinds of flow field structures with high energy. Because the
flow field is too complex, the movement of the complete flow field cannot be completely re-
produced by the superposition of the first two modes alone. However, this method can make us
better understand the movement of large-scale structure in the flow field and enrich the research
content of tunnel fire smoke.

The 3-D flow field decomposition

The flow field data of the regions between the tunnels 4.2-5 m is extracted. The aver-
age flow field and the first two-order modality obtained after 3-D POD of the flow field and the
first two-order modality as shown in fig. 17.
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Figure 17. The 3-D decomposition average flow field of temperature
field and velocity field

The longitudinal direction of the 3-D temperature field is longitudinally reduced,
and the vertical direction has a significant temperature stratification. The speed equation of
the horizontal speed, U, and the vertical velocity, W, is the positive and negative alternate,
the upper right of the horizontal speed, U, is positive, the lower right is negative, the vertical
speed, W, is positive, close to the upper right corner, close to the tunnel wall is negative,
Looking in the y-axis, it is a vortex to rotate counterclockwise. Similarly, the upper left cor-
ner is a scroll rotating clockwise, corresponding to the 2-D average field. The average field
velocity equivalent surface of the longitudinal velocity, V, is negative, characterized by the
longitudinal movement of the thermos of the tunnel, and the cold air-flows from the lower
portion along the tunnel.

As can be seen from the fig. 18, the lower right corner of the first-order mode of
velocity, U, is negative and positive, which represents the flow to the left and right, and the
lower right corner of the first-order mode of velocity, W, is negative and positive, which
represents the flow to the down and up. From the Y-axis direction, it represents the clock-
wise rotating vortex. The first-order mode of velocity, V, is positive and negative alter-
nately, which indicates that the flue gas-flows longitudinally along the tunnel and the cold
air-flows into the tunnel. The second-order modes of velocity, /¥, and velocity, W, represent
the clockwise rotating vortex in the upper part of the tunnel. It can be seen that the motion
of modal representation obtained by 3-D decomposition is different from that obtained by
2-D decomposition.

The HRR and modal relationship

This paper also analyzes the modes under different fire source power. The fire source
is divided into three, 8.27 kW, 12.5 kW, and 16 kW. The energy proportion of each mode ob-
tained by pod decomposition of velocity field and the energy recovery ratio obtained by super-
position of previous modes are sorted out.
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Figure 18. The first two POD modes obtained from the decomposition
of velocity components U, V, and W

It can be seen from the fig. 19 that for the section near the fire source, the first few
modal energy obtained by modal decomposition accounts for a relatively high proportion, and
the modal energy obtained by section decomposition in the middle of the tunnel accounts for a
relatively low proportion. When the power of fire source increases, the change of energy pro-
portion in the same cross-section is small.
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Figure 19. Energy ratio of the first 25 modes of three sections



Chen, M., et al.: Analysis of Flow Structure of Tunnel Fire Based on Modal ...

THERMAL SCIENCE: Year 2022, Vol. 26, No. 6B, pp. 5027-5041 5039
0.7 4 gid 0.7 4
2 7 2 ,/t'/'/'ﬂ
2 06 £ 06 e r?
e Z vV I»>
ol > ,v': >
g 05 g 05- eets
»
] 8 >
g 04+ g 04
5 5
2 031 —8—V-42m-827kW 2 034 —=—V-42m-827kW
X e V-42m-123kW 02 v V-7m-827kW
024 —4—V-42m-16kW - > V-10m-827 kW
0.1 0.1
0.0 ; ; ; ; . 0.0 ; ; ; ; ;
0 5 10 15 20 25 0 5 10 15 20 25
Mode Mode

Figure 20. The reconstruction energy recovery ratio of the same cross-section with
different power and different cross-section with the same power flow field

The top 25-order superimposed energy recovery ratio of different fire sources at the
same cross-section can reach 0.7, and the increase in fire source power is less impact on the
reconstruction of the flow field. The energy recovery ratio of modal superposition at different
cross-sections of the same fire source power can be seen in the fig. 20 that the energy recovery
ratio of cross-section near the fire source is high.

Conclusion

This paper analyzes the flow field of tunnel fire flue gas, found that the cause of flow-
ing fluctuations is the flow of thermos and the flow of fresh air in the tail of the tunnel. The
POD method is introduced to decompose the flow field in time and space, and extract the char-
acteristic structure of the flow field. The results show that this method can effectively extract the
large-scale coherent structure of temperature fluctuation field and velocity fluctuation field. The
structure of velocity fluctuation field is more complex than that of temperature fluctuation field,
and the flow field structure obtained by decomposition of temperature fluctuation field is close-
ly related to the flow structure obtained by decomposition of velocity fluctuation field. The time
coefficient obtained by POD decomposition contains flow structures with multiple frequencies.
The large-scale flow structure decomposed by POD method is helpful to deepen the understand-
ing of tunnel fire flow field. The decomposed low-order modes are closely related to flue gas-
flow. The increase of fire power has little effect on the reconstruction of flow field. The energy
recovery ratio of the cross-section near the fire source is higher for the same fire source power.
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