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Abstract. During a fire accident, smoke has been reported to be the main cause
of heavy casualties. Hence, smoke management play an important role on escape.
Fire Dynamics Simulator software (FDS) was utilized to carry out full scale nu-
merical simulations of fire accident in a flat large space building. According to
the simulation result, with the increase of area of natural ventilation vents, the
efficacy of smoke confinement didn’t change appreciably when only thermal
pressure acted on the windows. However, the efficacy became obviously better
when both wind pressure and thermal pressure acted on the windows. When the
wind pressure played a role on the east external windows and the smoke emission
rate remained constant, the efficacy of smoke management was better. The ve-
locity of the exhaust smoke from east external windows had pronounced change
of the smoke management. When the velocity inceeased to 2m/s, the efficacy was
the best. In addition, when the height of the windows increased in 2m, the effi-
cacy of smoke management became better.
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1 Introduction

With the development of urban construction, lots of new flat large buildings are built.
One characteristic of these buildings is high density of people. Hence, the fire accident
commonly results in great economic losses and human death. Once the fire accidents
break out, that the smoke diffuse, quickly. Due to thermal pressure and buoyancy, the
smoke flow upward and diffuse into different smoke control zoning, fire compartments
and floors. Then, human cognitive ability and insight decline rapidly, which lead to bad
influence on the escape and rescuel-2l. British fire and rescue service released the sta-
tistics about the fire accident during the year 2019. According to the statistics, 34 per-
cent of the dead died from inhaling toxic gas and 34 percent of the dead died from the
combined effect of inhaling toxic gas and burn®>4. Hence, the smoke is the main cause
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of injuries and deaths in fire and measures should be adopted to confine smoke diffu-
sion(>67],

The natural ventilation system could play a good role on the smoke management®,
According to the rules in technical standard for smoke management system in build-
ings, the natural ventilation system is available when the height of the building is less
than 6m and the area of natural ventilation vents is more than 2 percent of the building
area. Consequently, when the area of natural ventilation vents is less than 2 percent,
mechanical ventilation system must be on operation. The smoke is confined under the
comprehensive effect of natural ventilation and mechanical ventilation system, which
is called hybrid ventilation. There were lots of research about the hybrid ventilation
systems to energy saving!®!%. Haein Cho evaluated the performance of a hybrid venti-
lation system by monitoring the IAQ and found the hybrid ventilation system main-
tained a good level of IAQ while the occupant’s window-opening behavior was signif-
icantly affected by indoor temperature and CO!'!1, Roberto Stasi found earth-to-air heat
exchanger was the hybrid ventilation strategy which produced the greatest energy sav-
ing in all Italian climatic zones!'?!.

At the same time, there were some research on hybrid ventilation for fire-induced
smoke management. Yan Tong researched a large single space building for smoke con-
trol and large eddy full-scale simulations were performed!'3]. The research showed un-
der hybrid ventilation of mode 4, back-flow occured under the roof opening when the
exhaust velocity reached up to 6m/s, and the maximum smoke temperature and the CO
concentration near the door was of the lowest. It indicated that the hybrid ventilation of
mode 4 was the best in controlling the fire smoke. Gao Ran researched hybrid ventila-
tion to control fire-induced smoke in a huge transit terminal subway station!'*, Com-
paring with the conventional mechanical ventilation, hybrid ventilation could inhibit
the dispersion of smoke more effectively. The CO concentration in the subway station
in the horizontal direction was significantly lower than that with conventional mechan-
ical ventilation. These research were conducted according to the code for fire protection
design of building"1.

However, the latest standards for design about smoke management systems is tech-
nical standard for smoke management systems in buildings!'®l. The comparison be-
tween the two standard shows that there is distinct change on the provisions!'>!9],
Hence, previous research about the smoke management in flat large buildings may not
be met the current standard. So, according to current standard, it has practice signifi-
cance to study the smoke management in flat large buildings.

In this paper, the fire accident took place on a flat large building and the condition
of the smoke management was setted according to the current standard to research the
efficacy of hybrid ventilation. The smoke could flow through the doors and windows
and the mechanical vents were setted smoke exhaust velocity. The mechanical ventila-
tion system was designed according to the current code, which included the number of
the vents, velocities, position and so on. Sensitivity analyses were conducted to find out
the influences of natural vents on smoke management when the mechanical ventilation
system was on operation.
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2 Methods

2.1  Description of the Research Object

The research was conducted in a typical flat large building and the dimension was 80m
L x 60m W x 4.5m H, as shown in Fig. 1. Three exits were setted on the north and south
sides, respectively and played an important role on leading to outside. The dimensions
of the exits were 3m W x 2m H. Eight windows were setted on east and west sides,
respectively and the dimensions were 1.8m W x 2m H. All of the windows were the
same, but the orientation was different. The vents of natural ventilation accounts for
1.95 percent of the ground area and the mechanical exhaust system must be on opera-
tion during a fire accident.

The hung walls were installed and the building divided into six smoke control zon-
ing. The distribution the zoning was as shown in Fig. 1. The sizes of smoke zone i and
smoke zone V were both 600m” and the sizes of other zones were 900m*. According to
the standard, the rates of mechanical exhaust smoke were 36000m*/h and 54000m’/h,
respectively. According to the current code, the maximum heat release rate (HRR) was
10MW and the rate of each mechanical exhaust vents must be less than 2700m*/ht!3),
Consequently, there were 18 and 27 mechanical outlets in the corresponding smoke
zones and the dimensions for all of the outlets were 300mm x300mm. Furthermore, the
inlets were setted and the dimensions of inlets were 700mm x 700mm. During fire ac-
cident, outlets played role on exhaust smoke and inlets played role on supplying fresh
air. The outlets was set on the top edge of smoke storage area and the inlets was set on
the bottom edge of smoke storage area. The vents were distributed uniformly and the
distance between the inlet and outlet was bigger than 5m in horizontal direction. There
were four thermocouple trees and 19 test points were setted in each of thermocouple
trees, which could be used to reflect the temperature at different height.
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Fig. 1. Mechanical Ventilation system of the building (unit: mm)

The fire source was set in smoke control zoning and the mechanical ventilation sys-
tem in this zone must be on operation during the fire accident!]. The outlets must be
exhausting smoke and inlets must be sending fresh air. The amount of fresh air must be
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more than 50% of smoke exhaust level. Hence, the velocity of the outlets was 6.2m/s
and the velocity of the inlets was 2.6m/s. The fire source in the paper was based on the
setting in the reference!'7l. Due to the difference of the HRR between the fire source in
this paper and the reference, HRR ration was defined as the ratio of the HRR for differ-
ent time to the biggest HRR during a fire accident. The HRR ratio of the simulate fire
source was be consistent with the fire source in reference and the simulation results
agreed well with the experiment results. As show in figure 2.
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Fig. 2. Comparison of HRR growth rate

2.2 Description of the Research Method

The Fire Dynamics Simulator (FDS) code is developed by the National Institute of
Standards to research fire-driven fluid flow and could achieve the visualization'®], The
large eddy simulation(LES) model is adopted to simulate the turbulent fluid field of the
smoke. The finite difference method was used to calculate the partial differential equa-
tion about conservation of mass, energy, momentum and species and the gas density,
temperature and so on are calculated. The software is professional fire simulation soft-
ware and the simulation result is used extensively in the study of smoke manage-
ment!'®l, In the paper, the software was used to simulate smoke management phenom-
ena with different measure on a full scale building.

The boundary condition of the walls and ceilings of the building were all thermally
thick. The bounded materials designated as the concrete and the ambient temperature
was set as the default value. The outlets and inlets designated as the VENT and played
the role on mechanical ventilation. According to the latest standard, the velocity of
outlets was 6.2m/s and the velocity of inlets was 2.6m/s. In addition , the windows
designated as the HOLE in the FDS. The fixed air velocity was set to be the boundary
condition of the air inlets and outlets and the boundary condition for the six exits was
set to be “OPEN”. This boundary condition means the outside air would be free to go
inside, and the inside air would also be free to go outside. In LES model, the turbulent
Prandtl number Pr, Smagorinsky number Cs and the turbulent Schmidt number Sc were
set as 0.4, 0.18 and 0.3. The premixed combustion model was adopt in the research.
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The biggest HRR of fire source was 10MW and Ramp-Up time was 400s. The grid
system with grid size of 0.740 m x 0.416 m X 0.187 m and the total cell number is
373,248.

2.3  Description of the Research Cases

To research the efficacy of the natural vents on smoke management, the cases with
different conditions were discussed and comparative analysis was conducted. The con-
ditions of different cases were presented in Table 1. Due to thermal pressure, the gas,
for example smoke and air, flowed through the window in cases 2-6. The influence of
the area of the windows on smoke management was discussed. However, the windows
were subjected to the combine action of thermal pressure and wind pressure in cases 7-
12. The wind pressure was affected by outdoor environment and the different directions
and velocities of smoke flowing through the windows were discussed.

Table 1. Conditions of cases

Case Conditions

Mechanical ventilation system shut down; The doors were opening; The win-
dows were opening fully.
Mechanical ventilation system was on operation; The doors were opening; The

2 area of windows opening was 0%.
3 Mechanical ventilation system was on operation; The doors were opening; The
area of windows opening was 25%.
4 Mechanical ventilation system was on operation; The doors were opening; The
area of windows opening was 50%.
5 Mechanical ventilation system was on operation; The doors were opening; The
area of windows opening was 75%.
6 Mechanical ventilation system was on operation; The doors were opening; The
area of windows opening was 100%.
7 Mechanical ventilation system shut down; The doors and the windows were
opening fully; the exhaust smoke velocity of east external windows was 0.5m/s
3 Mechanical ventilation system shut down; The doors and the windows were
opening fully; the exhaust smoke velocity of east external windows was 1.0m/s
9 Mechanical ventilation system shut down; The doors and the windows were
opening fully; the exhaust smoke velocity of east external windows was 1.5m/s
10 Mechanical ventilation system shut down; The doors and the windows were
opening fully; the exhaust smoke velocity of east external windows was 2.0m/s
1 Mechanical ventilation system shut down; The doors and the windows were
opening fully; the supply air velocity of east external windows was 1.0m/s
12 Mechanical ventilation system shut down; The doors and the windows were

opening fully; the exhaust smoke velocity of the windows was 0.75m/s
Mechanical ventilation system shut down; The doors and the windows were
13 opening fully; The height of the windows increased 2m and the exhaust smoke
velocity of east external windows was 1.5m/s
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3 Results

The fire broke out in a flat large building and FDS software was used to simulate the
smoke diffusion with different smoke management measure. As shown in Fig. 3, when
mechanical ventilation system shut down and the doors and the windows were opening
fully, a mount of smoke was produced and flowed upward due to buoyancy. Then, the
smoke impacted with the roof and moved along the roof, which lead to the increase of
temperature and reduce of visibility. Due to the smoke accumulation near the roof, the
temperature near roof increased clearly and the temperature near the ground stayed al-
most stable. While mechanical ventilation system was on operation, the temperature
near the roof decreased. The reason was that the smoke was exhausted. The distance
between the top edge of windows and the roof was 2.2m and the thickness of the
smoke layer was less than 2.2m. Hence, the temperature and visibility had small varia-
tion with the increase of the area of the windows opening.
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Fig. 3. Comparison of contour of the plane X = Om after fire ignited 300 s.

The natural ventilation systems is prone to adverse wind effects, and in some cir-
cumstances, it may even negatively affect the consequences of the fire in the build-
ing[?211, The environment wind may influence the smoke flow behaviour and temper-
ature during a fire accident!??!. For example, due to the high wind, the fire accident
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develop rapidly and 104 houses were destroyed in Yunnan province?¥. So, the com-
prehensive action of wind pressure and thermal pressure should be researched. Once
there were hot pressure and wind pressure forces upon the windows, that the indoor
temperature undergone obvious changes, as shown in Fig. 4. As shown in case 8, the
east external windows were under wind pressure and a mount of smoke was exhausted
from east external windows. In addition, the west external windows were under thermal
pressure and the temperature under the roof became lower. However, when the west
external windows were under wind pressure and a mount of air flowed into the room
from east external windows, the temperature of personnel activity area was markedly
increased. The reason was that the temperature of outdoor air was lower than the indoor
temperature. Once the air flowed into the room, the air flowed downward, which in-
flected the flowing of smoke. Hence, the influence of wind pressure was more apparent
than the influence of thermal pressure and the different dection of the wind lead to
different diffusion regularity of fire smoke. When the windows played the role on ex-
hausting smoke, it was good to smoke management.
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Fig. 4. Comparison of temperature contour of the plane X = Om after fire ignited 300 s

When the smoke emission rate under wind pressure remained constant and the me-
chanical ventilation system was on operation, the visibility in case 9 was bigger than
that in case 12. Due to the wind pressure, there was smoke exhausted from the east
windows in case 9. The air flowed into the building through west windows with the
action of thermal pressure, which was similar to the cross ventilation. The distance be-
tween the upper edge of windows and the floor was 2.3m, so the affected zone by cross
ventilation was close to the ground and the cross ventilation was good to keep the per-
sonnel activity area clear. However, both of the east windows and west windows played
the role on exhausting smoke in case 11, which was bad to keep the personnel activity
area clear. Due to smoke exhausting, the personnel activity area appeared negative pres-
sure and the smoke flowed into the activity area. As show in figure 5.
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Fig. 5. Comparison of contour of the plane X = Om after fire ignited 300 s.

With the increase of the velocity of smoke exhausted from the east windows, more
smoke was exhausted and the area of the zone inflected by the smoke diffusion became
smaller. So, the visibility near the ground became bigger with the increase of the veloc-
ity of smoke exhausted as shown in Fig. 6.
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Fig. 6. Comparison of contour of the plane X = Om after fire ignited 300 s.
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Fig. 7. Comparison of smoke temperature with different ventilation modes

To improve the efficacy of smoke management, the cases 9 was compared with the
case 13. The difference was that the windows in case 13 were higher than the windows
in case 9 and the height difference was two meters. The highest temperatures for each
thermocouple trees were shown in Fig. 7. With the duration of growth phase, more and
more smoke was produced and the temperature was also increasing. However, the tem-
perature for the same tree in case 9 was bigger than the temperature in case 13. The
reason was that the smoke flowed upward and accumulated under the floor. The win-
dows were higher in case 13, which was good to eliminate more smoke. The compari-
son of the two cases declared that the height of the windows had obvious implication
for the efficacy of smoke management and high position windows should be adopted.

4 Conclusions

Due to the variation of the technical standards about smoke management systems in
building, it is necessary to research the efficacy of hybrid ventilation according to the
latest standard. A numerical simulation was performed to research the smoke diffusion
with the composite effect of mechanical ventilation system and the natural ventilation
system. In this paper, the influences of the area of the windows and wind pressure was
discussed. According to simulation results, the increase of the area of the windows
opening had few influence on smoke diffusion during the initial stages of fire accident
when there was thermal pressure playing a role on the windows. Compared with ther-
mal pressure, the wind pressure plaied a more important role on smoke management.
The velocity of smoke exhausted from the east windows had obvious implications for
smoke diffuse. To improve the efficacy of smoke management, the high position of
windows should be adopted.



Study the Performance of Smoke Management with Different Windows 83

Funding

This study is supported by Science and Technology Project Research of Jiangxi Prov-
ince Department of Education ”Research of numerical simulation of dynamic response
of reinforced concrete frame under fire and explosion load” (No. GJJ2207515)

10.

11.

12.

13.

14.

15.

16.

References

Xu Z8S, Jiang XP. Smoke control and exhaust engineering. Beijing: China Machine Press,
2016.

Wang LX. CFD simulation for HVAC fire smoke control in smoke prevention system. Jour-
nal of Shenyang University of Technology 2022; 43: 679-683.

Weng MC, Lu XL, Liu F, Shi XP, Yu LX. Prediction of back layering length and critical
velocity in metro tunnel fires. Tunn Undergr Space Technol 2015; 47: 64-72.

Kong J, Xu ZS, You WJ. Research on Evacuation of Train Fire in Extra-Long Channel Tun-
nel. Asia-Oceania Symposium on Fire Science and Technology, 2018.

Li XL, Ye XM, Chen JY, Zhang SQ, Xie QM, H QZ. Effect of position and supplying rate
of positive pressure ventilation on smoke control in high-rise building fire. Science Tech-
nology and Engineering (China) 2020; 20: 12235-12241.

Xia LT, Zhou R, He JP. Influences of Outdoor Wind on Effect of Mechanical Smoke Ex-
huast of Fire Floors in High-Rise Buildings. Environmental Engineering (China) 2018; 36:
53-57.

Du XS, Chang XH. Analysis on characteristics of metm interval tunnel nre smoke under
different ventilation modes. Science Technology and Engineering (China) 2018; 18: 348-
352.

Zhang CF. Effects of water spray on smoke layer in buildings with natural venting. Indoor
Built Environ 2022; 32: 200-213.

Ji YC, Kevin JL, Malcolm JC. Hybrid ventilation for low energy building design in south
China, Build. Environ 2009; 44: 2245-2255.

Raad, Z.H., Khairul, S.M.S. Energy savings by smart utilization of mechanical and natural
ventilation for hybrid residential building model in passive climate, Energy Build 2013; 60:
310-329.

Haein C, Daniel C, Sylvain S, Romain K, Selin Y, Martin KP. Evaluation of performance
of energy efficient hybrid ventilation system and analysis of occupants’ behavior to control
windows. Building and Environment 2021; 188: 107434.

Roberto S, Francesco, R., Umberto, B.The efficiency of hybrid ventilation on cooling energy
savings in NZEBs. Journal of Building Engineering 2022; 53: 104401.

Tong Y, Huo D, Zhu P, Niu X. Prediction of natural and hybrid ventilation performance
used for fire-induced smoke control in a large single space. Fire Saf. J 2018; 100: 20-31.
Gao R, Li AG, Hao XP, Lei WJ, Zhao YJ, Deng BS. Fire-induced smoke control via hybrid
ventilation in a huge transit terminal subway station. Energy and Buildings 2012; 4445: 280-
289.

Ministry of Public Security of the People's Republic of China. Code for fire protection de-
sign of building:GB50016-2014. Beijing: China Planning Press, 2014.

Ministry of Public Security of the People's Republic of China. Technical standard for build-
ing smoke control and exhaust system: GB51251-2017. Beijing: China Planning Press,
2017.



84 L. Gao

17. Cheng YP, Chen L, Zhang MJ. The Model and Experimental Testing Method of Heat Re-
lease Rate of Fuel During the Development of Fire. Fire Safety Science (China) 2002; 11:
70-74.

18. Kevin MG, Bryan K, Simo H, Jason F. Fire Dynamics Simulator (Version5) Technical Ref-
erence Guide. Washington, DC: U.S. Government Printing Office, 2008.

19. Fang X, Yuen ACY, Yeoh GH, Lee EWM, Cheung SCP. Nemerical study on using vortex
flow to improve smoke exhaust in large-scale atrium fires. Indoor Built Environ 2021;
32: 98-115.

20. Wegrzynski W, Lipecki T. Wind and fire coupled modelling-Part I: literaturereview. Fire
Technol 2018; 54: 1405-1442.

21. Meroney RN. Wind effects on atria fires. J. Wind Eng. Ind. Aerod 2011; 99: 443-447.

22. Cao B, Huang YB, Ye K, Yang LZ. An experiment study of the influence of environment
wind on the smoke flow behaviour and temperature dostribution in room-coddidor fire. In-
door Built Environ 2023; 32:262-273.

23. Wu XS. Practice and thoughts of fire protection in cultural relic buildings. China Emerg.
Rescue (China) 2022; 5:79-83.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.


http://creativecommons.org/licenses/by-nc/4.0/

	Study the Performance of Smoke Management with Different Windows During Fire Accident in a Flat Large Space Building

