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ABSTRACT 

Nowadays, there is a consensus, specifically among the Intergovernmental Panel on Climate 

Change (IPCC), that human activities have a huge impact on the ecosystem. Among all human 

activities, the release of greenhouse gases (GHG) plays an extremely important role in the 

impact on the environment, e.g., heat waves, global warming, sea level elevation, etc. 

Meanwhile, it is a frequently stated issue that GHG emissions from the building sector account 

for 40% of overall growth. To avoid further environmental deterioration, the concept of carbon 

neutrality was proposed, in other words, to limit the world average temperature rise to 1.5 ºC by 

2050. To achieve this goal, the share of total energy from non-fossil sources (new energy 

technology) must increase from 27% (2019) to 60% (2050). Solar power, as one of the best 

choices of new energy technology, reaches a total installed capacity of 942 GW in 2021, 

furthermore, the total installed capacity is forecast to exceed 1 terawatt (TW) cumulatively in 

2022. 

On the other hand, the increasing installed capacity of photovoltaic (PV) panels poses a new 

challenge; PV-related fire. According to statistical analysis, each megawatt of installed capacity 

of PV panels causes 0.0289 fires per year. That is, in 2022, there will be nearly 30,000 PV-

related fires worldwide. These are not just predictions. PV-related fires are actually occurring. 

From 2005 to 2012, annual PV-panel-related fires increased from 1 to 53 in Germany; there 

were more than 600 PV-panel-related fires in Italy in 2016, and from 2018 to 2020, 66 PV-

panel-related fires were reported in the Netherlands. 

Despite the public's concern about the increasing number of PV-related fires, there is still very 

little research on the subject. This not only threatens the safety of public life but also hinders the 

promotion of new energy technologies (solar energy). Previous studies have shown that solar 

panels emit large amounts of toxic gases containing heavy metals when burned. Meanwhile, 

most solar panels are installed on the roof of a house. Therefore, to bridge these research gaps, 

it is necessary and urgent to investigate the mechanism of smoke spread from solar roof fires 

with wind effect. 

To achieve the objective, a non-fireproof wind tunnel experiment is designed based on the 

helium-smoke similarity and Froude modeling. First, a new theory of helium similarity is 
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proposed, which uses helium release as the surrogate of real fire smoke. Fluid velocities remain 

consistent between the helium test and fire smoke test, simultaneously, the dimensionless 

concentration will be equal to the dimensionless temperature. Second, a new scale method is 

also built to achieve compatibility among the sub-scale helium model, sub-scale smoke model, 

and full-scale smoke model. Third, the wind tunnel test is conducted based on vent size, various 

roof angles, wind speed, and heat release rate (HRR). Fourth, the Computational Fluid 

Dynamics (CFD) simulations are run and validated by the Fire Dynamics Simulator (FDS) based 

on the wind tunnel test in the sub-scale model and full-scale model, as well as fire smoke 

scenarios and helium scenarios. Then, the theory of helium similarity and the proposed scale 

method are verified by comparing the simulation results. Finally, the parametric study is 

performed to obtain the critical values of vent size, roof angle, wind speed, and HRR. 

By comparing the results between the simulation and experiment, the FDS model is validated 

with good agreement: average differences of 11.95% for velocity and 19.04% for helium 

concentration. The similarity between the helium test and the fire smoke test is also justified by 

the difference in simulation results (0.39% of velocity and 1.95% of dimensionless temperature 

and concentration). Then compatibility can be achieved between the sub-scale model and full-

scale model results (the average difference of 7.02% for dimensionless velocity and 7.87% for 

temperature). 

Once the compatibility between the fire smoke test in the full-scale model and the helium test 

in the sub-scale model is verified, the parametric study is conducted. The results show that the 

occupants only have four minutes of evacuation time during a solar roof fire with a skylight. 

The 15° roof is the most dangerous scenario; conversely, 45° and 60° roof angles are the safest 

solar roof design. The critical wind speed is 10 m/s at full scale and has the most negative impact 

on the occupant’s safety. The higher the HRR, the more the smoke infiltrates. The smaller roof 

vent can effectively avoid smoke infiltration. The results of the vector field illustrate that smoke 

infiltration is caused by the reverse flow at the region of separation. 

 

Keywords: helium smoke similarity, solar roof fire, smoke spread, CFD simulations, PIV, wind 

tunnel experiment, FDS, scale method 
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RÉSUMÉ 

De nos jours, il existe un consensus sur le fait que les activités humaines ont un impact énorme 

sur l'écosystème, plus précisément le Groupe d'experts intergouvernemental sur l'évolution du 

climat (GIEC). Parmi toutes les activités humaines, l'émission de gaz à effet de serre (GES) joue 

un rôle extrêmement important dans l'impact sur l'environnement, par exemple, les vagues de 

chaleur, le réchauffement de la planète, l'élévation du niveau de la mer, etc. Parallèlement, il est 

fréquent de constater que les émissions de GES du secteur du bâtiment représentent 40 % de la 

croissance globale. Pour éviter toute détérioration supplémentaire de l'environnement, le 

concept de neutralité carbone a été proposé, en d'autres termes, limiter l'augmentation de la 

température moyenne mondiale à 1,5 ºC d'ici 2050. Pour atteindre cet objectif, la part de 

l'énergie totale provenant de sources non fossiles (nouvelles technologies énergétiques) doit 

passer de 27 % (2019) à 60 % (2050). L'énergie solaire, qui constitue l'un des meilleurs choix 

en matière de nouvelles technologies énergétiques, atteint une capacité totale installée de 942 

GW en 2021. En outre, la capacité totale installée devrait dépasser 1 TW cumulé en 2022. 

D'autre part, l'augmentation de la capacité installée des panneaux photo-voltaïques (PV) pose 

un nouveau défi : les incendies liés en PV. Selon une analyse statistique, chaque mégawatt de 

capacité installée de panneaux PV provoque 0,0289 incendie par an. Autrement dit, en 2022, il 

y aura près de 30 000 incendies liés au PV dans le monde. Il ne s'agit pas de simples prédictions. 

Les incendies liés au PV se produisent réellement. De 2005 à 2012, les incendies annuels liés 

aux panneaux photo-voltaïques sont passés de un à 53 en Allemagne ; plus de 600 incendies liés 

aux panneaux photo-voltaïques ont été recensés en Italie en 2016 et, de 2018 à 2020, 66 

incendies liés aux panneaux photo-voltaïques ont été signalés aux Pays-Bas. 

Malgré l'inquiétude du public face à l'augmentation du nombre d'incendies liés aux panneaux 

photovoltaïques, il existe encore très peu de recherches sur le sujet. Cela menace non seulement 

la sécurité de la vie publique, mais entrave également la promotion des nouvelles technologies 

énergétiques (énergie solaire). Des études antérieures ont montré que les panneaux solaires 

émettent de grandes quantités de gaz toxiques contenant des métaux lourds lorsqu'ils brûlent. 

Par ailleurs, la plupart des panneaux solaires sont installés sur le toit de la maison. Par 
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conséquent, pour combler ces lacunes dans la recherche, il est nécessaire et urgent d'étudier le 

mécanisme de propagation de la fumée d'un feu de toit solaire avec effet du vent. 

Pour atteindre cet objectif, une expérience de soufflerie non résistante au feu est conçue sur la 

base de la similitude hélium-fumée et de la modélisation de Froude. Tout d'abord, une nouvelle 

théorie de la similitude de l'hélium est proposée, qui utilise le dégagement d'hélium comme 

substitut de la véritable fumée d'incendie. Les vitesses des fluides restent cohérentes entre l'essai 

à l'hélium et l'essai à la fumée d'incendie, simultanément, la concentration sans dimension sera 

égale à la température sans dimension. Deuxièmement, une nouvelle méthode d'échelle est 

également mise au point pour assurer la compatibilité entre le modèle à l'hélium à échelle réduite, 

le modèle de fumée à échelle réduite et le modèle de fumée à échelle réelle. Troisièmement, le 

test en soufflerie est réalisé en fonction de la taille de l'évent, des différents angles du toit, de la 

vitesse du vent et du taux de dégagement de chaleur (HRR). Quatrièmement, les simulations de 

dynamique des fluides numériques (CFD) sont exécutées et validées par le Fire Dynamics 

Simulator (FDS) sur la base des essais en soufflerie dans le modèle à échelle réduite et le modèle 

à échelle réelle, ainsi que dans les cas de fumée de feu et d'hélium. Ensuite, la théorie de la 

similitude de l'hélium et la méthode d'échelle proposée sont vérifiées en comparant les résultats 

de la simulation. Enfin, l'étude paramétrique est réalisée pour obtenir les valeurs critiques de la 

taille de l'évent, de l'angle du toit, de la vitesse du vent et du HRR. 

En comparant les résultats entre la simulation et l'expérience, le modèle FDS est validé avec un 

bon accord: différences moyennes de 11,95 % pour la vitesse et de 19,04 % pour la concentration 

d'hélium. La similitude entre l'essai à l'hélium et l'essai aux fumées d'incendie est également 

justifiée par la différence entre les résultats de la simulation (0,39 % pour la vitesse et 1,95 % 

pour la température et la concentration sans dimension). Ensuite, la compatibilité peut être 

obtenue entre les résultats du modèle à échelle réduite et ceux du modèle à échelle réelle (la 

différence moyenne est de 7,02 % pour la vitesse sans dimension et de 7,87 % pour la 

température). 

Une fois que la compatibilité entre l'essai de fumée d'incendie dans le modèle à l'échelle réelle 

et l'essai à l'hélium dans le modèle à l'échelle secondaire est vérifiée, l'étude paramétrique est 

menée. Les résultats montrent que les occupants ne disposent que de quatre minutes 

d'évacuation lors d'un incendie de toiture solaire avec lanterneau. Le toit de 15° est le scénario 
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le plus dangereux, à l'inverse, les angles de toit de 45° et 60° sont les conceptions les plus sûres 

pour le toit solaire. La vitesse critique du vent est de 10 m/s à l'échelle réelle et a l'impact le plus 

négatif sur la sécurité des occupants. Plus le HRR est élevé, plus la fumée s'infiltre. L'évent de 

toit plus petit peut éviter efficacement l'infiltration de fumée. Les résultats du champ vectoriel 

montrent que l'infiltration de fumée est causée par l'écoulement inverse dans la région de 

séparation. 

 

Mots clés: similitude de la fumée d'hélium, feu de toit solaire, propagation de la fumée, 

simulations CFD, PIV, expérience en soufflerie, FDS, méthode de l'échelle. 
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PREFACE 

This is a traditional thesis composed of the Introduction, Methodology, Results and Discussion, 

and Conclusions. Chapters 1 and 2 present the introduction and state-of-the-art review. Chapter 

3 illustrates the methodology including theory, wind tunnel experiment, and CFD simulations. 

Then Chapters 4-7 show the results of the discussion in different scenarios. For the reader to 

better understand the thesis, the summary and thesis organization are illustrated in Section 1.2. 

The nomenclature, References, and Appendix are illustrated at the end of the thesis.
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Chapter 1 Introduction 

1.1. Background 

Global warming has become a challenge to human survival and most energy consumption in 

human society tends to speed up this process based on growing carbon emissions. The Paris 

Climate Accord of 2015 mentioned increasing concerns about greenhouse gas reduction (GHG) 

to mitigate global warming [1]. Canada's federal government is committed to reducing GHG 

emissions to 30% below the 2005 level by 2030 and achieving net-zero greenhouse gas 

emissions by 2050 [2,3], EU28 countries have a target of a 30% reduction in GHG emissions 

by 2030 (from 1990) [4], and the United States has set a goal to reduce GHG emissions by 26% 

from 2005 to 2025 [5]. In addition, economic development and population explosion result in 

increasing energy demands and greenhouse gas generation [6,7], and GHG will result in 

increasing global warming of up to 5.8°C from 1990 to 2100 [8]. A major reason for this carbon 

emissions growth comes from buildings, which contribute 40% of the total growth [9]. 

Therefore, it is essential to apply sustainable building technologies to reduce GHG emissions 

from buildings. 

Photovoltaic (PV) panel is one of the most popular sustainable building technologies, which 

transforms solar energy into electricity. The worldwide total quantity of photovoltaic (PV) panel 

installation was around 120 GW in 2019 [10]. Solar energy (photovoltaic (PV) power generation) 

reached a cumulative PV installation capacity of 942 GW in 2021 [11]. Furthermore, according 

to the forecast, PV power generation will exceed 1 TW of total capacity in 2022 [12,13]. To 

achieve the goal of carbon neutrality and limit the temperature increase to 1.5 °C, it is predicted 

that the new energy technology should increase from 27% (2019) to 60% (2050) of the total 

energy source [14].  

Meanwhile, the wide application brings huge concern to PV fire safety issues. For example, 

until 2018, seven out of 240 Walmart stores with PV roofs installed caught fire [15]. Similar PV 

roof fire accidents were reported at Amazon warehouses in 2018 [16]. However, over time, the 

number of PV fires has been increasing at Amazon. From April 2020 to June 2021, 6 of 47 solar 

roofs of Amazon fulfillment centers in North America caught fire due to arc flashes (a kind of 

electrical explosion) [17]. Finally, in June 2021, Amazon had to temporarily take all solar roof 



2 

 

operations in North America offline. Fires on solar roofs hinder the promotion and development 

of this technology [18,19]. 

 

 

Fig. 1-1 Walmart solar roof fire [20] 

 

In 2019, Japan’s largest PV plant at the Yamakura Dam with a total 13.7 MW power capacity 

caught fire due to Typhoon Faxai (120 mph) [21]. These same challenges are being faced not 

only in the US and Japan, but also in Europe. From 2005 to 2012, annual PV-panel-related fires 

increased from 1 to 53 in Germany [22]; there were more than 600 PV-panel-related fires in 

Italy in 2016, and from 2018 to 2020, 66 PV-panel-related fires were reported in the Netherlands 

[23]. According to statistical predictions, there are 0.0289 fires per MW per year [23], i.e., it is 

estimated that there will be 28,900 fires based on 1 TW of total PV capacity worldwide in 2022. 

 

 

Fig. 1-2 Fire on the largest PV plant in Japan [24] 
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Firefighters are also concerned that solar roof fires can result in electrical shock, slips and falls, 

arc or ground faults, and noxious gases being released [25]. Especially, when firefighters plan 

to use vertical ventilation to release toxic gases and save the interior crews, solar roofs hinder 

firefighters and potentially threaten their safety by electric shock [26]. On the other hand, the 

PV system is not easily shut down by switching it off [27,28] since, although the firefighters 

turn off all the switches, the solar panel will keep generating electricity as long as it is exposed 

to the light source [29]. This light source not only comes from sunlight but also fire light at night. 

Multiple series-connected solar panel arrays can also generate more than 600V of DC [30]. 

As a popular new technology, there is little research that considers the fire hazard risk of solar 

roofs. Recent news has revealed more negative impacts of solar roofs, e.g., heavy metal elements 

spread to the soil by rain after a broken PV panel [31], toxic smoke generated from solar roof 

fires [32–35], short circuits and hotspots on PV panels resulting in a fire [36,37]. The typical 

combustible materials are the plastic front sheet and encapsulation foil (EVA). Furthermore, the 

potential reasons for PV fires are hotspots, shading faults, arc faults, natural hazards, and so 

forth. In general, PV panels should be installed on the south roof and arranged closely together 

horizontally or vertically. Therefore, once a solar panel catches fire, the flames will soon spread 

to others. 

 

 

Fig. 1-3 Arrangement of PV panels on the south roof [38] 
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Among these negative impacts, the resultant smoke from PV roof fires, which contains toxic 

particles and gas emissions (such as sulfur dioxide, hydrogen fluoride, hydrogen cyanide, 

volatile organic compounds, and heavy metals) [39], directly leads to risks to people [40]. The 

smoke can infiltrate the building through a roof vent or skylight due to the action of wind, stack 

effect, and the pressure difference across the roofs. A newspaper in CNN Business reported that 

smoke from a solar roof fire invaded the Walmart store in Beavercreek, Ohio, and threatened 

the safety of staff and customers [41]. In a residential building, there were also several solar roof 

fire incidents, e.g., one occupant said that heavy smoke from the solar roof fire quickly entered 

his office from the attic [42], another occupant mentioned that smoke went in his son’s bedroom 

from the solar roof fire [43], and it was reported that smoke generated from the PV roof fire 

spread into a baby room [44]. 

Therefore, fire protection codes/standards require solar components to be placed at a minimum 

distance of 0.5 m from the perimeter of chimneys or other openings [45]. Solar panels installed 

on residential buildings shall be located no higher than 3 feet (914 mm) below the ridge to allow 

for fire department smoke ventilation operations [46]. However, these requirements are based 

on experience alone and have not been sufficiently supported by research.  

Specifically, some parameters are not studied in the smoke spread from solar roof fires, e.g., 

wind speed, especially roof angles, and the size of the roof vent, etc.; all of which need to be 

taken into consideration when investigating the physics of smoke spread from solar roof fires. 

To ensure that these points are considered in the investigation of the physics of smoke spread 

from solar roof fires, an experimental study is required. Understanding solar roof fire and smoke 

spread can be investigated through full-scale fire tests. However, full-scale fire tests are costly 

and with many uncertainties when conducted in real-weather situations. In comparison, a sub-

scale experiment in the wind tunnel is a cost-effective choice for investigating smoke movement 

from a solar roof fire into a building driven by the wind. There is adequate research to show that 

sub-scale experiments in the wind tunnel help to better understand the mechanism of smoke 

spread under the wind effect based on the well-known similarity law of Froude modeling. 

There is adequate research to show that sub-scale experiments in the wind tunnel can help to 

better understand the mechanism of smoke spread. However, there is limited research on sub-

scale models with a buoyant plume in the wind tunnel related to the interaction between indoor 
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and outdoor environments, and many researchers point out that the Froude models need to be 

verified for certain experiment setups [47–52]. 

The conventional experimental method is the hot smoke test, where thermally buoyant smoke 

imitating actual smoke is generated from burning combustible fuel [53,54]. Although the test 

fire is well controlled, a hot smoke test is often costly and raises concerns of potential damage 

to building structures and harm to occupants if it is not well controlled [55]. Small-scale tests in 

a wind tunnel are commonly used to study airflow patterns under the influence of wind [56], 

however fireproof wind tunnels are rare in Quebec and Canada and there are only a few in the 

world, which makes this test costly. Only big fire research centers, e.g., the Commonwealth 

Scientific and Industrial Research Organisation (CSIRO) in Australia [57,58] and the Building 

Research Institute’s (BRI’s) Fire Research Wind Tunnel Facility (FRWTF) in Japan [59–61], 

have fireproof wind tunnels. Although it may be possible to do such solar roof tests in fireproof 

wind tunnels, before investing more time and money, it is important to evaluate the risks and 

safety of these types of tests by conducting non-fireproof wind tunnel tests, e.g., helium tests 

[62]. In this research, helium tests will be performed in a non-fireproof wind tunnel (“S1 wind 

tunnel” at the Université de Sherbrooke) [63,64]. 

 

 

Fig. 1-4 Vertical cross-sectional view of the wind tunnel at Université de Sherbrooke [65] 
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The helium test can be traced back to 1993 when the similarity of the buoyant plume between 

helium release and pool fire was noted [66]. Then, Vauquelin et al. developed the helium 

similarity method and applied it to a small-scale tunnel model with a ventilation system [62]. 

Wang and Zhao further expanded the application of this method to the atrium fire smoke study. 

They proposed a similarity linking the dimensionless temperature of the fire smoke to a 

dimensionless volumetric fraction of helium [67–69]. However, the similarity between 

dimensionless smoke temperature and dimensionless helium volumetric fraction has not been 

derived. Moreover, few studies prove that the helium test can be applied in the wind tunnel test 

for the investigation of outdoor smoke spread with the consideration of wind impact. 

 

1.2. Summary and thesis organization 

In summary of the background, to reduce GHG emissions and mitigate global warming, solar 

roofs are growing in popularity, however, more and more solar roof fires hinder the promotion 

and development of this technology. In particular, there is a huge research gap in investigating 

the mechanism of smoke spread from solar roof fires with wind effect. To fill the research gap, 

this thesis is organized as follows: 

Chapter 1 states the problems in solar roof fires and the research gap briefly. The following 

Chapters 2-7 will solve the problems mentioned above as a diagram illustrated in Fig. 1-5.  

Chapter 2 concludes a comprehensive literature review of solar roof fires, wind tunnel tests, 

helium tests, and numerical simulation. Finally, the research gaps are presented, and the thesis 

objectives are proposed. 

Chapter 3 introduces the methodology of the Ph.D. study. The similarity theory between helium 

and fire smoke tests is proposed. Meanwhile, Froude modeling is combined with the similarity 

theory between helium and fire smoke tests for the development of the new scale method for 

the smoke movement of solar roof fires. The setup of the experiment and CFD models is also 

illustrated in this Chapter. Then, the grid independence study and CFD model validation are 

conducted. 

Chapter 4 uses the similarity theory and method between helium and fire smoke tests. According 

to this theory, the solar roof fire experiment is designed and conducted in a non-fireproof wind 
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tunnel. A series of CFD simulations is run in the helium and fire smoke tests by the fire dynamics 

simulator (FDS), in which, the FDS model is validated by the wind tunnel experiment results. 

Finally, the theory and method of helium similarity are verified by comparing the simulation 

results between helium and fire smoke tests. 

Chapter 5 discusses the proposed scale method in the wind tunnel test for sub-scale and full-

scale validated models in FDS. By comparing the temperature and dimensionless velocity 

between sub-scale and full-scale results, the proposed scale is verified on a 1/15 model. 

Chapter 6 conducts the parametric study to investigate the mechanism of smoke spread from a 

solar roof fire through the skylight. Once the theory and method of helium similarity and the 

proposed scale method are justified, the wind tunnel results can be applied to determine the 

critical parameters of roof angles, wind speeds, and heat release rates (HRRs). 

Chapter 7 is a relatively independent application to investigate the mechanism of smoke spread 

through the relatively smaller roof vent in various roof angles and vent areas in the FDS model. 

Once the FDS model is validated by the new helium test in Chapters 3-5, it can be used for 

various scenarios of solar roof fire investigation. The recommended roof angle and vent area are 

proposed. 

Chapters 3-7 are the main content of the thesis, and Chapter 8 concludes the results from 

Chapters 3-7 and mentions the limitations and future works. 
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Fig. 1-5 Structure of the thesis 
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Chapter 2 State-of-the-art review 

To gain a deeper understanding than Chapter 1, Chapter 2 presents a comprehensive review to 

show the background of solar roof fires and three types of research methods for solar roof fires: 

wind tunnel test, helium test, and numerical simulation. First, the background of solar roof fires 

is defined in Section 2.1, then three research methods are introduced in Sections 2.1 to 2.4 to 

determine the methodology of this thesis. Finally, the research gaps are concluded in Section 

2.5, and the thesis objectives are listed in Section 2.6. 

 

2.1. Solar roof fires 

Solar roof fires are caused by various factors. Furthermore, in long-term investigation, PV 

panels are found to have overheated and to have burn marks [70]. There are so many potential 

fire safety hazards on solar roofs [71–73], however, because of the relatively short application 

history of PV panels, there is not a lot of related research on solar roofs. Most studies focus on 

the PV panel itself instead of the overall solar roof fire protection strategy. 

Laukamp et al. have investigated more than 109 fire incidents which were caused by PV systems 

from 1995 to 2012. Furthermore, more than 60% of PV panel incidents occurred on solar roofs. 

PV panel ignites more easily on roofs than on other façades. Simultaneously, building an 

integrated PV (BIPV) system on the roof has a higher fire risk than other designs with the main 

cause of the fire being installation error. Inspection every 4 years is suggested to reveal any 

burning marks on the components of the PV system and can reduce the risk of solar roof fires 

efficiently. Installation is the most significant fire protection component; therefore, installers are 

recommended to conduct simple measures such as: using the right tools, using DC connectors, 

and conducting initial inspections [22]. 

Ju et al. conducted a cone calorimeter test with various PV panels, which were covered by 

polyethylene terephthalate (PET) and glass, to investigate the heat release rate (HRR) in 

different external heat flux conditions [74,75]. This study illustrated that glass coverage can 

have lower fire risks than PET because it can prevent heat transfer for flame-retardant. In 

addition, there are lower gas emissions from glass PV panels than from PET. Furthermore, the 
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peak HRR increases when the external heat flux increases. A cone calorimeter is a good method 

for determining which parameters can be used in a simulation model; however, it requires 

validation of a full-scale fire test. 

 

 

 

Fig. 2-1 Cone calorimeter test and burned PV cell (left: PET; right: glass) [74,75] 

 

A full-scale solar roof fire, which included six PV panels with different ignitor (wood crib) 

locations and roof materials, was conducted by Kristensen and Jomaas [76]. The study 

illustrated that, rather than wind effect, fire load, or critical heat flux, fire dynamic scenarios are 

the main reason for fire spread on PV panels. Furthermore, insulation on the roof can effectively 

mitigate fire spread to protect the roof structure. The geometry of the PV system is the most 

significant component affecting fire spread; however, the study can’t answer the question: 

Which types of design (e.g., roof angle and distance between roof and PV panels) have lower 

fire risks? 
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Aram et al. [40] collected and concluded the faults of the PV panel, the fire characteristics of 

the PV panel, and the fire protection strategies. Fire from PV panels is caused by the hotspot, 

arc faults, open circuits, etc., on the other hand, lightning, storms, and typhoons can also cause 

fires on PV panels. The paper further mentioned that the smoke from PV panels includes toxic 

gases, and results in soil toxicity at the same time. To avoid solar roof fires, a fire barrier is a 

good choice, simultaneously, choosing better materials (e.g., aluminum foil) as a back sheet can 

reduce the risk of fire. 

 

 

Fig. 2-2 Environmental impact of fire from PV panels [40] 

 

Yoon et al. [77] introduced the risks of the BIPV system and the existing related codes and 

standards as a literature review and pointed out that there is a gap in the existing codes and 

standards due to a lack of related research. Smoke and fire can spread into the building from PV 

panels, furthermore, the façade of BIPV can accelerate the spread of the smoke and fire. 

Meanwhile, fire from BIPV can impact the performance of the smoke detector and fire 

protection system. 
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Zhao et al. have conducted a series of simulations to consider fire spread on a roof with a skylight 

and different roof angles [78]. The fire source was considered both indoors and outdoors, and 

flat roofs and slope roofs were set up in different scenarios. The conclusion shows that a flat 

roof has more fire risks than a sloped roof because the flat roof temperature can rise to 750 °C 

and burn out PV panels easily. Furthermore, a skylight can promote fire spread and external 

insulation materials can more easily ignite PV panels. They suggested that PV roof fire standards 

must be renewed. 

In summary, there are several studies related to solar roof fires, however, they have not provided 

adequate recommendations for defining solar roof design, installation, and risks. There is even 

less research on smoke spread from a solar roof fire into a building with a roof vent. To study 

the mechanism of smoke spread, small-scale fire smoke tests are often applied [79–81]. When 

considering the wind effect for small-scale fire smoke tests, the wind tunnel test is needed. 

 

2.2. Wind tunnel test 

A sub-scale model is a systematic method based on physical analysis, which can predict the 

performance of certain aspects for a specific purpose [82]. Doctrinally, the sub-scale model must 

be a perfect replica of the prototype regardless of geometry similarity and material uniformity 

[83]. Consequently, compared with the prototype, the sub-scale model has some restrictions, 

which are how to copy an ideal sub-scale model. However, in real conditions, it is nearly 

impossible to reproduce the prototype physically. Therefore, selectively scaling particular 

parameters from the prototype is regarded as an effective method when prototype research is 

difficult or impossible [84]. 

A full-size experiment (prototype) is more accurate and convincing, however, for uncompleted 

construction in the pre-design period, this is an impossible task. Even if buildings can be 

renovated as a prototype, it is time-consuming, space-consuming, labor-consuming, and money-

consuming [82]. Therefore, a sub-scale model can provide a self-contained system or 

supplementary method of simulation.  

For the sake of implementing a sub-scale experiment, the sub-scale model must follow certain 

principles depending on dimensionless number [85] or dimensionless number independence 
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[86]. These dimensionless numbers are derived from the analytical model [87], π theorem [88], 

and traditional dimensionless numbers [89] and they can ensure the physical phenomenon 

similarity between sub-scale models and full-size buildings.  

Cui et al. [90] conducted a series of wind-tunnel sub-scale experiments, which reveal the 

temperature distribution and contaminant diffusion in urban areas by Richard and Reynolds 

numbers. Within the region of Reynolds Independence, the buildings are modeled by various 

Richardson numbers. This shows the concentration of the contaminant increases depending on 

the Richardson number in the vertical direction.  

Minehiro et al. [91] built a 1/5 sub-scale model in the horizontal tunnel by Froude number for 

research that considers the thermal properties of the envelope. A new expression was developed 

to achieve both smoke layering and critical velocity. At the same time, it compared the new 

scale principle with 5 types of sub-scale models and full-size prototypes.  

Similarly, there has been researched that focused on a vertical shaft fire and derived a new 

dimensionless number, instead of the Froude number, to consider the heat transfer between 

inside and outside [79–81]. The expression was developed by an analytical model and validated 

by the multiple sub-scale models. Compared with the traditional dimensionless number, it not 

only includes airflow similarity but also heat transfer similarity. 

Chen et al. [92] conducted a sub-scale experiment of compartment fires in a wind tunnel to 

consider the crossflow ventilation; a 0.6m×0.6m×0.6m chamber was built with windows to 

consider the interaction between buoyancy and wind effect. Archimedes and Froude numbers 

are intrinsic numbers to define dominant parameters of wind speed, temperature, and length. 

However, this study essentially did not consider the similarity and did not verify the 

dimensionless number by comparing full-scale and sub-scale results. 

Arini et al. [93] conducted a 1/8 scale experiment to investigate smoke spread in a building with 

a fire source in the basement and validated the Fire Dynamics Simulator (FDS) model. However, 

this article also points out that there are differences between full-scale and sub-scale results. 

Therefore, verification of similarity is essential to build the sub-scale model by Froude modeling. 

A 1/40 wind tunnel test was conducted by Cui et al. [52] to investigate smoke dispersion by 

Froude modeling in street canyons. Although this paper validates the FDS model by the wind 
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tunnel experiment and presents the mechanism of smoke spread based on the Froude modeling, 

the similarity between sub-scale and full-scale results was not verified. Therefore, it remains 

questionable whether the conclusions drawn from the sub-scale model can be applied to the full-

scale model. 

 

 

Fig. 2-3 1/40 street canyon model for smoke spread investigation [52] 

 

Based on previous studies mentioned above, buoyancy force scenarios are scaled down by 

Froude number [94] in a fire situation or by Archimedes [95], and Richardson numbers [90] in 

a non-fire situation. Furthermore, Reynolds number and Richardson number [96] are used in 

wind tunnel tests to consider the turbulence motion and buoyancy force. Froude number is 

fundamentally used in a fire scenario, however, there are rare scenarios that verify Froude 

modeling for both buoyancy and wind effect in wind tunnel experiments. Therefore, this study 

will apply the Froude number to develop a new scale method and verify it by validated 

simulation. 

On the other hand, when considering the wind effect for small-scale fire smoke tests, the 

fireproof wind tunnel test is needed. However fireproof wind tunnels are rare in the world, and 

it is costly to do the tests. Using helium as a surrogate for real fire smoke, called helium tests, 

can be an alternative approach to investigating smoke spread by conducting non-fireproof wind 

tunnel tests [62]. 
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2.3. Helium test 

The earliest, helium test was initially conducted in a passenger cabin by Maylor to emulate 

smoke movement during a fire, and to evaluate the fire smoke protection system [97]. In 

Maylor’s study, smoke was mixed with helium and air, and could be recorded by video cameras 

and smoke meters. Although helium was used in his experiment, the similarity between helium 

plume and fire plume was not found. Eklund designed a generator to test smoke spread, which 

includes half helium and half air to simulate the fire, and that can provide both the buoyancy 

effect and gas expansion of hot smoke [98]. However, the results of experiment can’t match a 

real fire scenario because of the heat transfer between smoke and the ambient environment [99]. 

Based on the research mentioned above, the U.S. Federal Aviation Administration (FAA) 

developed a helium experiment procedure with helium and air mixture to simulate smoke 

movement [100] and then registered a patent [101]. However, the similarity between helium 

buoyancy plumes and real fire plumes is also lacking at this time. 

The helium test to consider the similarity can be traced back to 1993, when Cetegen and Ahmed 

used helium buoyant plumes to compare with pool fires [66]. The similarity between the helium 

buoyancy plume and the fire plume was observed by comparing the flow patterns, and the 

theoretical model was also developed. The combustion source can be transferred to a helium 

buoyancy plume by conserving the buoyant flux B. Based on the theory, Vauquelin et al. 

developed a helium test to obtain characteristics of smoke movement in a 1/20 sub-scale tunnel 

to define the smoke control strategy and system [62,102]. 

Zhao and Wang developed a theoretical helium plume model and conducted an experiment 

which included the particle image velocimetry (PIV) test, which could catch the flow pattern in 

detail and compare it with full-scale simulation in the building atrium and tunnel [68]. Smoke 

layer height could be recorded, and the experiment validated the simulation model. Traditionally, 

smoke layer height is measured by the temperature difference between two different heights, 

however, this method has a limitation, which is that it can’t be obtained when the smoke plume 

temperature is not high enough or there are fewer measurement locations. Therefore, the helium 

test provides a new method for the visual inspection of smoke layer height. 
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Fig. 2-4 Helium test of atrium model [68] 

 

Jiang et al. also conducted a sub-scale helium test in the tunnel, and simulation scenarios were 

conducted with FDS to verify the helium similarity [103]. They mentioned helium plume is in 

good agreement with relatively low HRR, however, with increasing HRR, the similarity 

becomes unreliable. Therefore, the flow dynamics can’t maintain similarity with a larger fire; a 

critical Richardson number (0.1) is presented in the study. 

Therefore, the helium test, to replace the fire smoke, is a possible method to investigate smoke 

spread and predict the distribution of the velocity and the smoke temperature. However, there is 

no research conducting the helium test in the wind tunnel, and it lacks the theory to link the 

smoke temperature and helium volumetric fraction. Not only experiments but also simulations 

are very effective research tools. 
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2.4. Numerical simulation 

With computer technique development, Computational Fluid Dynamics (CFD) is widely used 

in the fire protection field to understand smoke flow inside and outside buildings [104]. 

Depending on different mathematical models, Reynolds-Averaged Navier-Stokes (RANS) and 

Large-Eddy Simulations (LES) are always mentioned in research [105]. The RANS model is 

well-known in FLUENT [106] and solves the average flow field to ignore turbulent fluctuation, 

i.e., the RANS model is widely used in steady state or quasi-steady states. It can obtain results 

quickly and efficiently in a relatively rough mesh; however, it is difficult to simulate the mixed 

flow of air and smoke between indoor and outdoor environments that fluctuates dramatically. 

The LES model was developed by the National Institute of Standards and Technology (NIST) 

as a Fire Dynamics Simulator (FDS) and it solves the largest turbulent motions in both time and 

space, therefore, the LES model can grasp the key factors in fluctuation [107]. However, the 

LES model needs a compact mesh and extremely high computation power [108]. Meanwhile, 

to use more CPU cores, a computer cluster in the data center can shorten the calculation time 

with a more compact mesh for unsteady results. In this study, the smoke spread is affected by 

an interaction between wind and buoyancy force, which is supposed to be a fluctuation flow 

field through the roof vent, therefore, the LES model is a better choice for obtaining time and 

space flow patterns with such fluctuation. 

Wang compared FDS and FLUENT in a smoke spread scenario with a subway platform fire, 

moreover, the mathematical model and physical model were also compared [109]. The study 

illustrates that FLUENT has a more refined mesh that can select different shapes of buildings 

such as cylinders and pentagonal prism, however, FDS only has rectangular mesh. The 

conclusion is that FDS results have better agreement with field test results than FLUENT, and 

the refined mesh can provide more accurate results. 

A high-rise building fire scenario with an opposite double-jet air curtain (ODAC) was conducted 

by Luo et al. in FDS simulation; simultaneously, a 1:12 sub-scale experiment was conducted to 

validate the simulation model [110]. It illustrates that ODAC can reduce carbon monoxide and 

smoke in the staircase and promote the smoke spread to the outside environment, furthermore, 

it quantifies the critical air velocity (9 m/s) with 2 MW HRR. 
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Zimny et al. conducted a series of FDS scenarios with atrium fire on different scales (e.g., 1:1, 

1:2, 1:4, 1:10, 1:20, and 1:50) to consider the reliability of Froude modeling and present the 

limitations of Froude number [111]. The flow pattern comparison illustrates that scales smaller 

than 1:10 have good agreement with full-scale results, however, the 1:20 and 1:50 scale results 

significantly differ from the prototype. This is because the flow changes from turbulent to 

laminar, i.e., Reynolds Independence is not achieved. However, when the tests are conducted in 

no-wind conditions, a relatively smaller Reynolds number limits the scaling. In wind tunnel tests, 

Reynolds Independence is easier to achieve, so smaller-scale models can be used for 

experiments. The study also lacks a gird-independent test to check the sensitivity of the cell size 

of the mesh. 

 

 

Fig. 2-5 Fire in the testing chambers, left (full-scale) and right (1/4 sub-scale) [111] 

 

Brohez and Caravita did research with experiments and FDS cases to investigate the fire-

induced pressure of airtight houses [112]. The experiment included a blower door test and 600 

Pa pressurization test to obtain the effective leakage area and the results validated the FDS 

model. The results showed that FDS can have good predictive results in the fire-induced 

pressure and HVAC system ventilation with leakage area. The experiment’s calibration and 

validation are indispensable for the FDS model. 

Also-Moya et al. [113] compared the numerical simulation results with the experimental results 

of the field test to validate the FDS model in bridge fires. The results showed a relatively lower 

temperature in the FDS model than the temperature in the experiment measurement. 
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Furthermore, the temperature difference in the test scenario with the wind was greater than in 

the scenario without wind. Therefore, the FDS model considering the wind effect should be 

validated when investigating the smoke spread. 

 

 

Fig. 2-6 Bridge fire tests in the FDS model and field test [113] 

 

Lin and Hsu investigated the incident of a bus fire on a highway that left 26 passengers dead, 

and they found that the deaths were caused by a closed emergency door and heavy smoke. 

Various emergency door designs are simulated in the FDS model, and it illustrates that 

increasing the number of fire doors can effectively protect passengers from smoke and high 

temperature. FDS can simulate fires not only in buildings but also in vehicles, however, this 

study also needs to be validated. 

In conclusion, FDS is a viable simulation tool to investigate smoke spread in the building sector 

and can be more accurate than the RANS model. Since simulation studies on PV panel fires are 
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very limited, we will look for useful examples of parameter settings from other related fire 

simulations, such as wind speed, turbulence model, etc. Meanwhile, it is proven that FDS is also 

applicable to the study of similarity among various scales. However, the FDS model in a wind 

tunnel should be validated, especially with the simplification of the sloped surface with cubic 

mesh. On the other hand, there is no research that uses the wind tunnel helium test to validate 

the fire smoke model of FDS. 

 

2.5. Summary of research gap 

With more and more applications of solar roofs, the following problems are also being revealed 

more frequently around the world. Therefore, how to design and install solar roofs is becoming 

a public issue and drawing people’s concern, e.g., solar roof fires in Walmart stores have aroused 

wide discussion and controversy. People are becoming more aware of the need for solar roof 

fire protection; however, relevant research is rare and urgently needed. There are several gaps 

in previous studies between research and realistic demands: 

a) Lack of economical, safe, and feasible methods to conduct experiments to study solar roof 

fires and outdoor smoke spread with wind effect in the wind tunnel. 

b) Lack of verification of the scale method in wind tunnel test. 

c) Lack of understanding about the mechanism of smoke spread on solar roof fires with wind 

effect through roof vents such as skylights, attic ventilation openings, i.e., influence of 

different parameters (e.g., roof angles, wind speed, and heat release rate). 

 

2.6. Thesis objectives 

This thesis will achieve the following objectives to answer the challenges noted in Section 2.5. 

• To fill in research gap a): Develop a new theory of helium similarity in the wind tunnel and 

design the wind tunnel experiment and computational fluid dynamics (CFD) model based on 

the helium similarity. Verify the theory of helium similarity by comparing validated 

simulation results between the helium test and fire smoke test.  
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• To fill in research gap b): Build the simulation models for the sub-scale helium test, sub-

scale fire smoke test, and full-scale fire smoke test. Verify the proposed scale method by 

comparing the results of the simulation among the sub-scale helium test, sub-scale fire smoke 

test, and full-scale fire smoke test. 

• To fill in the research gap c): Understand the mechanism of smoke spread from solar roof 

fires under the influence of wind through the wind tunnel helium test and the FDS simulation. 

Provide vital information (roof angle, wind speed, and HRR) on the optimal distribution of 

solar panels and ventilation openings (e.g., roof vent and skylight). 
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Chapter 3 Methodology 

3.1. Similarity theory and method of using helium as a surrogate of 

fire smoke in wind tunnel tests 

The volume flow rate of released helium to achieve the similarity of a fire smoke plume can be 

derived from the consistent buoyancy flux between the fire smoke flow (Fig. 3-1 (a)) and helium 

flow (Fig. 3-1 (b)) based on the theory of ideal plume. For ideal plume, the smoke temperature 

or the helium density is constant across any section of the plume. The buoyancy flux remains 

constant at all heights of the plume. Both smoke and helium are mixed with the ambient air and 

are affected by the wind effect. The smoke temperature (Tsmk) drops from the initial fire 

temperature and the helium volumetric fraction (χh) also drops from 1 mol/mol. Here, three 

relationships of similarity can be obtained: (1) convective heat release rate (HRR) and volume 

flow rate of released helium, (2) buoyancy flux of real fire (Bsmk) and helium (Bh), and (3) smoke 

temperature (Tsmk) and helium volumetric fraction (χh). 

 

 

(a) Fire smoke              (b) Helium 

Fig. 3-1 Ideal plume in fire smoke (a) and helium (b) tests. 
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3.1.1. Similarity of PV fire heat release rate and helium volume flow rate 

HRR is the rate at which fire releases energy, which mainly includes convection and irradiation. 

The convective HRR (Qc, kW) is defined as the convection heat transfer of the fire source and 

can be considered 0.7 of the total HRR.  Qc is calculated as:  

𝑄𝑐 = 𝜌𝑠𝑚𝑘𝐶𝑝𝑞𝑠𝑚𝑘(𝑇𝑠𝑚𝑘 − 𝑇𝑎) 
(3-1) 

Where, ρsmk is smoke density in kg/m3, Cp is the specific heat capacity in kJ/ (kg·K), qsmk is the 

volume flow rate of the fire smoke plume in m3/s, and Tsmk and Tsmk are the temperatures in K 

of the smoke and the ambient air temperature respectively. 

The buoyancy flux of a real fire (Bsmk, m
4/s3) is: 

𝐵𝑠𝑚𝑘 = 𝑔𝑞𝑠𝑚𝑘 (
𝜌𝑎 − 𝜌𝑠𝑚𝑘

𝜌𝑎
) (3-2) 

Where g is the acceleration of gravity in m/s2 and ρa is the ambient air density in kg/m3. 

Because the buoyancy flux keeps constant at all heights of the plume buoyancy, the flux of 

helium (Bh, m
4/s3) is: 

𝐵ℎ = 𝑔𝑞ℎ (
𝜌𝑎 − 𝜌ℎ

𝜌𝑎
) (3-3) 

Where, qh is the volume flow rate of the helium plume in m3/s and ρh is the helium density in 

kg/m3. 

By combining Eqs. (3-1) and (3-2) (assuming smoke is the ideal gas), Eq. (3-4) can be obtained: 

𝑄𝑐 = (
𝜌𝑎𝐶𝑝𝑇𝑎

𝑔
) 𝐵𝑠𝑚𝑘 (3-4) 

With the same ideal plume between the fire smoke test and the helium smoke test, Eqs. (3-2) 

and (3-3) should be equal, and Eq. (3-5) can be obtained.  

𝑞𝑠𝑚𝑘 = 𝑞ℎ (3-5) 

Then, Eq. (3-6), i.e., the volume flow rate of helium, can be obtained by combining Eqs. (3-2) 

to (3-5): 
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𝑞ℎ =
𝑄𝑐

𝐶𝑝𝑇𝑎(𝜌𝑎 − 𝜌ℎ)
 (3-6) 

 

3.1.2. Similarity of fire smoke temperature and helium volumetric fraction 

Considering that the smoke spread of PV roof fires is under the effects of buoyancy depends on 

the smoke temperature, (T in K) and velocity (u in m/s), the Richardson number, which is the 

ratio of the buoyancy term and the flow shear term [90], is chosen to obtain the similarity 

between the dimensionless temperature of the fire smoke and the helium volumetric fraction.  

For the fire smoke test, Ri can be expressed as:   

𝑅𝑖 =
𝑔𝛽(𝑇𝑠𝑚𝑘 − 𝑇𝑎)𝐿𝑠𝑚𝑘

𝑢2
=

𝑔(𝑇𝑠𝑚𝑘 − 𝑇𝑎)𝐿𝑠𝑚𝑘

𝑢2𝑇𝑎
 (3-7) 

where, 𝛽 =
1

𝑇𝑎
 is the volumetric expansion coefficient in 1/K. (3-8) 

As shown in Fig. 3-1 (b), the helium is mixed with the surrounding air. The density and the 

volume flow rate of the mixture of air and helium can be expressed as: 

𝜌𝑚𝑖𝑥 = 𝜒𝑎𝜌𝑎 + 𝜒ℎ𝜌ℎ (3-9) 

𝑞𝑚𝑖𝑥 = 𝑞𝑎 + 𝑞ℎ (3-10) 

𝜒𝑎 = 1 − 𝜒ℎ𝑒 (3-11) 

where qmix is the volume flow rate of the mixture of air and helium in m3/s, and 𝜒  is the 

volumetric fraction in mol/mol. 

For the helium test, Ri can be expressed as Eq. (3-12), which is obtained from the Boussinesq 

approximation [114]. 

𝑅𝑖 =
𝑔(𝜌𝑎 − 𝜌𝑚𝑖𝑥)𝐿ℎ

𝑢2𝜌𝑎
 (3-12) 

In the helium test and fire smoke test, the characteristic lengths (i.e., model heights) are kept the 

same: 

𝐿ℎ = 𝐿𝑠𝑚𝑘 (3-13) 
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To keep the velocity, u, the same between the helium test and fire smoke test in Eq. (3-7) and 

Eq. (3-12), Eq. (3-14) should be satisfied. 

𝑇𝑠𝑚𝑘 − 𝑇𝑎

𝑇𝑎
=

𝜌𝑎 − 𝜌𝑚𝑖𝑥

𝜌𝑎
 (3-14) 

Therefore, the relationship between smoke temperature and helium volumetric fraction can be 

expressed as the dimensionless temperature (defined in Eq. (3-15)), which is obtained by 

combining Eqs. (3-9), (3-11), and (3-14): 

𝑇∗ = (
𝑇𝑠𝑚𝑘 − 𝑇𝑎

𝑇𝑎
) = 𝜒ℎ (

𝜌𝑎 − 𝜌ℎ

𝜌𝑎
) 

(3-15) 

 

3.1.3. Summary of similarity method of using helium as a surrogate of fire 

smoke in wind tunnel tests 

Based on the similarity theory developed in Sections 3.1.1 and 3.1.2 above, the similarity 

method of using helium as a surrogate of fire smoke in wind tunnel tests is proposed as shown 

in Table 3-1. The helium test and fire smoke test have the same geometry scale. According to 

Ri, the velocity of wind also remains the same, furthermore, the volume flow rate, linked to 

HRR, is derived in Eq. 3-6. Therefore, the setup conditions of wind tunnel helium tests are 

decided by geometry, wind speed, and volume flow rate of helium. To compare the temperature 

between the helium test and fire smoke test, Eq. 3-15 is used; simultaneously, the local velocity 

remains consistent between the helium test and fire smoke test. 

Table 3-1 Similarity method of using helium as a surrogate of fire smoke in wind tunnel tests 

Setup conditions of 

wind tunnel helium tests 

Geometry: lh=lsmk 

Wind speed: 𝑢ℎ,𝑤 = 𝑢𝑠𝑚𝑘,𝑤 

Volume flow rate of helium: 𝑞ℎ =
𝑄𝑐

𝐶𝑝𝑇𝑎(𝜌𝑎−𝜌ℎ)
 

Expected results 

Velocity: 𝑢𝑠𝑚𝑘 = 𝑢ℎ 

Temperature: 
𝑇𝑠𝑚𝑘−𝑇𝑎

𝑇𝑎
= 𝜒ℎ (

𝜌𝑎−𝜌ℎ

𝜌𝑎
) 
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To verify the developed design method of the wind tunnel tests using helium as a surrogate of 

fire smoke, CFD simulations were conducted, in which the CFD model was validated by a wind 

tunnel experiment. The simulation results of the helium tests and fire smoke tests are compared 

in Section 4.2. So far, this is the first research that conducts the wind tunnel helium test, and a 

new similarity equation between smoke temperature and helium concentration is developed.  

 

3.2. Scale method of smoke spread during solar roof fires for wind 

tunnel helium tests 

3.2.1. Froude modeling for similarity between full-scale and sub-scale smoke 

tests 

A sub-scale experiment is a convenient and reliable strategy to investigate smoke movement 

with wind force. The sub-scale model is designed with time scaling, velocity scaling, smoke 

temperature scaling, and heat release rate (HRR) scaling by Froude modeling. The boundary 

condition in the sub-scale model is also defined by Froude modeling. Furthermore, temperature 

and dimensionless velocity are compared between full-scale results and sub-scale results. The 

Froude number is shown in Equation [48]: 

𝐹𝑟 =
𝑢

√𝑔𝐿
                     (3-16) 

Where u is the velocity in m/s, g is the acceleration of gravity in m/s2, and L is the characteristic 

linear dimension in m. 

In this study, Froude modeling is applied to maintain the similarity as shown in the following 

equations: 

𝑙𝑠

𝑙𝑓
=

𝐿𝑠

𝐿𝑓
                     (3-17) 

𝑇𝑠 = 𝑇𝑓                    (3-18) 

𝑢𝑠 = 𝑢𝑓√
𝐿𝑠

𝐿𝑓
                     (3-19) 

𝑄𝑠 = 𝑄𝑓(
𝐿𝑠

𝐿𝑓
)

5

2                       (3-20) 
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𝑡𝑠 = 𝑡𝑓√
𝐿𝑠

𝐿𝑓
                         (3-21) 

where l is the length in m, T is the temperature in K, Q is HRR in kW, and t is time in s, 

meanwhile, subscripts s and f represent sub-scale and full-scale respectively. 

Dimensionless height and dimensionless time are defined as: 

𝑧∗ =
𝑧

𝐿
                     (3-22) 

where, L is defined as the wall height (0.4 m in sub-scale and 6 m in full-scale), and z is the 

local height in m. 

𝑡∗ =
𝑡𝑠

√𝐿𝑠
=

𝑡𝑓

√𝐿𝑓
                    (3-23) 

Therefore, wind speed and heat release rate per area (HRRPUA in kW/m2) can be defined as: 

𝑢𝑠,𝑤

𝑢𝑓,𝑤
= (

𝐿𝑠

𝐿𝑓
)

0.5

                     (3-24) 

�̂�𝑠 = �̂�𝑓(
𝐿𝑠

𝐿𝑓
)0.5                              (3-25) 

Combining Eqs. 3-19 and 3-24, local dimensionless velocity, u*, can be compared between full-

scale and sub-scale results by the equation: 

𝑢∗ =
𝑢𝑓

𝑢𝑓,𝑤
=

𝑢𝑠

𝑢𝑠,𝑤
                              (3-26) 

 

3.2.2. Summary of scale method for wind tunnel helium test 

According to the Froude modeling (Section 3.2.1) and similarity method between helium and 

fire smoke tests (Section 3.1), the scale method (1/15) of the helium test to substitute the fire 

smoke in the wind tunnel is concluded in Table 3-2. The setup conditions are determined by 

geometry, time, wind speed, and volume flow rate of helium (i.e., HRR in fire smoke test), 

meanwhile, the predicted results of velocity and smoke temperature are also listed. Because the 

scales of sub-smoke and sub-helium are the same (i.e., 𝑙𝑠,𝑠𝑚𝑘 = 𝑙𝑠,ℎ), the characteristic length 

of the sub-scale model remains consistent as 𝐿𝑠. 
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Table 3-2 Scale method of helium test to substitute the fire smoke in the wind tunnel (1/15) 

Setup conditions of 

wind tunnel helium 

tests 

Geometry: 𝑙𝑠,ℎ = 𝑙𝑠,𝑠𝑚𝑘 =  
𝑙𝑓,𝑠𝑚𝑘

15
 

Time: 𝑡∗ =
𝑡𝑠,ℎ

√𝐿𝑠
=

𝑡𝑠,𝑠𝑚𝑘

√𝐿𝑠
=

𝑡𝑓,𝑠𝑚𝑘

√𝐿𝑓
 

Wind speed: 𝑢𝑠,ℎ,𝑤 = 𝑢𝑠,𝑠𝑚𝑘,𝑤 = 𝑢𝑓,𝑠𝑚𝑘,𝑤 (
𝐿𝑠

𝐿𝑓
)

0.5

 

Volume flow rate of helium: 𝑞𝑠,ℎ =
𝑄𝑐,𝑠,𝑠𝑚𝑘

𝐶𝑝𝑇𝑎(𝜌𝑎−𝜌ℎ)
=

𝑄𝑐,𝑓,𝑠𝑚𝑘(
𝐿𝑠
𝐿𝑓

)
5
2

𝐶𝑝𝑇𝑎(𝜌𝑎−𝜌ℎ)
 

Predicted results 

Dimensionless velocity: 𝑢∗ =
𝑢𝑓,𝑠𝑚𝑘

𝑢𝑓,𝑠𝑚𝑘,𝑤
=

𝑢𝑠,𝑠𝑚𝑘

𝑢𝑠,𝑠𝑚𝑘,𝑤
=

𝑢𝑠,ℎ

𝑢𝑠,ℎ,𝑤
 

Dimensionless Temperature: 
𝑇𝑓,𝑠𝑚𝑘−𝑇𝑎

𝑇𝑎
=

𝑇𝑠,𝑠𝑚𝑘−𝑇𝑎

𝑇𝑎
= 𝜒𝑠,ℎ (

𝜌𝑎−𝜌ℎ

𝜌𝑎
) 

 

 

3.3. Wind tunnel experiment 

3.3.1. Geometry of models 

A series of small-scale helium tests was conducted in the wind tunnel (1.82 m (W) × 1.82 m (H) 

× 10 m (L)) at Université de Sherbrooke, Canada. There is a boundary layer near the surface 

(less than 5 cm) on the floor, ceiling, and walls. The velocity profile is uniform with a less than 

±1% variation except for the boundary layer [115]. There is no wind velocity gradient (<0.3% 

level of turbulence) in the reference wind velocity (5.2 m/s). Because the wind profile of the 

external environment wind is too complicated and has 7 types: complex type, normal type, s 

type, reverse s type, decreasing type, bow type, and reverse bow type, choosing a suitable wind 

profile is very difficult [116]. In addition, the heat flux also increases this complexity [117]. 

Therefore, this study uses a simplified uniform wind profile based on previous fire research in 

the building sector [116,118]. 

Fig. 3-2 presents the experiment models with various roof angles (θ = 0° (flat), 15°, 30°, 45°, 

and 60°) in the wind tunnel tests. The geometry of the model is simplified as 0.76 m (W) × 0.52 



29 

 

m (L) × 0.42 m (H), which is scaled down (1/15) from the EcoTerraTM House, Canada’s first 

nearly net-zero energy building (NZEB) in Eastman, Quebec [119]. Most relevant studies used 

models with a scale larger than 1/20 to investigate ventilation; therefore, in this study, a 1/15 

scale is chosen to obtain better similarity [120]. The models’ geometries, including the sizes of 

windows, skylights, and helium release rate (representing the PV fire heat release rate), are listed 

in Table 3-3. The helium sensors to measure the volumetric fraction (mol/mol), XEN-5320s, 

have an accuracy of 0.01% under the conditions of 23°C, 101 kPa, and 50% RH. To keep the 

helium released uniformly, a honeycomb is installed on the release box on the roof.  

The helium volume flow rate is 121 L/min, calculated by Eq. 3-6. The input parameters of the 

corresponding heat release rate per unit area (HRRPUA) are 49.3 kW/m2 in the small-scale fire 

smoke model, which is scaled down by the proposed scale method from 191 kW/m2 [74] (full-

scale two pieces of 1 × 2 m PV panel [121]). The wind speed is 5.2 m/s for the small-scale 

building model, corresponding to 20 m/s in full-scale (the largest value recorded in August 2021 

from the meteorological station in Eastman [122]). Extreme wind conditions will allow us to 

assess the worst scenario. Furthermore, the experiments are conducted three times to confirm 

the experiments are reproducible in flat roof cases. There is no obvious discrepancy among 

repeated test results. The error bars are used to show the derivation of maximum/minimum 

values from averaged values of the tests. 

 

      

(a) Wind tunnel (b) Flat roof (c) 15° roof 
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(d) 30° roof (e) 45° roof (f) 60° roof 

Fig. 3-2 Models with various roof angles in the wind tunnel 

 

Table 3-3 Geometry of models  

Parameters Values 

Skylight size  0.08 m × 0.24 m / cosθ (θ is the roof angle) 

Attic vent size  0.08 m × 0.24 m 

Domain size 1.8 m (W) × 10 m (L) × 1.8 m (H) 

Room space size 0.76 m (W) × 0.52 m (L) × 0.42 m (H) 

PV fire area 0.13 m × 0.13 m 

Wind speed 5.2 m/s 

East and west windows 0.08 m × 0.12 m 

 

3.3.2. PIV setup 

To measure the smoke velocity profile near the skylight, a series of PIV experiments was 

performed in the central cross-section parallel to the building model. Nd: YAG dual cavity 

pulsed laser was used for double frame measurement, providing the maximum 2 × 200 mJ/pulse 
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at 532 nm and 15 Hz pulse rate. The CCD camera has a high resolution of 2752 × 2200 pixels 

(6M) and a maximum of 25 frames/s. The tracer particles (mineral oil droplets) were released 

on the helium release box by an aerosol generator (up to 4 × 108 particle/s generation rate). The 

time interval, exposure time, and laser Q-switch delay were controlled by the Programmable 

Timing Unit (PTU-X), which has a 20 ns time resolution, and jitter of less than 50 psec. The 

laser and camera were placed outside the wind tunnel as shown in Fig. 3-3. To project a laser 

sheet under the wind tunnel, a mirror was installed at a 45° angle, which reflects the laser beam 

vertically into the wind tunnel. Then the laser beam spreads to the laser sheet by adjustable light 

sheet optics (antireflection coating for 527/532 nm, sheet waist focal length infinitely adjustable 

between 300-2000 mm) with a cylindrical lens (focal length -20 mm) along the middle of the 

skylight. The field of view (FOV) was located near the skylight to measure fluid velocity. To 

calibrate the FOV on the laser sheet, a dual plan calibration target was used (309 mm × 309 

mm). The laser light sheet in the FOV was generally adjusted in 1-3 mm [123] because either 

too thin or too thick planes cause low-quality measurements in the 2D plane to be affected by 

particles out of the laser sheet between double frames. The technical specifications are presented 

in Table 3-4. 

 

 
(a) flat (b) 15º (c) 30 º (d) 45 º (e) 60 º 
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(f) Schematic diagram of PIV setup 

 

 

(g) Overview of PIV setup 

Fig. 3-3 PIV raw recording images and setup in wind tunnel experiment 

 

 

 

Camera 

Model 

Laser 
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Table 3-4 PIV setup and technical specifications 

Parameters Value 

Field of view (FOV) 350 mm × 240 mm 

Time interval 600 µs 

Number of captured pictures 100 

Measured time 8 s 

Sampling frequency 12.944 Hz 

Camera resolution 2752 × 2200 pixel (6M) 

Interframe time 150 ns 

Pixel depth 8/12 bit 

Exposure time 60 µs 

Camera lens 60 mm focal length, F/2.8 

Laser energy 2 × 200 mJ/pulse at 532 nm 

 

3.3.3. Summary of various parameters 

Each roof angle is tested with three wind speeds and constant helium release (0.0020 m3/s), 

however, only flat roofs are tested with four different HRRs (helium release rates). The various 

HRRs are referred to [33,124] and the helium volumetric release rates are calculated by Eq. 3-

6. Furthermore, the parameters of the sub-scale model are calculated based on the proposed 

scale method (Table 3-2).  The 5.2 m/s wind speed in the wind tunnel is determined by the 

corresponding 20 m/s in full-scale, which is the highest wind speed recorded in August 2021 at 

the meteorological station in Eastman [122]. Similarly, 7.8 m/s is defined as the corresponding 

historical maximum wind speed. The details of parameters and building geometry are illustrated 

in Table 3-5: 
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Table 3-5 Summary of the wind tunnel test scenarios 

 Full-Scale model 
Sub-Scale model  

(wind tunnel helium test) 

Roof angle Flat, 15°, 30°, 45°, 60° Flat, 15°, 30°, 45°, 60° 

Wind speed 10 2.6 

(m/s) 20 5.2 

 30 7.8 

�̂� (kW/m2) 85  21.9 (helium: 0.0009 m3/s) 

 191  49.3 (helium: 0.0020 m3/s) 

 319  82.4 (helium: 0.0034 m3/s) 

 500  129.1 (helium: 0.0053 m3/s) 

Time (s) 1895  480  

Geometry of building model (θ is roof angle) 

Skylight size  1.2 m × 3.6 m / cosθ 0.08 m × 0.24 m / cosθ 

Building size 11.2 m (W) × 8 m (L) × 6 m (H) 0.75 m (W) × 0.53 m (L) × 0.4 m (H) 

PV fire area 2 m × 2 m 0.13 m × 0.13 m 

East and west 

windows 
1.2 m × 1.8 m 0.08 m × 0.12 m 

 

 

3.4. CFD simulations 

3.4.1. CFD setup 

FDS is applied for simulation, which is known as a computational fluid dynamics (CFD) tool 

of large eddy simulation (LES) models to investigate the smoke spread in the building and urban 
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scale field [125,126]. The simulations are performed on the Mammoth-Mp2b cluster of Calcul 

Québec at Université de Sherbrooke with coarse mesh (2 × 24 cores of CPU nodes), moderate 

mesh (2 × 24 cores of CPU nodes), and refined mesh (3 × 24 cores of CPU nodes). The coarse 

mesh simulations take 3 days, while the moderate mesh and refined mesh simulations take 7 

days. The building model prototype (Fig. 3-4), the EcoTerraTM House in Eastman, Quebec, has 

similar geometry and is known as Canada’s first nearly net-zero energy building (NZEB) [119]. 

The house geometry is simplified and defined as 11.2 m (W) × 8 m (L) × 6 m (H) in the flat roof 

scenario of the full-scale model. The sloped roof scenarios use the same vertical wall (6m) and 

various sloped roofs (15º, 30º, 45º, 60º) with an attic. Between the attic and indoor room, an 

attic opening is set as a stairway opening 1.2 m × 3.6 m with 3 m height [127]. Three 1.2 m × 

1.2 m windows representing skylights are integrated and fully opened (broken by solar roof fire). 

Two pieces of 1 m × 2 m PV panels can easily be found on the market which is 72 cells of 

powerful PV panel [121], and PV panels are set up on the roof as building-integrated PV. There 

are two windows opened on the vertical wall, and each window (1.2 m × 1.8 m) is set up in the 

center of both the east and west walls. The velocity sensors and thermocouples are installed in 

the central line of the skylight opening across the room, attic, and the space above the skylight 

opening. The wind speed is 20 m/s (full-scale), which is the highest wind speed recorded in the 

Eastman. Correspondingly, the wind speed in the sub-scale is 5.2 m/s. The heat release rate per 

area (HRRPUA) is defined as 191 kW/m2 of solar roof fire [74]. 

The helium sensors and thermocouples were installed in the central skylight from the height of 

0.067 m (for the bottom of the room) to 0.84 m (for the flat roof), 0.8 m (for the 15° roof), 0.8 

m (for the 30° roof), 0.9 m (for the 45° roof), 1.2 m (for the 60° roof) respectively in FDS 

simulations. Helium volumetric fraction, temperature, and velocity results were calculated in 

the transient state (using “Devices Tool”) and steady state (using “Statistics Tool”) illustrated 

as FDS measuring devices. Since the mesh structure of FDS simulations is cubic, the sloping 

roof and solar panels were divided into stepped shapes.  
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(a) Side view of flat roof (left) and sloped roof (right) scenarios 

 

(b) Back view of flat roof (left) and sloped roof (right) scenarios 

Fig. 3-4 Schematic views of a building with a flat roof and sloped roofs (15º, 30º, 45º, 60º) 
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Based on the full-scale prototype building, a 1/15 sub-scale model is defined based on Table 3-

3. The domain size and mesh size are also scaled down by 1/15. The domain of Simple Very 

Large Eddy Simulation (SVLES) is defined as 27 m (W) × 150 m (L) × 27 m (H) in the full-

scale model, where the width is double the building width; length is 4 times the building length; 

height is 2 times the building height [128]. The combustion model is referred to and validated 

in a previous study [129], furthermore, the details of CFD simulation settings are mentioned in 

Table 3-6: 

 

Table 3-6 CFD simulation settings for a solar roof fire in full-scale and sub-scale models 

Roof slope Flat (0°) and sloped (θ=15°, 30°, 45°, 60°) 

Initial temperature 20 °C 

Ambient temperature 20 °C 

Total gird number 2,055,000 

Main mesh size 0.15 m × 0.15 m ×0.15 m 

Refined grid number 4,071,000 

Refined mesh size 0.075 m × 0.075 m ×0.075 m 

Coarse grid number 1,215,000 

Coarse mesh size 0.3 m × 0.3 m ×0.3 m 

Turbulence model Simple Very Large Eddy Simulation (SVLES) 

Specify release per unit mass oxygen 1.14 × 104 kJ/kg 

Simple chemistry model 1.0 (Carbon), 1.6 (Hydrogen),0.4 (Oxygen) 

 Full-Scale model Sub-Scale model (1/15) 

Skylight size  1.2 m × 3.6 m / cosθ 0.08 m × 0.24 m / cosθ 

Attic vent size  1.2 m × 3.6 m  0.08 m × 0.24 m  

Main mesh size 0.15 m × 0.15 m ×0.15 m 0.01 m × 0.01 m ×0.01 m 
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Domain size 27 m (W) × 150 m (L) × 27 m (H) 1.8 m (W) × 10 m (L) × 1.8 m (H) 

Room space size 11.2 m (W) × 8 m (L) × 6 m (H) 0.75 m (W) × 0.53 m (L) × 0.4 m (H) 

PV fire area 2 m × 2 m 0.13 m × 0.13 m 

HRRPUA 191 kW/m2 49.3 kW/m2 

Helium release rate N/A 121 L/min 

Wind speed 20 m/s 5.2 m/s 

East and west window 1.2 m × 1.8 m 0.08 m × 0.12 m 

Time 1974 s 500 s 

 

3.4.2. Grid independence study 

The normalized root mean squared error (NRMSE) is used to quantify the difference among the 

moderate, refined, and coarse mesh scenarios for the grid independence study (Section 3.4.2), 

the differences between the simulation and the experiment for the validation of the simulation 

model (Sections 3.4.3 and 3.4.4), the difference between helium and smoke fire test results 

(Chapter 4), and the difference of the results between sub-scale (helium and fire smoke tests 

respectively) and full-scale tests (Chapter 5). The NRMSE equation is illustrated in Eq. 3-27 

[129]. 

𝑁𝑅𝑀𝑆𝐸 =
1

𝑦𝑚𝑎𝑥−𝑦𝑚𝑖𝑛

√∑ (𝑦1,𝜏−𝑦2,𝜏)
2𝑛

𝜏=1

𝑛
  (3-27) 

where y is the variable, τ is times, and n is the times of observed variables. 

 

3.4.2.1 Grid independence study in sub-scale helium test 

The grid independence study was performed for the flat and 30° roof scenarios with moderate, 

refined, and coarse mesh in the sub-scale helium test (see Table 3-6). For all scenarios of roof 

angles, the sizes of the mesh are the same; therefore, the flat and 30° roof scenarios are chosen 

for the grid independence study. The simulations were submitted on the Mammoth-Mp2b cluster 

of Calcul Québec located at Université de Sherbrooke with 2 × 24 cores (coarse and moderate) 
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and 3 × 24 cores (refined) of CPU nodes. The calculation of coarse mesh scenarios was finished 

in three days, while the calculation of moderate, and refined scenarios was finished in around 

seven days. Fig. 3-5 compares the helium volumetric fraction of the models of the moderate, 

refined, and coarse meshes. The NRMSE presents a good agreement (7.08% and 7.85% in flat 

roof and 30° roof scenarios respectively) between moderate and refined mesh results. There are 

larger differences between refined and coarse mesh scenarios, which are 16.54% for the flat roof 

scenario and 22.51% for the 30° roof scenario. Therefore, the moderate mesh was selected for 

the CFD simulations. 

 

 

(a) flat roof (b) 30° sloped roof 

Fig. 3-5 Comparison of average indoor helium volumetric fraction among the moderate, 

refined, and coarse meshes 

 

3.4.2.2 Grid independence study in sub-scale fire smoke test 

Fig. 3-6 illustrates the grid independence test of temperature comparison of the flat and 30° 

roofs in fire smoke scenarios, where the sensor is set up in the center line of the skylight. The 

mesh is scaled by 1/15 so that the mesh in sub-scale and full-scale remain consistent. The 

temperature can represent the profile of interaction between indoor and outdoor environments. 

There is a 4.74% (flat roof) and 7.18% (30° roof) temperature difference between refined and 

moderate mesh scenarios. Furthermore, the corresponding difference is much larger (11.91% 

and 9.8%) between coarse and refined mesh scenarios. Therefore, in this study, the mesh can be 
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considered independent in a moderate mesh scenario, and moderate mesh is selected for all 

simulations. 

 

(a) Flat roof (b) 30° roof 

Fig. 3-6 Comparison of average temperature in the flat roof (a) and 30° roof (b) scenarios 

among the moderate, refined, and coarse grids 

 

3.4.3. Validation of helium CFD models 

As shown in Fig. 3-7 and Fig. 3-8, the simulated velocity and helium volumetric fraction 

profiles, obtained as steady-state results by the Statistic Tool in FDS, are compared with the 

wind tunnel experimental data for five different roof angle scenarios. Schematic views of 

various roof angle models are also illustrated with FOV (green rectangle region) of PIV results, 

velocity plot (blue line), and helium volumetric fraction plot (yellow). It should be noted that to 

consider the influence of strong turbulence, the error bars are used to show the derivation of 

maximum/minimum values from averaged values of the tests. The maximum difference 

(NRMSE) between the experiment and simulation results is 14.4% for the velocity and 28.3% 

for the helium volumetric fraction. Differences of less than 30% are acceptable, which is defined 

as an “acceptable grade” from 10% to 30% in the reference [130].  

It was noticed that in the 60° roof scenario (Fig. 3-7 (e)), the FOV of the PIV test was blocked 

by the sloped roof sheet, so the velocity of the four points (legend: PIV hidden by roof, 

illustrated in Fig. 3-7 (e)) was close to 0 m/s, which was not accurate. Therefore, these four 

points were not calculated for NRMSE. 
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(a) Flat (b) 15° 

                                                                                                         

     

(c) 30°                                                           (d) 45° 
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          (e) 60° 

 

Fig. 3-7 Velocity profiles at the central line of the skylight opening 
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(c) 30°                                                           (d) 45° 

 

 

(e) 60° 

Fig. 3-8 Helium volume fraction profiles at the central line of the skylight opening 
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3.4.4. Validation of smoke fire model 

3.4.4.1 CFD model setup of smoke fire 

Two previous experimental studies are selected to validate the CFD model regarding the solar 

roof combustion HRR [131] and PV fire smoke temperature under the impact of wind [76].  

In the first experimental study [131], the HRRPUA was recorded in a cone calorimeter 

experiment under various slopes (0º, 15º, 30º, 45º). PMMA was selected as the PV panel 

material with a specimen size of 10 × 10 cm2 placed above the gypsum substrate board. A 

uniform heat flux (50 kW/m2) was applied to the PMMA surface [131]. 

The second validation scenario [76] is illustrated in Fig. 3-9. Here, six PV panels (1700 mm × 

1000 mm × 3.2 mm for each) are installed on the steel frame (angle: 15º) of a flat roof. The wind 

speed varied from 1.3 m/s to 4.3 m/s (average 2.8 m/s). The peak HRRPUA of PV is 120 kW/m2, 

which was calibrated in the cone calorimeter experiment by [76] (see Fig. 3-10 (b)). A 30 kW/m2 

ignitor is located under the PV panels with five thermocouples (Fig. 3-9). 

 

  

Fig. 3-9 Schematic of solar roof fire validation scenario [76] 

 

3.4.4.2 Comparison between simulation and experiment results. 

Fig. 3-10 compares the predicted HRRPUAs of the PV fire model to those of previous 

experiments under different PV panel installation angles [131]. It indicates that the predicted 

results are close to the experiments. The NRMSE is 6.6% ~ 15.7% for different PV panel 

installation angles. The difference may be caused by the simplification of the PV model and the 
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ambient temperature. The sloped PV panel is approximated by the “saw-teeth” cuboid blocks, 

while in practice, the PV panel surface is flat. The ambient testing temperature varies within 

2 ºC, while in the simulation, the ambient temperature was simplified as a constant value (25 ºC). 

Considering the complexity of the problem and that NRMSE is less than 30%, which is 

acceptable as claimed by Barbosa and Brum [130], the PV panel combustion model is deemed 

to be validated. 

 

(a)      (b) 

 
(c)      (d) 

Fig. 3-10 Comparison of HRRPUA between simulations and experiments under different PV 

panel slope conditions: (a) θ=0º; (b) θ=15º; (c) θ=30º; (d) θ=45º 

 

Fig. 3-11 compares the predicted average temperature of the five points (see Fig. 3-9) to the 

field test in the reference [76]. The simulation time is 4500 seconds, which is the extinguishment 

time of the experiment. A difference of 7.8% NRMSE is observed, which might be caused by 

the uncertainty of the wind speed. The wind, in the simulation, is assumed to be 2.8 m/s, whereas, 
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in the real conditions of the experiments, it fluctuated from 1.3 m/s to 4.3 m/s (measured by a 

nearby weather station). 

 

 

Fig. 3-11 Comparison of temperature results between the simulation and experiment 
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Chapter 4 Similarity analysis between helium and fire 

smoke for investigation of smoke spread during solar 

roof fires 

Contributions: 

This study uses the theory and method of helium similarity in the non-fireproof wind tunnel test. 

The helium test method can replace real fire smoke to investigate smoke spread from solar roof 

fires. The helium tests are performed in the wind tunnel with PIV to measure the velocity and 

helium volumetric fraction with various roof angles. The CFD models are built and then 

validated by comparing the results of helium and fire smoke tests in the CFD model. The theory 

and method of helium similarity are justified. 

 

Abstract: 

With the promotion of photovoltaic (PV) roof applications, the increasing number of resulting 

fire accidents is a growing concern. It is important to investigate the mechanism of smoke spread 

from a PV roof fire into a building through the skylight, however, there are no studies on this 

topic. In this study, a helium test method is developed to replace real fire smoke to investigate 

smoke spread from a PV roof fire. The helium test in the wind tunnel is conducted with PIV to 

measure the fluid velocity and helium volumetric fraction with various roof angles. CFD 

simulation of FDS is conducted and validated for the helium test and fire smoke test, where the 

average NRMSEs between the experiment and simulation results are 11.95% (velocity) and 

19.04% (helium volumetric fraction). Then, dimensionless numerical analysis is performed to 

justify the similarity theory and method of the helium test, which illustrates average NRMSEs 

of 0.39% for velocity and 1.95% for dimensionless temperature/volumetric fraction between the 

helium test and fire smoke test. Furthermore, a region of separation flow has been found on the 

leeward side of buildings to blow smoke into the building from the PV roof fire through the 

skylight. The key parameters are proposed for the roof angle, i.e., the 15° roof scenario has the 

highest risk of smoke spread from a PV roof fire, correspondingly, the 60° roof scenario is safest. 
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Résumé: 

Avec la promotion de l'application photovoltaïque (PV) sur les toits, les accidents dus aux 

incendies qui en résultent et qui sont de plus en plus nombreux, suscitent de plus en plus de 

préoccupations. Il est important d'étudier le mécanisme de propagation de la fumée d'un incendie 

de toit photovoltaïque dans le bâtiment à travers la lucarne, mais il n'existe pas d'étude unique. 

Dans cette étude, une méthode d'essai à l'hélium est développée pour remplacer la fumée 

d'incendie réelle pour l'étude de la propagation de la fumée de l'incendie du toit PV. Le test à 

l'hélium dans la soufflerie est réalisé avec la PIV pour mesurer la vitesse du fluide et la fraction 

volumétrique de l'hélium avec différents angles du toit. La simulation CFD du FDS est réalisée 

et validée pour l'essai à l'hélium et l'essai de fumée d'incendie, où le NRMSE moyen entre les 

résultats de l'expérience et de la simulation est de 11,95 % (vitesse) et 19,04 % (fraction 

volumétrique d'hélium). Ensuite, une analyse numérique sans dimension est effectuée pour 

justifier la théorie et la méthode de similitude de la méthode d'essai à l'hélium, qui illustre une 

moyenne de 0,39 % de la vitesse et de 1,95 % de la température/fraction volumétrique sans 

dimension entre l'essai à l'hélium et l'essai à la fumée de feu. En outre, une région de flux de 

séparation a été trouvée sur le côté sous le vent des bâtiments pour souffler la fumée dans le 

bâtiment à partir du feu de toit PV à travers la lucarne. Les paramètres clés sont proposés pour 

l'angle du toit, c'est-à-dire que le cas d'un toit à 15° présente le risque le plus élevé de propagation 

de la fumée provenant d'un feu de toit PV, alors que le cas d'un toit à 60° est le plus sûr. 

 

4.1. Introduction 

To fill in research gap a) as explained in Section 2.5, Chapter 4 verifies a novel approach 

(Section 3.1) to use helium to simulate a buoyancy plume of PV roof fires in the non-fireproof 

wind tunnel (hereafter wind tunnel) tests and investigate the smoke spread resulting from real 

PV roof fires. First, the similarity theory and method were developed to substitute a helium 

plume for a real fire plume (Section 3.1). The similarity links the mass flow rate of helium 

release with the heat release rate (HRR) of the real PV fire and links the dimensionless helium 

volumetric fraction measured in the helium test with the dimensionless temperature measured 

in the fire smoke test. Second, helium tests were designed and conducted in a non-fireproof 
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wind tunnel, in which the helium volumetric fraction and air velocity were measured. Third, 

numerical models, based on the Fire Dynamics Simulator (FDS), were developed and validated 

by the results of the helium test in the non-fireproof wind tunnel. Then, the validated FDS 

models were applied to simulate PV fire smoke movement under the impact of wind conditions. 

Finally, by comparing the results between the helium test and fire smoke test, the accuracy of 

the novel approach was verified. 

The logical procedure of this study is illustrated in Fig. 4-1. First, a similarity theory and method 

between helium gas and fire smoke was developed in Section 3.1. Then the helium wind tunnel 

test (Section 3.3) and numerical simulation (Section 3.4.1) were designed. The simulation 

models include the helium model and fire model. A grid independence study was performed 

(Section 3.4.2) and helium wind tunnel tests were conducted to validate the numerical model 

(Section 3.4.3). Finally, the simulation results of the helium model and fire smoke model were 

compared in Section 4.2, which proves the similarity between theory and method. 

 

 

Fig. 4-1 Structure of this study 
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4.2. Results and discussion 

4.2.1. Comparison of steady-state velocity and dimensionless temperature 

The velocity (relationship illustrated in Table 3-1) and dimensionless temperature (T*, Eq. 3-15) 

profiles of different roof angle scenarios are plotted in Fig. 4-2 along the central line of the 

skylight opening (yellow line in the schematic view of models) by the Statistic Tool in FDS. 

The difference between the simulation results of helium and fire smoke is indicated by NRMSE. 

The following observations can be made: 

• The similarity of velocity distribution performs much better than the similarity of 

dimensionless temperature distribution. The average NRMSE of different roof angles is only 

0.39% for the velocity distribution and 1.95% for the dimensionless temperature distribution. 

The maximum NRMSE is 2.64% of the 15° sloped roof scenario, which also has good 

agreement; therefore, each test comparison can justify the similarity theory and method in 

Section 3.1. 

• The smoke temperature varies little in the indoor space (height less than 0.4 m in flat roof 

scenarios and less than roof ridge height in sloped roof scenarios). Near the roof ridge (which 

varies from 0.4 m for a flat roof to 1 m for a 60° roof), the dimensionless temperature 

increases to the peak value. Above the roof ridge, the dimensionless temperature drops to 

near zero, and the airflow becomes the free stream in the wind tunnel. Therefore, according 

to the dimensionless temperature profile, three regions can be defined: internal flow region 

(floor – roof ridge); interface flow region (near the roof ridge varies from 0.4 m for flat roof 

and 1 m for 60° roof); external flow region (above the roof ridge to wind tunnel free stream). 

• Similarly, the velocity profile can also be split into three regions: the velocity increases 

slowly with the increase of the height in the internal flow region. It increases fast and reaches 

the peak value (over 7 m/s) in the interface flow region; then, it drops a little and remains 

constant in the external flow region.  
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(d) 45° 

      
(e) 60° 

Fig. 4-2 Comparison of dimensionless velocity and dimensionless temperature in various roof 

angles 

 

Fig. 4-3 plots the difference between the helium test and fire smoke test results in steady-state 

among all simulation scenarios. The discrepancy of most data is within 10% of velocity and 20% 

of dimensionless temperature. Comparing average NRMSE (0.39% of velocity and 1.95% of 

dimensionless temperature, T*), individual data have the greatest difference, however, they are 

still within the acceptable range. Furthermore, the differences in velocity and dimensionless 
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temperature, T*, are mainly distributed equally around the median line. The larger the value, the 

stronger the similarity. 

 

  

(a) Velocity (b) Dimensionless temperature, T* 

Fig. 4-3 Comparison between helium test and fire smoke test results 

 

4.2.2. Comparison of transient dimensionless temperature 

To observe differences in peak value in the similarity comparison (i.e., interface flow region, 

which is defined in Section 4.2.1), the dimensionless temperature (Eq. 3-15) is spatially 

averaged among all sensors in the interface region and compared between helium and fire smoke 

resulting in the transient state in Fig. 4-4. The sensors (yellow line in the schematic view of 

models) are set up on the room skylight in the flat roof scenario and on the attic vent in the 

sloped roof scenarios. It indicates that the dimensionless temperature reaches the steady state 

within 50 seconds. 
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(a) flat (b) 15° 

  

(c) 30° (d) 45° 

 

(e) 60° 

Fig. 4-4 Average dimensionless temperature of helium devices (FDS model) in the transient 

state 

 

As illustrated in Table 4-1, the average NRMSE is 11.22% between helium and fire smoke 

simulation results, which indicates that the similarity in the transient state is justified. It can also 

be noted that the transient results fluctuate, resulting in larger differences in transient-state 

comparison than in steady-state comparison (Section 4.2.1). Table 4-1 also compares the 
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maximum temperature of helium devices (illustrated in Fig. 4-4) in each scenario with various 

roof angles. It can be seen that 15º and 30º roof scenarios have higher maximum temperatures, 

which means that they have higher risks. 

 

Table 4-1 NRMSE between helium simulation and fire smoke simulation 

Roof slope Flat 15° 30° 45° 60° 

NRMSE (%) 10.2 8.8 9.8 13.7 13.6 

Maximum temperature (°C) 25.1 33.9 35.5 31 22.8 

 

4.2.3. Comparison of dimensionless velocity and temperature distributions 

In Fig. 4-5, the velocity vector fields, and dimensionless temperatures are illustrated at 500s in 

the simulation results. A good agreement can be obtained in the comparison of the velocity 

vector field (relationship illustrated in Table 3-1) between helium and fire smoke tests, which 

also justifies the similarity method.  

Similarly, three regions (defined in Section 4.2.1) can be found in both the velocity vector field 

and the distribution of dimensionless temperature in the vertical direction of the skylight: the 

external flow region is the free stream of wind, the interface region is the interaction between 

the wind and the plume, and the internal flow region is the uniform indoor condition. In addition, 

there is a region of separation with the reverse flow (marked in a red dash line) on the leeward 

side of the house, which forces the smoke to infiltrate into the building through the skylight. It 

should be noted that the interface region is the result of the interaction of three factors: the 

reverse flow of ROS, the buoyancy flow of fire, and the free stream of wind. Thus, the interface 

region is created, meanwhile, the interface region includes the upper part of ROS, the lower part 

of the free stream, and the whole part of the buoyant plume. 

It can also be found that the indoor temperature of the 15° roof scenario is around 23°C, which 

is the highest among all scenarios and indicates the most smoke infiltration. The indoor 

temperatures of the 45° roof and 60° roof scenarios are close to the ambient temperature, 

indicating little smoke infiltration.  
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Fig. 4-5 Comparison of the velocity vector field and dimensionless temperature distribution at 

500s 
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4.3. Summary 

To investigate the mechanism of smoke spread from a PV roof fire, a helium test approach is 

proposed in this study for the small-scale experiments in the non-fireproof wind tunnel. First, 

the similarity theory and method between helium and fire smoke tests are developed to identify 

the relationship of dimensionless temperature between the helium test and the fire smoke test. 

Second, a helium test in the wind tunnel is designed and conducted to obtain experimental results. 

Third, CFD simulation models with different roof angles are developed and validated by the 

wind tunnel helium test. Then, the CFD models are applied for fire smoke simulations. Finally, 

the comparison of the results between helium and fire smoke CFD results justifies the proposed 

similarity theory and method. This study reached the following conclusions: 

• The CFD simulation model is validated by wind tunnel experiment results with acceptable 

differences: the average NRMSE is 11.95% for the velocity and 19.04% for the helium 

volumetric fraction. The validation standard is clarified in Section 3.4.3. 

• The difference in the simulation results between the helium and fire smoke scenarios, 

indicated by NRMSE, is 0.39% for velocity and 1.95% for dimensionless temperature.  

• Three regions can be defined based on the simulation results: the internal flow region (floor 

to roof ridge); interface flow region (near the roof ridge; varies from 0.4 m for a flat roof 

and 1 m for a 60° roof); external flow region (above the roof ridge to wind tunnel free stream). 

Furthermore, there is a region of separation flow on the leeward side of buildings to blow 

the smoke into the building from the PV roof fire through the skylight. 

• The 15° roof scenario has the highest risk of smoke spread from a PV roof fire, 

correspondingly, the 45° and 60° roof scenarios are safest. Chapter 6 will illustrate the main 

reason why the 15° roof scenario has a higher risk of smoke spread from a PV roof fire 

compared to the case of the flat roof scenario. 
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Chapter 5 Scale method of smoke spread during solar 

roof fires for a wind tunnel helium test 

 

Contributions: 

To investigate the mechanism of smoke spread from solar roof fires, this study develops the 

scale method of smoke movement during solar roof fires for a wind tunnel helium test. The scale 

method is proposed based on the similarity analysis between helium and fire smoke (Chapter 4) 

and Froude modeling. The results comparison verifies the proposed scale method with average 

differences of 7.02% for dimensionless velocity and 7.87% for temperature.  

 

Abstract: 

A sub-scale experiment is an efficient and credible method for understanding the mechanism of 

smoke spread from solar roof fires. Froude modeling has often been applied to design sub-scale 

fire smoke experiments. However, to study the impact of wind on the smoke spread of PV roof 

fires, a fireproof wind tunnel is needed, which is costly. This study aims to develop a solution 

for a sub-scale experiment of a non-fireproof wind tunnel helium test by using a newly proposed 

scale method between helium and smoke on a 1/15 scale. By comparing dimensionless 

temperature and dimensionless velocity between full-scale and sub-scale (sub-smoke and sub-

helium respectively) results, a good agreement can be obtained (an average of 7.02% for 

dimensionless velocity and 7.87% for dimensionless temperature). The maximum difference 

(21.66%) occurred in the 45° roof scenario and transient state with an acceptable level. There is 

a reverse flow in the region of separation near the skylight that causes dissimilarity on the 

leeward side of the building due to the airflow slowing down. Therefore, the scale method of 

smoke spread during solar roof fires for wind tunnel helium tests is justified in the paper. 
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Résumé: 

Une expérience à échelle réduite est une méthode efficace et crédible pour comprendre le 

mécanisme de propagation de la fumée d'un incendie de toit solaire. La modélisation de Froude 

a souvent été appliquée pour concevoir des expériences de fumée d'incendie à échelle réduite. 

Cependant, pour étudier l'impact du vent sur la propagation de la fumée des incendies de toits 

photovoltaïques, une soufflerie ignifuge est nécessaire, ce qui est coûteux. Cette étude vise à 

développer une solution pour une expérience à l'échelle inférieure d'un test à l'hélium dans une 

soufflerie non ignifugée en utilisant une méthode d'échelle nouvellement proposée entre 

l'hélium et la fumée à l'échelle 1/15. En comparant la température sans dimension et la vitesse 

sans dimension entre les résultats à l'échelle réelle et à l'échelle secondaire (respectivement sous-

fumée et sous-hélium), un bon accord peut être obtenu (une moyenne de 7,02% pour la vitesse 

sans dimension et 7,87% pour la température sans dimension). La différence maximale (21,66%) 

s'est produite dans le cas du toit à 45° et de l'état transitoire avec un niveau acceptable. Il y a un 

flux inverse dans la région de séparation près de la lucarne qui provoque une dissimilarité sous 

le vent du bâtiment en raison du ralentissement du flux d'air. Par conséquent, la méthode 

d'échelle de la propagation de la fumée pendant les incendies de toits solaires pour les essais en 

soufflerie à l'hélium est justifiée dans cet article. 

 

5.1. Introduction 

In this study, numerical simulations are conducted by the Fire Dynamics Simulator (FDS) with 

wind conditions in both full-scale and sub-scale (smoke and helium tests respectively) models 

to fill research gap b). Meanwhile, the wind tunnel helium test is conducted to validate the FDS 

model. This study aims to verify the proposed scale method in Section 3 by comparing the 

numerical simulation results of the sub-scale models (smoke and helium tests respectively) with 

the results of the full-scale model. A 1/15 sub-scale model is defined by the proposed scale 

method at the first step. Then, the helium test model is determined by the similarity method 

between helium and smoke tests. Finally, the dimensionless velocity and temperature are 

compared to the results of the full-scale smoke test, sub-scale smoke test, and sub-scale helium 

test to verify the methodology. 
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As illustrated in Fig. 5-1, the logic of this research procedure presents the connections for 

Chapter 4. First, the prototype of the building model (smoke spread in full-scale solar roof fire) 

is scaled down by the proposed scale method to a 1/15 wind tunnel model, simultaneously, the 

similarity method between helium and smoke replaces the smoke test by the helium test in the 

1/15 wind tunnel model. Second, a wind tunnel helium test is conducted, and a numerical 

simulation model is built so that the simulation model is validated by the results of the wind 

tunnel experiment. Third, three types of simulations are run: full-scale smoke simulation 

(hereafter, full-smoke); sub-scale smoke simulation (hereafter, sub-smoke); sub-scale helium 

simulation (hereafter, sub-helium). Finally, by comparing the results of dimensionless velocity, 

u*, and temperature, T*, between full-smoke and sub-scale (sub-smoke and sub-helium 

respectively) results, the scale methods in Section 3.2 are verified. 

 

 

Fig. 5-1 Logic of this research 
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5.2. Results and discussion 

5.2.1. Comparison of dimensionless velocity and temperature under steady 

state condition 

Figs. 5-2 and 5-3 compare dimensionless velocity, u*, and temperature, T*, (shown in Table 3-

2) for different scenarios with different roof angles. The dimensionless height is defined in Eq. 

3-22, where L is the wall height of the building.  The overall difference between full-scale and 

sub-scale (sub-smoke and sub-helium respectively) results is small as shown in Figs. 5-2 and 5-

3. The average NRMSEs of all the scenarios with different roof angles are listed in Table 5-1, 

which is 7.02% for the dimensionless velocity and 7.87% for the dimensionless temperature. 

Therefore, the proposed scale method (presented in Section 3.2) can be confirmed by the steady-

state results.  

The largest differences in dimensionless velocity and temperature happen near the skylight for 

all scenarios (see Figs. 5-2 and 5-3). The dimensionless height (z*) of the skylight opening 

varies from 1.5 (flat roof) to 2.5 (60° roof). Therefore, the similarity of smoke dimensionless 

velocity and temperature near the skylight opening is not well maintained as in the other 

locations, which may be caused by the distortion of the Reynolds number and the density 

between full-scale and sub-scale models. In the sub-scale model, the wind velocity is scaled 

down, resulting in a lower velocity and Reynolds number (Re) than the full-scale model near 

the roof. For example, for a 15° scenario, Re is 7.64 × 106 for full scale while 1.32 × 105 for 

small scale. Furthermore, the smoke temperature of the sub-scale model is much less than the 

full-scale near the skylight opening because the opening is close to the fire source, which leads 

to the density distortion between full-scale and sub-scale models. For example, the largest 

difference in dimensionless temperature is 0.015 between sub-scale and full-scale models, 

where dimensionless height, z* =1.7 in the 30° roof scenario (see Fig. 5-3 (c)). A similar 

phenomenon is also mentioned in the reference [49]. 

It can also be found that the average T* of the room decreases with the roof angle increasing 

from around 0.01 for a 15° roof to near 0 for a 60° roof. This indicates that a larger roof angle 

contributes to less smoke infiltration.   
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(e) 60° 

Fig. 5-2 Comparison of dimensionless velocity, u*, in various roof angles 
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(c) 30°                                                           (d) 45° 

 

  

(e) 60° 

Fig. 5-3 Comparison of dimensionless temperature, T*, in various roof angles 
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Table 5-1 NRMSEs of dimensionless velocity, u*, and temperature, T*, between full-scale and 

sub-scale models (sub-smoke and sub-helium) in steady state 

NRMSE (%) Roof slope Flat 15° 30° 45° 60° 

Full-smoke and 

sub-smoke 

u* 5.59 8.11 8.69 5.91 6.81 

T* 12.96 6.19 10.20 8.55 2.38 

Full-smoke and 

sub-helium 

u* 5.53 8.14 8.64 6.02 6.71 

T* 11.52 5.24 10.07 9.22 2.36 

 

Fig. 5-4 compares the difference between the results of full-scale and sub-scale (sub-smoke and 

sub-helium respectively) scenarios among all scenarios with various roof angles. The acceptable 

difference is 30% according to the reference [132] and most differences are within this range. 

The overall NRMSEs are 6.55% for the dimensionless velocity and 6.33% for the dimensionless 

temperature. Therefore, the proposed scale method in Section 3.2 is also confirmed. The greatest 

discrepancy of the dimensionless velocity, u*, which exceeds 30%, is caused by the lower 

dimensionless velocities, i.e., those discrepancies occur in the region of the low-speed region 

(see a yellow dash in Fig. 5-4 (a)) with the forms of eddies and vortices. To find the reason for 

the low-speed region, the field vector in Fig. 5-6 can illustrate where the flow is slower. The 

internal flow region under the roof height is determined as the indoor environment with low 

speed and the external flow region above the roof height is determined as the free stream of 

wind with high speed (see Fig. 5-6). The flow region between internal and external flows forms 

a shear flow, which can result in lower velocity, i.e., a low-speed region. Correspondingly, lower 

velocity leads to a lower Reynolds number and creates difficulties in maintaining the similarity 

[133]. 

The discrepancy of dimensionless temperature, T*, is near the roof through the skylight opening 

(see blue dashes in Fig. 5-4 (b)), which exceeds 30% individually. This is because the opening 

is close to the fire source, which also leads to the density distortion between full-scale and sub-

scale models [49]. 
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(a) Dimensionless velocity, u* 

 

(b) Dimensionless temperature, T* 

Fig. 5-4 Comparison between full-scale and sub-scale (smoke and helium respectively) results 

of (a) dimensionless velocity and (b) dimensionless temperature. 
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5.2.2. Comparison of dimensionless velocity and dimensionless temperature 

under transient conditions 

To understand the difference in the flow region through the skylight by the proposed scale 

method, the dimensionless temperature, T*, is plotted in Fig. 5-5 for full-smoke, sub-smoke, 

and sub-helium scenarios in transient states. The thermocouples of the FDS devices tool are 

installed above the skylight in the flat roof scenario and the attic vent in the sloped roof scenarios, 

i.e., above dimensionless height 1.2. Furthermore, those sensors' heights are under the free 

stream heights, which are different depending on various roof angles, i.e., under dimensionless 

heights 1.935 (flat roof), 1.8325 (15° roof), 1.8175 (30° roof), 2.0825 (45° roof), and 2.6 (60° 

roof). The temperature of thermocouples mentioned above is spatially averaged in the transient 

state with dimensionless time (as illustrated in Table 3-2).  

It seems clear that the flow reaches the steady state within t*=20 and the scale method proposed 

in Section 3.2 is also applicable in the transient state. The corresponding difference is greater 

(average 15.25% difference) as illustrated in transient-state (Table 5-2) than the temperature 

profile comparison (average 7.87% difference) in steady-state (Table 5-1). This increasing 

difference is caused by turbulence velocity fluctuation. However, the maximum difference 

(21.66% NRMSE in the 45° roof scenario) under 30% is also an acceptable error for prediction 

accuracy [132]. Therefore, the transient state results through the skylight can also maintain 

acceptable similarity. 
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(c) 30° (d) 45° 

 

(e) 60° 

Fig. 5-5 Comparison of average dimensionless temperature, T*, in the flow region through the 

skylight in the transient state 

 

Table 5-2 NRMSEs of average T* between full-scale and sub-scale models (sub-smoke and sub-

helium respectively) in transient state 

Roof slope Flat 15° 30° 45° 60° 

Full-smoke and sub-smoke 18.09% 8.08% 11.83% 16.83% 16.37% 

Full-smoke and sub-helium 16.48% 9.29% 12.66% 21.66% 21.16% 
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5.2.3. Comparison of dimensionless velocity and dimensionless temperature 

distribution 

As illustrated in Figs. 5-6 and 5-7, a good agreement can be observed by comparing the 

dimensionless vector and dimensionless temperature distribution between full-scale and sub-

scale (sub-smoke and sub-helium respectively) results, i.e., the scale method can be justified 

based on the velocity and temperature distribution. The vector field shows the reverse flow 

region through the skylight between the internal flow of the indoor environment and the external 

flow of the free stream. A similar reverse flow has been noted in another paper [134], where it 

is mentioned that the reverse flow is caused by the wind effect on the roof. However, Figs. 5-6 

and 5-7 illustrate relatively larger differences through the skylight near the roof height. The 

reasons are mentioned in Section 5.2.1, i.e., Reynolds number distortion by reduced velocity 

and density distortion near the fire source. Therefore, with this dual effect of distortions, the 

flow region through the skylight opening results in relatively greater differences. 

 

 

 

Full-smoke Sub-smoke Sub-helium 

 

(a) Flat roof 
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(b) 15° sloped roof 

 

(c) 30° sloped roof 

 

(d) 45° sloped roof 
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(e) 60° sloped roof 

Fig. 5-6 Comparison of the dimensionless velocity vector field among full-smoke, sub-smoke, 

and sub-helium scenarios 
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(b) 15° sloped roof 

 

(c) 30° sloped roof 

 

(d) 45° sloped roof 
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(e) 60° sloped roof 

Fig. 5-7 Comparison of the dimensionless temperature distribution among full-smoke, sub-

smoke, and sub-helium scenarios 

 

5.3. Summary 

To understand how smoke infiltrates into the building through a skylight from a solar roof fire 

for better fire protection strategy, this research uses FDS (a CFD tool) to run the simulations 

with various roof angles. The sub-scale models (sub-smoke and sub-helium) are designed by a 

novel proposed scale method (presented in Section 3.2), which is based on Froude modeling 

and the similarity method between helium and fire smoke. FDS simulations are conducted to 

verify the scale method in the wind tunnel helium test. The following conclusions can be 

obtained: 

• The proposed scale method in Section 3.2 is justified by the low average difference of 7.02% 

for dimensionless velocity and 7.87% for dimensionless temperature between full-scale and 

sub-scale (sub-smoke and sub-helium respectively) models. In addition, the maximum 21.66% 

difference for the 45° roof scenario in the transient state is also acceptable. 

• Although the proposed scale method largely maintains the similarity between the full-smoke 

movement of a solar roof fire and sub-helium movement of a wind tunnel helium test, in the 

flow region between the internal flow of the indoor environment and external flow of the free 

stream, there are a few discrepancies. The reasons for these discrepancies are Reynolds 
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number distortion and density distortion. The Reynolds number distortion is caused by the 

lower velocity in the sub-scale model, and the density distortion is caused by the flow near 

the fire source. 
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Chapter 6 Parametrical study of solar roof fire-

induced smoke spread based on wind tunnel helium 

tests 

Contributions: 

This study investigates the mechanism of smoke spread from a solar roof fire through the 

skylight in a wind tunnel test. The parametric study is conducted with various roof angles, wind 

speeds, and heat release rates (HRR). The results illustrate that the 15° roof is the most 

dangerous and the 60° roof is the safest for solar roof fire protection. Furthermore, as the wind 

speed increased from 2.6 m/s (10 m/s in full-scale) to 7.8 m/s (30 m/s in full-scale), the smoke 

concentration in the room decreased. The smoke infiltration from the skylight is mainly caused 

by the reverse flow in the region of separation. 

 

Abstract: 

To achieve the goal of carbon neutrality, the cumulative PV installation capacity reached 942 

GW in 2021. Based on the estimate, there will be 28,900 PV-related fire accidents in 2022. 

Therefore, it is important to study the mechanism of smoke spread from a solar roof fire through 

the skylight; however, there is a huge gap in the research carried out to date. This study conducts 

the helium tests in the wind tunnel by using a newly proposed theory of helium similarity, and 

the parametric study is conducted for the smoke spread from a solar roof fire with different roof 

angles, wind speed, and heat release rates (HRR). The proposed theory of helium similarity is 

justified (within 10% differences) by comparing the results between sub-scale helium and full-

scale fire smoke in the validated Computational Fluid Dynamic (CFD) model. According to the 

parametric analysis, the study found that the occupants in the solar roof fire only have four 

minutes to evacuate and that it is not useful to stay low to the ground to escape; the 15° roof is 

the most dangerous scenario, conversely, 45° and 60° roof angles are the safest design for solar 

roofs; with wind speed increasing from 2.6 m/s (full-scale 10 m/s) to 7.8 m/s (full-scale 30 m/s), 
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smoke infiltration reduces through the skylight opening; the risk increases with increasing HRRs 

of solar roof fires. 

 

Résumé: 

Pour atteindre l'objectif de neutralité carbone, la capacité d'installation photovoltaïque cumulée 

atteint 942 GW en 2021. D'après les estimations, il y aura 28 900 accidents dus à des incendies 

liés au photovoltaïque en 2022. Par conséquent, il est important d'étudier le mécanisme de 

propagation de la fumée d'un incendie de toit solaire à travers la lucarne, cependant, il y a une 

énorme lacune dans la recherche actuelle. Cette étude réalise des tests à l'hélium dans la 

soufflerie grâce à une nouvelle proposition de similitude de l'hélium, et l'étude paramétrique est 

appliquée à la propagation de la fumée d'un feu de toit solaire avec différents angles de toit, 

vitesse du vent et taux de libération de chaleur (HRR). La théorie proposée de la similarité de 

l'hélium est justifiée (avec des différences de 10 %) en comparant les résultats entre l'hélium à 

l'échelle inférieure et la fumée d'incendie à l'échelle supérieure dans le modèle validé de 

dynamique des fluides computationnelle (CFD). D'après l'analyse paramétrique, l'étude a 

montré que les occupants d'un toit solaire en feu n'ont que quatre minutes pour évacuer et qu'il 

n'est pas utile de rester au ras du sol pour s'échapper ; le toit à 15° est le scénario le plus 

dangereux, alors que les angles de 45° et 60° sont les plus sûrs ; lorsque la vitesse du vent passe 

de 2,6 m/s (10 m/s en grandeur réelle) à 7,8 m/s (30 m/s en grandeur réelle), l'infiltration de 

fumée diminue par l'ouverture du lanterneau ; le risque augmente avec l'augmentation du HRR 

du toit solaire en feu. 

 

6.1. Introduction 

To fill in research gap c) mentioned in Section 2.5 about the wind tunnel experiment, this study 

conducts helium tests in the wind tunnel, which are designed using the proposed scale method 

(see Section 3.3). The impact of roof angles, wind speed, and heat release rates (HRR) on smoke 

spread from solar roof fires is investigated. Various roof angles (flat, 15°, 30°, 45°, and 60°), 

wind speeds (10 m/s, 20 m/s, and 30 m/s) and HRRs (85 kW/m2, 191 kW/m2, 319 kW/m2, 500 

kW/m2) are studied.   
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6.2. Results and discussions 

6.2.1. Effect of different roof angles 

Fig. 6-1 illustrates the transient dimensionless temperature, T*, in the room, which is the average 

value of the three points from the floor, z*=0, to the dimensionless height, z*=1, with various 

roof angles (flat, 15º, 30º, 45º, and 60º). The wind speed is 5.2 m/s in the wind tunnel, 

corresponding to 20 m/s for the full-scale model and the full-scale HRR is 191 kW/m2. The 

corresponding helium volume flow rate in the wind tunnel helium test is 121 L/min, calculated 

by Eq. 3-6. It shows that after 60 s (correspondingly 4 minutes in full-scale), T* becomes the 

steady state. The T* of the 15° sloped roof scenario rises fastest within one minute 

(correspondingly four minutes in full-scale) and keeps stable at around 0.015, i.e., smoke spread 

from a solar roof fire has the highest risks when the roof angle is 15° and the occupants only 

have four minutes to escape safely. T* of flat roof and 30° sloped roof scenarios have a similar 

trend and rise fast until about 0.009 within one minute (correspondingly four minutes in full-

scale). Then, the trend of increasing T* slows down significantly in the 45° sloped roof scenario 

and reaches around 0.002 after one minute (correspondingly four minutes in full-scale). Finally, 

a slight increase of T* can be observed in the 60° sloped roof scenario and reach a steady state 

at 3 minutes (correspondingly 12 minutes in full-scale). Therefore, the smoke will infiltrate the 

room completely within four minutes and threaten the occupants. According to the state-of-the-

art fire safety testing from Underwriters Laboratories in Canada, residential occupants have 

three minutes to escape a home fire [135]. The time (less than four minutes) of smoke spread 

from the solar roof fire through the skylight is very close to three minutes and results in a fatal 

risk. It seems clear that a solar roof fire with wind effect leads to faster smoke spread than an 

indoor fire. Thus, when designing the roof for PV installation, the angle of the roof should be 

considered, with a more sloped roof being preferred for fire safety. 
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Fig. 6-1 Comparison of transient results of dimensionless temperature in a room with various 

roof angles 

 

To understand smoke stratification and spread in the vertical direction, the profiles of 

dimensionless temperature (mean value from 430 s to 480 s) in different angle scenarios are 

plotted in Fig. 6-2 along the central line of the skylight (which is illustrated in Fig. 3-3 sensors). 

It can be found that as the height increases, the temperatures of all the scenarios rise to peak 

values just above the roof ridge and then drop to T*=0 (the free stream). We can divide the 

profiles into two parts by the dimensionless height z*=1. The upper part is the interaction 

between indoors and outdoors near the skylight opening, and the lower part is the room. The 

peak T* appears in the upper part in which the maximum T* is for the 30° sloped roof scenario. 

When the roof angle increases from 30° to 60° or decreases to 0° (flat), the peak T* decreases. 

This is probably due to the interaction between the wind effect and the angle of the roof. 

The T* profile in the room is not stratified, i.e., the smoke from the solar roof is fully mixed with 

the room air and fills the room within one minute (see Fig. 6-1). When smoke spreads in building 

fires, the occupants should try to stay close to the ground to avoid suffering from the upper hot 

smoke when evacuating. However, for solar roof fires, the smoke can fill the interior space 

uniformly at a rapid speed. Regarding the roof angles, Fig. 6-1 and Fig. 6-2 share the same 

0

0.01

0.02

0.03

0 60 120 180 240 300 360 420 480

D
im

en
si

o
n

le
ss

 t
em

p
er

at
u
re

,T
*

Time (s)

Flat 15° 30° 45° 60°



80 

 

conclusion, which is that a 15° sloped roof is the most dangerous and a 60° sloped roof is the 

safest. 

 

Fig. 6-2 Comparison of dimensionless temperature profiles for different roof angle scenarios 

 

As can be concluded from Fig. 6-2, the dimensionless temperature, T*, on the skylight opening 

is relatively higher in flat, 15°, and 30° scenarios (i.e., higher smoke concentration), while the 

45° and 60° scenarios have lower dimensionless temperatures. To better understand why an 

increasing roof angle leads to lower dimensionless temperature in the room, the PIV vector 

fields of solar roof fire-induced smoke spread for various roof angles are illustrated in Fig. 6-3. 

The region of separation (ROS) is marked by the red dash line on the skylight opening. The 

incoming wind to the roof is separated on the skylight from the middle of the building model 

(i.e., roof ridge for the sloped roof) to the upper edge of the wall at the leeward side. The 

incoming wind is raised from the roof surface and doesn’t attach to the roof by the reverse flow 

in the ROS, meanwhile, the reverse flow is mixed with the smoke of incoming wind and 

infiltrates into the building from the skylight. In addition, a shear flow is generated between the 

incoming wind and the reverse flow of ROS.  

By comparing all PIV vector fields in Fig. 6-3, the ROS expands and lifts with the increasing 

roof angle. Conversely, the corresponding velocity of ROS decreases from 3 m/s (flat roof 

scenario) to 2 m/s (60° sloped roof scenario). In other words, the velocity of reverse flow is also 
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higher in flat, 15°, and 30° scenarios than in 45° and 60° scenarios, i.e., the strength of the 

reverse flow decreases with the roof angle increasing. Therefore, it is concluded that higher 

smoke concentration with a higher velocity of reverse flow in the ROS infiltrates the building 

from skylights in 15° and 30° scenarios than in 45° and 60° scenarios. The higher velocity of 

the reverse flow results in a higher dimensionless temperature in the room. Moreover, 

comparing the velocity distribution between the flat and 15° scenarios, the direction of airflow 

in ROS is mainly horizontal. Therefore, the inclined angle (15°) leads to more infiltration of 

smoke than the flat scenario. 

 

 

Fig. 6-3 PIV test results of solar roof fire-induced smoke spread for various roof angles 
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6.2.2. Effect of various wind speed 

In Fig. 6-4, the dimensionless temperatures, T*, and the field vectors of scenarios with three 

different wind speeds (2.6 m/s, 5.2 m/s, and 7.8 m/s (10 m/s, 20 m/s, and 30 m/s in full-scale 

respectively)) and 191 kW/m2 full-scale HRR are compared. The FOV, helium sensors, and 

ROS are also marked by the dash lines. For all the various roof angles, T* is negatively correlated 

to the wind speed, i.e., T* increases as the wind speed decreases. Therefore, at the same wind 

speed, all conclusions of Section 6.2.1 are valid, i.e., a 15° sloped roof is the most dangerous 

and a 60° sloped roof is the safest. On the other hand, with wind speed increasing from 2.6 m/s 

(full-scale 10 m/s) to 7.8 m/s (full-scale 30 m/s), smoke infiltration through the skylight opening 

decreases. 

In all the scenarios, the peak T* occurs just slightly above the roof. The maximum peak T* is 

0.095 with 2.6 m/s in the 30° sloped roof scenario (see Fig. 6-4 (c)), and the minimum peak T* 

is 0.005 with 7.8 m/s in the 60° sloped roof scenario (see Fig. 6-4 (e)). Furthermore, depending 

on the wind speed, the T* of buildings with flat (from 0.006 to 0.016), 15° (from 0.011 to 0.021), 

and 30° (from 0.006 to 0.016) roofs, varies significantly. However, for 45° and 60° roofs (see 

Figs. 6-4 (d) and (e)), regardless of wind speed variations, T* is close to 0. When the height 

reaches the freestream, T* is also close to 0. On the other hand, no matter how the wind speed 

changes, there is no stratification of smoke in the room. 

For the same roof angle, T* decreases for both indoors and outdoors when the wind speed 

increases, i.e., the overall smoke concentration decreases with increasing wind speed in the 

vertical direction in the helium wind tunnel tests. It can be seen that when the wind speed 

increases, the smoke spreads more horizontally. However, by comparing the vector field of ROS 

(e.g., see two figures of vector fields in Fig. 6-4 (a)) for the scenarios with various wind speeds 

and with the same roof angle, the wind profile does not change. Only the local velocity at each 

point varies in positive correlation to the wind speed. In other words, the velocity of the reverse 

flow, which blows the smoke into the building, decreases with the increase of the wind speed, 

leading to less smoke concentration in the room.  
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(a) Flat 

 

  

(b) 15° sloped roof 
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(c) 30° sloped roof 

 

  

(d) 45° sloped roof 
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(e) 60° sloped roof 

Fig. 6-4 Comparison of dimensionless temperature profiles and vector fields (PIV results) 

among scenarios with various wind speeds and roof angles 

 

6.2.3. Effect of heat release rate 

When only considering the HRR variables (Table 3-5), the wind speed is constant (5.2 m/s) in 

the flat roof scenario as illustrated in Fig. 6-5. It seems clear that the HRR is positively correlated 

with T*, i.e., the more vigorous the combustion of solar roofs, the stronger the infiltration of 

smoke. Thus, according to the con-calorimeter test results from previous studies [33,124], 

occupants can choose PV panels with the relatively lower experimental HRR data. Like Sections 

6.2.1 and 6.2.2, no matter how HRR changes, there is no stratification of smoke in the room 

(under z/h=1). Moreover, the trends of T* are similar among various HRRs and the peak T* is 

the position near the roof height. 
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Fig. 6-5 Comparison of dimensionless temperature profile on the flat roof with 5.2 m/s wind 

under various HRRs 

 

To better understand the effect of various HRRs (85, 191, 319, and 500 kW/m2 in full-scale) on 

the wind profile, the vector fields of the PIV test in the wind tunnel are illustrated in Fig. 6-6. 

The position of FOV is consistent with Fig. 6-5. The ROS and the wind profiles have not 

changed with various HRRs, i.e., wind profiles are independent of the HRR. Meanwhile, the 

shear flow (adjacent layers between incoming wind and reverse flow of ROS) maintains 

consistency among various HRRs. This is a wind-dominated flow field of smoke spread from 

solar roof fire through the skylight. Some subtle changes may originate from the reflections 

during the PIV experiments. In addition, the vortex generated by the reverse flow is also rotated 

clockwise at the center of the skylight. Therefore, it is supposed that the conclusions from Fig. 

6-1 can be used in other sloped roof and wind speed scenarios. 
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Fig. 6-6 PIV test results of solar roof fire-induced smoke spread on the flat roof with 5.2 m/s 

wind under various HRR 

 

6.3. Summary 

Very few studies have investigated wind effect on the smoke spread of solar roof fires, even 

though solar roof fires have become a stumbling block to the development of solar power. This 

study conducts an experimental study of smoke spread from solar roof fires on the interaction 

of various roof angles, wind speeds, and HRRs. The following conclusions can be found: 

• According to the analysis for transient state results, the occupants inside a room with smoke 

spread from a solar roof fire through the skylight only have 12 minutes to evacuate in the 60° 

roof scenario, and only 4 minutes in other roof scenarios (flat, 15°, 30°, and 45°). Furthermore, 

it is not useful to stay low to the ground to escape. 

• Smoke infiltration from a solar roof fire is caused by the reverse flow in the region of 

separation from the middle of the building model (i.e., roof ridge for the sloped roof) to the 

upper edge of the wall at the leeward side. The 15° roof is the most dangerous scenario, 

conversely, 45° and 60° roof angles are the safest design for solar roofs. 

• As the wind speed increased from 2.6 m/s (10 m/s in full-scale) to 7.8 m/s (30 m/s in full-

scale), the smoke concentration in the room decreased. 
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• The velocity profile of smoke spread is independent of HRRs, i.e., the risk increases with 

increasing HRR. It is recommended that the occupants choose the PV panel with a lower 

HRR in the cone-calorimeter test. 
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Chapter 7 Numerical simulations of smoke spread 

during solar roof fires through a roof vent 

Contributions: 

This study conducted a series of simulations by the Fire Dynamics Simulator (FDS) to 

investigate the impacts of roof slopes and vent sizes on smoke spread from solar roof fires. The 

FDS model is validated, and the parametric study is performed. The results indicate that the roof 

slope has a significant effect on fire smoke spread through the roof vent. This is particularly true 

for the low latitude regions where the PV optimal tilt angle regarding energy performance is 

small and leads to a higher risk of smoke infiltration. The smaller the roof vent, the less the 

smoke infiltrates. 

 

Abstract: 

As the installation of solar roofs increases, so does the concern over fires. Smoke from a solar 

roof fire could spread into a building through roof openings and presents a challenge for existing 

fire protection strategies. To date, there have been insufficient studies on solar roof fire-induced 

smoke spread. In this study, we conducted computational fluid dynamics (CFD) simulations 

using the Fire Dynamics Simulator (FDS) to better understand the mechanisms of solar roof 

fire-induced smoke spread to improve solar roof designs. First, the photovoltaic (PV) 

combustion model was created in FDS and validated by experimental data. A parametric study 

was then simulated to investigate the impacts of roof slopes and vent sizes on the smoke spread 

of solar roofs. It was found that the roof slope has a significant effect on fire smoke spread. As 

the roof slope increases, the region of separation, where the smoke and air are mixed, can extend 

from the leeward side of the building to the roof ridge. As a result, smoke could fill the attic and 

room more slowly, leading to a lower soot density and lower indoor temperature. When 

designing a solar roof, both fire smoke protection, and PV energy performance should be 

considered, especially for the low latitude regions where the PV optimal tilt angle regarding 

energy performance is small and leads to a higher risk of smoke infiltration. 
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Résumé: 

L'installation de toits solaires est de plus en plus fréquente, tout comme les préoccupations liées 

aux incendies. La fumée d'un incendie de toit solaire pourrait se propager dans un bâtiment par 

les ouvertures du toit et représente un défi pour les stratégies de protection contre les incendies 

existantes. Jusqu'à présent, il n'y a pas eu suffisamment d'études sur la propagation de la fumée 

induite par un incendie de toit solaire. Dans cette étude, nous avons réalisé des simulations de 

dynamique des fluides numériques (CFD) à l'aide du Fire Dynamics Simulator (FDS) afin de 

mieux comprendre les mécanismes de propagation de la fumée induite par l'incendie d'un toit 

solaire et de faciliter ainsi la conception des toits solaires. Tout d'abord, le modèle de combustion 

photovoltaïque (PV) a été créé dans FDS et validé par des données expérimentales. Une étude 

paramétrique a ensuite été simulée pour étudier l'impact de la pente du toit et de la taille des 

évents sur la propagation de la fumée des toits solaires. Il a été constaté que la pente du toit a un 

effet significatif sur la propagation de la fumée de l'incendie. Lorsque la pente du toit augmente, 

la région de séparation, où la fumée et l'air sont mélangés, peut s'étendre du côté sous le vent du 

bâtiment jusqu'au faîte du toit. Par conséquent, la fumée peut remplir le grenier et la pièce plus 

lentement, ce qui entraîne une densité de suie plus faible et une température intérieure plus basse. 

Lors de la conception d'un toit solaire, il convient de prendre en compte à la fois la protection 

contre les fumées d'incendie et les performances énergétiques du PV, en particulier dans les 

régions de basse latitude où l'angle d'inclinaison optimal du PV en matière de performances 

énergétiques est faible et entraîne un risque plus élevé d'infiltration de fumée. 

 

7.1. Introduction 

To address research gap c) with more scenarios by FDS simulation, this study investigated the 

effect of solar roof fire-induced smoke on the indoor environment (temperature and soot density) 

by parametric analysis of roof vent sizes and roof slopes. First, the PV fire model was created 

by using FDS and then validated with experimental data. A grid independence study was also 

performed. A series of FDS simulations was then conducted to investigate different roof slopes 

and vent sizes under both transient and steady-state conditions. The simulation results provide 

key information for solar roof designs to mitigate smoke spread risks in the built environment. 
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7.2. Simulation model 

Here, Section 7.2.1 (CFD modeling) presents the geometry model, the boundary condition, and 

the grid independence study. The validation scenarios are presented in Section 3.4.4. 

 

7.2.1. Geometry model 

The smoke spread is designed to start from an ignited solar roof of a house. The house has a 

similar geometry to the EcoTerraTM House, which is a two-story net-zero-energy building, built 

in 2007, in Eastman, QC, and which is known as Canada's first nearly net-zero energy house 

[119]. The integrated solar roof is installed on the EcoTerraTM house and there is no gap between 

the PV panel and roof material. Different roof slopes and roof vent sizes are designed as shown 

in Fig. 7-1. The house size is 11.2 m (W) × 8 m (L) × 6 m (H) for the flat roof. The house is 

placed within a larger computational domain, which has an upstream length of 2L [128], a lateral 

length of 1W on both sides, and a vertical length of 1H above the house (60° sloped roof) height 

[136–138] as shown in Fig. 7-1. 

To consider infiltration through the building envelope, a leakage opening (0.2 m × 0.2 m) is 

created on the north wall representing the wall leakage area. The opening area was selected 

based on the largest normalized leakage area for a low-rise residential building with concrete 

and grid sheathing walls [139]. For the flat roof scenario, the roof vent is on top of the room 

space (Fig. 7-1 (a)). For the scenarios with a sloped roof, there is an attic, which is connected to 

the room by an attic opening (0.48 m2). The roof vent is on the top of the north side of the roof 

(Fig. 7-1 (b)). The roof vent is in the middle of the ridge. Temperatures are measured by 

thermocouples, which are 0.5 m under the roof vent in FDS. Meanwhile, FDS measuring devices 

(including thermocouples and soot density measurement devices) are placed in the room and 

attic center. The measuring interval/distance is 1 m in the room and 0.5 m in the attic. 
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(a) Flat roof 

 

 

(b) sloped roof 
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(c) CFD computational domain 

Fig. 7-1 Schematic view of a house with (a) flat and (b) sloped solar roof; (c) CFD 

computational domain (W: width, L: length, and H: height) 

 

7.2.2. Boundary conditions 

The CFD simulation settings are shown in Table 7-1. The ambient condition is 20 ºC, which is 

the design parameter of a solar roof located in Eastman, Quebec, Canada, in July [119], with a 

wind speed of 5 m/s from the south. The building walls and the roof are set up as adiabatic. PV 

panels fully cover the south roof. Fire with an HRRPUA 532 kW/m2 is defined, which is 

measured as the peak value of HRRPUA in the PV ignition experiments. The critical heat flux 

is also defined as 18 kW/m2, and the CO and CO2 yields are defined as 0.041 kg/kg and 1.69 

kg/kg respectively according to the reference [74]. The reaction and material are defined as 

polymethyl methacrylate (PMMA), which is commonly used as the PV panel encapsulation 

[140,141]. The simple chemistry model of PMMA is selected as the fire reaction model (see 

Table 7-1) and the smoke production is defined as 0.022 kg/kg soot yield [142]. The energy 

released per unit of mass oxygen is 1.14 × 104 kJ/kg [143]. 

The grid size is 0.1 m × 0.1 m ×0.1 m in the room space, and the total grid number is 1.8 million. 

The simulation time is 800 seconds, which is enough time for occupants to escape. The 

simulation scenarios were run on the Mammoth-Mp2b cluster of Calcul Québec located at 
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Université de Sherbrooke with 2 × 24 cores of CPU nodes. The total simulation time is seven 

days for each scenario. 

 

Table 7-1 CFD simulation settings for a solar roof fire 

Building 

Room space size 11.2 m (W) × 8 m (L) × 6 m (H) 

Initial indoor temperature 20 °C 

Leakage opening 0.2 m × 0.2 m (north wall) [139] 

Solar roof 

Attic vent  0.48 m2 (between room and attic) 

Roof slope Flat (0°) and sloped (15°, 30°, 45°, 60°) 

PV coverage percentage South roof (100%) 

HRRPUA 532 kW/m2 [74] 

Roof vent Vent size 
0.2 × 0.2, 0.3 × 0.3, 0.4 × 0.4, 

0.5 × 0.5, 0.6 × 0.6 (m × m) 

CFD model 

Domain size 40 m (W) × 40 m (L) × 27 m (H) 

Total gird number 1,764,500 

Main mesh size 0.1 m × 0.1 m ×0.1 m 

Combustion model 

(PMMA) - Specify release 

per unit mass oxygen  

1.14 × 104 kJ/kg 

Combustion model 

(PMMA) - Simple 

chemistry model 

1.0 (Carbon), 1.6 (Hydrogen),  

0.4 (Oxygen) 

Turbulence model Large Eddy Simulation (LES) 

Boundary conditions 
20 °C (ambient temperature) 

5 m/s (wind speed) 

Grid 

independence 

study 

Refined grid number 2,972,000 

Refined mesh size 0.05 m × 0.05 m ×0.05 m 

Coarse grid number 950,750 

Coarse mesh size 0.2 m × 0.2 m ×0.2 m 
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7.2.3. Grid independence study 

A flat roof and a 30° sloped roof with a 0.3 m × 0.3 m vent were selected for the grid 

independence study. The refined mesh size is 0.05 m × 0.05 m ×0.05 m, which creates 2,972,000 

grids. The coarse mesh number is 950,750 with 0.2 m × 0.2 m ×0.2 m mesh size.  

Fig. 7-2 compares the mass flow rate through the roof vent and average indoor air temperature 

in the room of the moderate, refined, and coarse mesh scenarios. For the flat roof scenarios (see 

Fig. 7-2 (a)), the NRMSE between the refined mesh and coarse mesh is 3.8% for the mass flow 

rate and 25.68% for the temperature, indicating a significant difference between both meshes. 

In comparison, the NRMSE between the refined mesh and moderate mesh is 2.63% for the mass 

flow rate and 2.38% for the temperature. For the 30° sloped roof scenarios (Fig. 7-2 (b)), the 

simulated results of the scenarios with refined mesh and coarse mesh are also significantly 

different: the NRMSE between the refined mesh and coarse mesh is 12.2% for the mass flow 

rate and 18.4% for the temperature. However, the difference between the simulated results of 

the scenarios with refined mesh and moderate mesh is very small: the NRMSE is 3.11% for the 

mass flow rate and 5.7% for the temperature. Therefore, the moderate mesh is selected for the 

simulations in this study based on the mesh-independent study of both flat and sloped roof 

scenarios. 
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(a) flat roof 

 

(b) 30° sloped roof 

Fig. 7-2 Comparison of mass flow rate through a roof vent and average indoor air temperature 

among the moderate, refined, and coarse mesh 
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7.3. Results and discussion 

A series of simulations with different roof slopes and vent sizes was conducted. The influences 

of these different parameters on indoor air temperature, smoke profile, and soot density are 

illustrated in the following sections. 

 

7.3.1. Unsteady state characteristics of smoke spread 

Fig. 7-3 illustrates the transient air temperature, Ti (0.5 m below the roof vent in Fig. 7-1) of the 

0.3 m × 0.3 m vent for the flat (roof slope: 0º) and sloped roofs (roof slope:15º, 30º, 45º, and 

60º). When the wind speed is 5 m/s, the flow reaches a steady state of around 700 s. For the 

scenarios with a sloped roof, a greater slope leads to fewer temperature rises. As the roof slope 

increases from 15º to 60º, the temperature varies from 460 ºC to 80 ºC at a steady state since the 

smoke is mixed with more pure air in steeper roof scenarios on the roof vent before infiltrating 

into the building (see Fig. 7-4). 

 

 

Fig. 7-3 Transient temperature at 0.5 m below the roof vent 
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Fig. 7-4 illustrates the transient smoke profiles for the scenarios with different roof slopes. The 

vent dimension of these scenarios is 0.3 m × 0.3 m. Under the impacts of the wind (from the 

south) and the buoyancy, the solar roof fire-induced smoke spreads towards the north by 

crossflow (from left to right in the figure) and upward. There is a region of separation at the 

leeward side of the building/roof, where the smoke separates from the roof surface. The region 

of separation causes the formation of a reverse-vortex flow area where the smoke and air are 

mixed. The separated flow is at the leeward side of the building for the flat roof and 15° sloped 

roof (see the region framed by the red lines in 800 s of Fig. 7-4 (a) and (b)). However, as the 

roof slope increases from 15° to 60°, this region extends to the roof ridge near the roof vent. As 

a result, smoke fills the attic and room slower when the roof slope increases as can be seen by 

comparing visibility at the same time for a different sloped roof. For the 15°, 30°, and 45° sloped 

roof, the attic is full of smoke within 100 s, while for the 60° sloped roof, even after 400 s, less 

smoke has infiltrated into the attic. For the same reason, the soot density in the attic is lower in 

steeper roof slopes. For the flat roof, the room is full of smoke within 100 s, while for the 15° 

and 30° sloped roofs, the room is full of smoke within 200 s. When the roof slope increases to 

45° and 60°, it takes around 300 s and 800 s for the smoke to fill the room. Therefore, a steeper 

roof slope (e.g., 60° sloped roof) has less smoke spread than a lower roof slope in the event of 

solar roof fires. 
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(a) flat roof 

 
(b) 15° sloped roof 

 
(c) 30° sloped roof 

  
(d) 45° sloped roof 

 
(e) 60° sloped roof 

Fig. 7-4 Smoke profile for scenarios with different roof slopes 
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7.3.2. Steady-state characteristics of smoke spread 

Fig. 7-5 compares the distributions of velocity, streamlines, and separation points for different 

roof angles at the steady-state condition (i.e., at 800 s). The separation point, indicated by the 

red arrow, is the position where the boundary layer leaves the surface of the building; therefore, 

as shown in Fig. 7-4, the separation point leads to a high soot density zone and a low soot density 

zone. The low soot density zone is defined as the region of separation where the smoke and air 

are mixed.  In Fig. 7-5, the maximum velocity can be observed near the roof surface between 

the space above the solar panel and the leeward eaves. The maximum velocity is about 9~10 

m/s (double the wind speed, 5 m/s), which is caused by the coupled effects of the wind and the 

buoyancy effect of the flame. As the roof angle increases from 0° to 60°, the maximum velocity 

near the roof surface increases a little (from 9 m/s to 10 m/s), while the speed of the airflow at 

the leeward side of the building decreases. Moreover, as the roof angle increases, the airflow 

streamlines at the leeward side change from regular anticlockwise circulation (i.e., reverse-

vortex) (Fig. 7-5 (a) and (b)) to irregular motion (Fig. 7-5 (d) and (e)). The separation point is 

on the leeward eave for the flat roof (Fig. 7-5 (a)) and 15° sloped roof (Fig. 7-5 (b)) scenarios. 

As the roof angle increases, the separation point becomes closer to the roof ridge; therefore, it 

leads to a larger region of separation and less smoke infiltration into the building. 

 

   

(a) flat roof    (b) 15° sloped roof 
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(c) 30° sloped roof   (d) 45° sloped roof 

 

         (e) 60° sloped roof 

Fig. 7-5 Velocity contour and streamline for scenarios with different roof angles 

 

Fig. 7-6 illustrates the average attic temperature under steady-state conditions for a sloped roof 

(15º, 30º, 45º, and 60º) with different opening areas. As the vent area changes from 0.04 m2 to 

0.36 m2, ΔT in the attic is 359 ºC for the 15º sloped roof, and 270 ºC for the 30º sloped roof. 

However, for the 45º and 60º sloped roofs, the temperature increases much less as the vent area 

increases: ΔT in the attic is 80 ºC (from 210 ºC to 290 ºC) for the 45º sloped roof and 60 ºC 

(from 70 ºC to 130 ºC) for the 60º sloped roof. Fig. 7-6 also shows that for large vent areas, 

increasing the roof slope could significantly reduce attic temperature. This is because the region 

of separation expands to the roof vent in steeper roof scenarios, where more air mixes with 

smoke. For example, when the vent area is large (i.e., 0.36 m2), as the roof slope increases from 

15º to 60º, the average attic temperature decreases from 800 ºC to 130 ºC (670 ºC reduction); 
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while for small vent areas (i.e., 0.04 m2), the average attic temperature decreases from 440 ºC 

to 70 ºC (only a 370 ºC reduction). 

 

 

Fig. 7-6 Steady-state average attic temperature 

 

Fig. 7-7 illustrates the average room temperature under steady-state conditions for the flat (0º) 

and sloped roof (15º, 30º, 45º, and 60º) with different opening areas. As the vent areas increase 

from 0.04 m2 to 0.36 m2, the average room temperature increases from 47 ºC to 88 ºC for the 

flat roof and from 47 ºC to 65 ºC for the 15º sloped roof. However, for the 45º and 60º sloped 

roofs, there is a minor temperature increase as the vent area increases. The temperature only 

increases by 5 ºC (from 30 ºC to 35 ºC) for the 45º sloped roof and 1 ºC (from 24 ºC to 25 ºC) 

for the 60º sloped roof. Fig. 7-7 also shows that for large vent areas, increasing the roof slope 

could significantly reduce room temperature. For example, when the vent area is large (i.e., 0.36 

m2), as the roof slope increases from 0º to 60º, the average room temperature reduces by 63 ºC 

(from 88 ºC to 25 ºC); whereas when the vent area is small (i.e., 0.04 m2), the average room 

temperature only reduces around 24 ºC (from 47 ºC to 23 ºC). 
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Fig. 7-7 Steady-state average room temperature 

 

Fig. 7-8 illustrates the average soot density from 700 s to 800 s in the roof vent inlet, attic, and 

room, as well as the average mass flow rate through the roof vent with different roof slope 

scenarios. The vent dimension for these scenarios is 0.3 m × 0.3 m. It shows that the mass flow 

rate increases significantly from 0.016 kg/s to 0.095 kg/s when the roof slope increases from 15° 

to 60°. As the roof slope increases to 60°, the extended region of separate flow, where there is 

a reverse-vortex flow and the smoke is mixed with the air, reaches the roof vent (for Fig. 7-5), 

leading to increased static wind pressure on the roof [134,144,145]. As a result, the mass flow 

rate increases. 

For the 15° roof, the soot density at the roof vent inlet (4.3 × 10-4 kg/m3) is slightly higher than 

the soot density in the attic (3.5 × 10-4 kg/m3), while for the 30° ~ 60° roof slopes, they are pretty 

close. The soot density of the room is much lower than that of the roof vent inlet and attic. This 

is because the smoke infiltrates into the attic through the roof vent directly, then the smoke goes 

into the room through the attic vent. As the roof slope increases, inlet soot density decreases 

from 4.3 × 10-4 kg/m3 to 2.5 × 10-5 kg/m3 (i.e., soot density on the leeward roof decreases). This 

is consistent with Fig. 7-4, which shows that soot density on the leeward roof significantly 

reduces as the roof slope increases from 15° to 60° (i.e., more air mixes with smoke on the 

leeward roof for the steeper roof slope scenario). Due to the decreasing soot density at the roof 
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vent and decreasing flow rate, the attic, and room soot densities also reduce significantly from 

3.5 × 10-4 kg/m3 to 2.4 × 10-5 kg/m3 for the attic, and from 2.5 × 10-5 kg/m3 to 2.2 × 10-6 kg/m3 

for the room as the roof slope increases. Therefore, a steep roof can also help reduce smoke 

infiltration.  

Considering fire protection, a 60º sloped roof contributes (i.e., the PV tilt angle) to the least 

smoke infiltration, which is the best; however, regarding PV panel electricity production (i.e., 

energy performance), the PV optimal tilt angle depends on the location, which has a linear 

correlation with the latitudes. Jacobson and Jadhav found that the PV optimal tilt angle increases 

from 0º to 45º as the latitudes increase from 0º to 64º [146]. Therefore, when designing a solar 

roof, both fire protection, and PV energy performance should be considered, especially for the 

low latitude regions where the PV optimal tilt angle regarding energy performance is small, 

leading to a higher risk of smoke infiltration. For example, when the solar roof is installed in 

cities around 15° latitude, the PV optimal tilt angle regarding energy performance is around 15°, 

which leads to much more smoke infiltration and higher soot density than 45° and 60° sloped 

roofs if solar roof fires happen according to this study. 

 

 

Fig. 7-8 Average soot density and mass flow rate (Negative mass flow rate: flow direction 

from outside to inside through the roof vent) 
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7.4. Summary 

To understand the mechanisms of solar roof fire-induced smoke spread and provide essential 

information for solar roof designs, this study applied a CFD simulation tool, FDS, to simulate 

solar roof fire-induced smoke spread. The PV fire model was developed and validated by the 

experimental data in the literature. A series of scenarios was designed and simulated by FDS to 

investigate the effects of the roof slope and vent size on the solar roof fire-induced smoke spread, 

and these effects were discussed based on the simulation results. The following conclusions 

were reached: 

1. The roof slope has a significant impact on the spread of solar roof fire-induced smoke. There 

is a region of separation caused by the wind and buoyancy effects and the roof shape. The 

region of separation causes the formation of a reverse-vortex flow area where the smoke and 

air are mixed. For the flat roof and low-sloped (15°) roof, the region of separation is at the 

leeward side of the building. As the roof slope increases from 15° to 60°, the region of 

separation extends to the roof ridge where the roof vent is located. Therefore, smoke fills the 

attic and room at a slower pace when the roof slope increases. 

2. Due to the smoke infiltration through the roof vent, the attic and room temperature increased. 

The impacts of roof vent size on the attic and room temperature are different among various 

roof slopes. For a low-slope roof (i.e., 15º and 30º), increasing the roof vent size will lead to 

a much greater attic and room temperature increase than for a steeper roof (i.e., 45º and 60º). 

3. As the roof slope increases, the soot density of the attic and room decreases significantly. In 

the simulated scenarios, the attic and room soot densities decrease from 3.5 × 10-4 kg/m3 to 

2.4 × 10-5 kg/m3 for the attic and from 2.5 × 10-5 kg/m3 to 2.2 × 10-6 kg/m3 for the room as 

the roof slope increases. Therefore, a steep roof can contribute to less smoke infiltration. 

In conclusion, the 60º sloped roof scenario contributes to the least smoke infiltration. Perhaps 

there will be less smoke when the angle is greater than 60°, but the building code specifies a 

maximum roof angle of 60°. However, the PV optimal tilt angle regarding the energy 

performance depends on the installation regions, which increase from 0º to 45º as the latitudes 

increase from 0º to 64º. Therefore, when designing a solar roof, both fire smoke protection, and 

PV energy performance should be considered, especially for the low latitude regions where the 
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PV optimal tilt angle regarding energy performance is small and leads to a higher risk of smoke 

infiltration.  

In this study, only the integrated and symmetrical solar roof was investigated, and the wind was 

5 m/s from the south.  In the future, the impact of the gap between the PV panel and roof material 

as well as the wind (different wind speeds and angles) on the solar roof fire-induced smoke 

spread will be studied using numerical and wind tunnel experimental methods. Also, the 

asymmetric roof will be further researched. 
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Chapter 8 Conclusion and future work 

8.1. Conclusion 

To investigate the smoke spread of solar roof fire in a non-fireproof wind tunnel, this study 

develops a theory of helium similarity to use helium release to replace the smoke of a real fire. 

The velocity of fluid flow will remain similar, and the smoke temperature can be predicted by 

the helium concentration. Then the wind tunnel experiment is designed and conducted based on 

the scale method and helium similarity. The CFD models of FDS are built to obtain the 

simulation results in sub-scale helium scenarios, sub-scale fire smoke scenarios, and full-scale 

fire smoke scenarios. By comparing the experiment and simulation results, the CFD model of 

FDS is validated, and the scale method and helium similarity are verified. The following main 

conclusions are obtained for the verification of theories: 

• By comparing the experiment and simulation results, the CFD model of FDS is validated 

for the smoke spread from solar roof fires. A good agreement is obtained, i.e., average 

NRMSE is 11.95% for the velocity and 19.04% for helium concentration. 

• The theory of helium similarity is justified: the difference in the simulation results between 

the helium and fire smoke scenarios, indicated by NRMSE, is 0.39% for the velocity and 

1.95% for dimensionless concentration/temperature. 

• The proposed scale method is confirmed: the difference in the simulation results between 

the sub-scale (fire smoke and helium respectively) models and full-scale fire smoke model, 

indicated by NRMSE, is 7.02% for the dimensionless velocity and 7.87% for dimensionless 

temperature. 

Once the scale method and helium similarity are verified, the results of the wind tunnel 

experiment can be projected into the fire smoke test of the full-scale model. The different 

parameters are investigated: various roof angles (flat, 15°, 30°, 45°, and 60°); wind speeds (10 

m/s, 20 m/s, and 30 m/s); HRRs (85 kW/m2, 191 kW/m2, 319 kW/m2, 500 kW/m2).  These 

results show: 

• According to the analysis for transient state results in the skylight scenarios, the occupants 

inside the room with the smoke spread from the solar roof fire through the skylight only 
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have four minutes to evacuate. The smaller the roof vent, the safer the occupants are. 

Furthermore, it is not useful to stay low to the ground to escape.  

• Smoke infiltration from a solar roof fire is caused by the reverse flow in the region of 

separation from the middle of the building model (i.e., roof ridge for the sloped roof) to the 

upper edge of the wall at the leeward side. The 15° roof is the most dangerous scenario, 

conversely, 45° and 60° roof angles are the safest design for solar roofs. 

• As the wind speed increased from 2.6 m/s (10 m/s in full-scale) to 7.8 m/s (30 m/s in full-

scale), the smoke concentration in the room decreased. 

• The velocity profile of smoke spread is independent of HRRs, i.e., the risk increases with 

increasing HRR. It is recommended that the occupants choose a PV panel with a lower 

HRR in the cone-calorimeter test. 

On the other hand, the FDS model is validated by the wind tunnel helium test, therefore, a series 

of simulations is run to investigate the smoke spread from a solar roof fire through the relatively 

smaller roof vent. A parametric study was then simulated to investigate the impacts of roof 

slopes and vent sizes on the smoke spread of the solar roofs. The main conclusions are illustrated 

below: 

• The roof slope has a significant impact on the spread of solar roof fire-induced smoke. 

There is a region of separation caused by wind and buoyancy effects and the roof shape. 

The region of separation causes the formation of a reverse-vortex flow area where the 

smoke and air are mixed. For the flat roof and low-sloped (15°) roof, the region of 

separation is at the leeward side of the building. As the roof slope increases from 15° to 60°, 

the region of separation extends to the roof ridge where the roof vent is located. Therefore, 

smoke fills the attic and room at a slower pace when the roof slope increases. 

• Due to the smoke infiltration through the roof vent, the attic and room temperature increased. 

The impacts of roof vent size on the attic and room temperature are different among various 

roof slopes. For a low-slope roof (i.e., 15º and 30º), increasing the roof vent size will lead 

to a much greater attic and room temperature increase than for a steeper roof (i.e., 45º and 

60º). 

• As the roof slope increases, the soot density of the attic and room decreases significantly. 

In the simulated scenarios, the attic and room soot densities decrease from 3.5 × 10-4 kg/m3 
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to 2.4 × 10-5 kg/m3 for the attic and from 2.5 × 10-5 kg/m3 to 2.2 × 10-6 kg/m3 for the room 

as the roof slope increases. Therefore, a steep roof can contribute to less smoke infiltration. 

Therefore, the main contributions of this thesis are: 

• An economical, safe, and feasible method of using sub-scale helium wind tunnel tests to 

replace full-scale tests for solar roof fires study is developed and verified. 

• The mechanism of smoke spread from solar roof fires is investigated. 

 

Conclusion 

Pour étudier la propagation de la fumée d'un incendie de toit solaire dans une soufflerie non 

ignifugée, cette étude développe une théorie de similitude de l'hélium pour utiliser le 

dégagement d'hélium pour remplacer la fumée de l'incendie réel. La vitesse de l'écoulement du 

fluide restera similaire et la température de la fumée peut être prédite par la concentration 

d'hélium. L'expérience en soufflerie est ensuite conçue et réalisée sur la base de la méthode de 

l'échelle et de la similitude de l'hélium. Les modèles CFD de FDS sont construits pour obtenir 

les résultats de simulation dans les cas d'hélium à l'échelle inférieure, de fumée d'incendie à 

l'échelle inférieure et de fumée d'incendie à l'échelle supérieure. En comparant les résultats des 

expériences et les résultats de la simulation, le modèle CFD de FDS est validé, et la méthode 

d'échelle et la similarité de l'hélium sont vérifiées. Les principales conclusions suivantes sont 

obtenues pour la vérification des théories : 

• En comparant les résultats de l'expérience et de la simulation, le modèle CFD de FDS est 

validé pour la propagation de la fumée d'un feu de toit solaire. Un bon accord est obtenu, 

c'est-à-dire que le NRMSE moyen est de 11,95% pour la vitesse et de 19,04% pour la 

concentration d'hélium. 

• La théorie de la similitude de l'hélium est justifiée : la différence des résultats de simulation 

entre les cas de fumée d'hélium et d'incendie, indiquée par NRMSE, est de 0,39 % pour la 

vitesse et de 1,95 % pour la concentration/température sans dimension. 

• La méthode d'échelle proposée est confirmée : la différence dans les résultats de simulation 

entre les modèles à sous-échelle (fumée d'incendie et hélium respectivement) et le modèle 
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de fumée d'incendie à échelle réelle, indiquée par NRMSE, est de 7,02 % pour la vitesse 

sans dimension et de 7,87 % pour la température sans dimension. 

Une fois que la méthode de l'échelle et la similitude de l'hélium sont vérifiées, les résultats de 

l'expérience en soufflerie peuvent être projetés dans l'essai de fumée d'incendie de l'échelle 

réelle. Les différents paramètres étudiés sont les suivants : différents angles de toit (plat, 15°, 

30°, 45° et 60°) ; vitesse du vent (10 m/s, 20 m/s et 30 m/s) ; HRR (85 kW/m2, 191 kW/m2, 319 

kW/m2, 500 kW/m2).  Les autres résultats montrent : 

• Selon l'analyse des résultats de l'état transitoire dans les cas de lanterneau, les occupants à 

l'intérieur de la pièce avec la propagation de la fumée de l'incendie de toit solaire par le 

lanterneau n'ont que quatre minutes pour évacuer. Plus le lanterneau est petit, plus les 

occupants sont en sécurité. En outre, il n'est pas utile de rester au ras du sol et de s'échapper 

dans l'espace intérieur.  

• L'infiltration de fumée d'un feu de toit solaire est causée par le flux inverse dans la région 

de séparation du milieu du modèle de bâtiment (c'est-à-dire le faîte du toit pour le toit en 

pente) au bord supérieur du mur du côté sous le vent. Le toit de 15° est le scénario le plus 

dangereux, à l'inverse, les angles de toit de 45° et 60° sont les conceptions les plus sûres 

pour le toit solaire. 

• Au fur et à mesure que la vitesse du vent augmentait de 2,6 m/s (10 m/s en grandeur nature) 

à 7,8 m/s (30 m/s en grandeur nature), la concentration de fumée dans la pièce diminuait. 

• Le profil de vitesse de la propagation de la fumée est indépendant des HRR, c'est-à-dire que 

le risque augmente avec l'augmentation des HRR. Il est recommandé aux occupants de 

choisir le panneau PV ayant un HRR plus faible dans le test au calorimètre conique. 

D'autre part, le modèle FDS est validé par l'essai en soufflerie à l'hélium, par conséquent, une 

série de simulations sont effectuées pour étudier la propagation de la fumée d'un feu de toit 

solaire à travers l'évent de toit relativement plus petit. Une étude paramétrique a ensuite été 

simulée pour étudier l'impact des pentes de toit et de la taille des évents sur la propagation de la 

fumée des toits solaires. Les principales conclusions sont illustrées ci-dessous : 

• La pente du toit a un impact significatif sur la propagation de la fumée induite par l'incendie 

des toits solaires. Il existe une région de séparation causée par le vent, les effets de 

flottabilité et la forme du toit. La région de séparation entraîne la formation d'une zone de 
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flux tourbillonnaire inverse où la fumée et l'air sont mélangés. Pour le toit plat et le toit à 

faible pente (15°), la zone de séparation se situe du côté sous le vent du bâtiment. Lorsque 

la pente du toit passe de 15° à 60°, la zone de séparation s'étend jusqu'au faîte du toit, où se 

trouve l'évent de toit. Par conséquent, la fumée remplit le grenier et la pièce à un rythme 

plus lent lorsque la pente du toit augmente. 

• En raison de l'infiltration de fumée par l'évent de toit, la température du grenier et de la 

pièce augmente. L'impact de la taille de l'évent de toit sur la température du grenier et de la 

pièce est différent selon la pente du toit. Pour un toit à faible pente (c'est-à-dire 15º et 30º), 

l'augmentation de la taille de l'évent de toit entraînera une augmentation beaucoup plus 

importante de la température du grenier et de la pièce que pour un toit plus pentu (c'est-à-

dire 45º et 60º). 

• Lorsque la pente du toit augmente, la densité de la suie dans le grenier et la pièce diminue 

de manière significative. Dans les cas simulés, les densités de suie du grenier et de la pièce 

passent de 3,5 × 10-4 kg/m3 à 2,4 × 10-5 kg/m3 pour le grenier et de 2,5 × 10-5 kg/m3 à 2,2 × 

10-6 kg/m3 pour la pièce lorsque la pente du toit augmente. Par conséquent, un toit pentu 

peut contribuer à une moindre infiltration de fumée. 

Par conséquent, les principales contributions de cette thèse sont : 

• Une méthode économique, sûre et faisable d'utiliser des essais en soufflerie à l'hélium à 

petite échelle pour remplacer les essais à grande échelle pour l'étude des incendies de toits 

solaires est développée et vérifiée. 

• Le mécanisme de propagation de la fumée des incendies de toits solaires est étudié. 

 

8.2. Limitations and future work 

• Combustion model of solar roof fire 

In the FDS, the combustion model is generally gas-phase combustion, which is a chemical 

reaction between gas-phase fuel and oxygen. In other words, solid fuels are decomposed to the 

gas phase fuel by pyrolysis and then mixed with oxygen for combustion. Therefore, in the FDS, 

there are two boundary conditions to prescribe a fire, one is to define an HRR on a surface as a 

burner, and another is to define a fuel material and pyrolysis with the heat of combustion. 
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Furthermore, in the FDS, the reaction is defined as the unique material, i.e., the combustion 

materials need to be defined as only one main fuel. This study used the former method with 

constant HRR to consider the worst scenarios, however, the actual fire is related to a time-

dependent HRR. The time-dependent HRR can be applied in the FDS based on the cone-

calorimeter test and obtain more realistic fire scenarios. Furthermore, by defining the reaction 

and materials in the FDS from cone-calorimeter test data, the second combustion model can be 

built for the solar roof fire.  

 

• Multi-scale models comparison 

The proposed scale method is commonly used in the sub-scale model design to maintain the 

similarity between sub-scale and full-scale results. However, the scale of reduction is limited, 

which is, why the verification of scale method is necessary for Chapter 5. This is because when 

the scale is too small, the Reynolds independence may not work, and the similarity will be 

distorted. Multi-scale models will be built to investigate the scale reduction range. In this way, 

the helium test for fire smoke investigation in the wind tunnel can be standardized in further 

research. 

 

• Influence of distance between PV and roof vent, wind direction, and surrounding buildings 

The distance between PV fire and roof vent can be further researched. Longer distances may 

decrease the risk of smoke infiltration and be effective as a fire protection strategy. When there 

is no wind in the test, the smoke of the solar roof fire only spreads up and doesn’t infiltrate into 

the building. Furthermore, when the solar roof fire is on the leeward side, the skylight on the 

windward side also has no smoke infiltration. The region of separation is the main reason that 

smoke infiltrates into the building, therefore, wind direction will be a significant research 

parameter. On the other hand, surrounding buildings are also threatened by solar roof fires, i.e., 

the building on the leeward side is always at high risk from solar roof fires. Therefore, the effect 

of wind speed on this type of fire, and the effect of fire on surrounding buildings need to be 

further investigated. 
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Limites et travaux futurs 

• Modèle de combustion d'un feu de toit solaire 

Dans le FDS, le modèle de combustion est généralement une combustion en phase gazeuse, qui 

est une réaction chimique entre le combustible en phase gazeuse et l'oxygène. En d'autres termes, 

les combustibles solides sont décomposés en combustible en phase gazeuse par pyrolyse, puis 

mélangés à l'oxygène pour la combustion. Par conséquent, dans le SFD, il y a deux conditions 

limites pour prescrire un feu, l'une consiste à définir une HRR sur une surface en tant que brûleur, 

et l'autre consiste à définir un matériau combustible et la pyrolyse avec la chaleur de combustion. 

En outre, dans le SDF, la réaction est définie comme le matériau unique, c'est-à-dire que les 

matériaux de combustion doivent être définis comme un seul combustible principal. Cette étude 

a utilisé la première méthode avec une HRR constante pour considérer les pires cas, cependant, 

le feu réel est lié à une HRR dépendante du temps. Le HRR dépendant du temps peut être 

appliqué dans le FDS basé sur le test du calorimètre conique et obtenir des scénarios d'incendie 

plus réalistes. En outre, en définissant la réaction et les matériaux dans le FDS à partir des 

données de l'essai au calorimètre conique, le second modèle de combustion peut être construit 

pour l'incendie du toit solaire.  

 

• Comparaison des modèles multi-échelles 

La modélisation de Froude est couramment utilisée dans la conception de modèles à sous-

échelle pour maintenir la similarité entre les résultats à sous-échelle et à pleine échelle. 

Cependant, l'échelle de réduction est limitée, c'est pourquoi la vérification de la modélisation de 

Froude est nécessaire dans le chapitre 4. La raison en est que lorsque l'échelle est trop petite, 

l'indépendance de Reynolds s'effondre et la similarité est faussée. Des modèles à plusieurs 

échelles seront construits pour définir le modèle à plusieurs échelles afin d'étudier la portée de 

la réduction des échelles. Parallèlement, la région proche de la paroi doit également être 

examinée pour l'indépendance de Reynolds dans la modélisation de Froude. De cette façon, le 

test à l'hélium pour l'étude de la fumée d'incendie dans la soufflerie peut être normalisé dans les 

recherches futures. 
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• Influence de la distance entre le PV et l'évent de toit, de la direction du vent et des bâtiments 

environnants. 

La distance entre le feu PV et l'évent de toit peut faire l'objet d'une recherche plus approfondie. 

Une distance plus grande peut diminuer le risque d'infiltration de fumée et devenir un paramètre 

de conception efficace pour la stratégie de protection contre les incendies. Lorsqu'il n'y a pas de 

vent pendant le test, la fumée de l'incendie du toit solaire se propage seulement vers le haut et 

ne s'infiltre pas dans le bâtiment. De plus, lorsque l'incendie du toit solaire se trouve du côté 

sous le vent, le lanterneau situé du côté du vent n'a pas non plus d'infiltration de fumée. La 

région de séparation est la principale raison pour laquelle la fumée s'infiltre dans le bâtiment, 

par conséquent, la direction du vent sera un paramètre de recherche important. D'autre part, les 

bâtiments environnants sont également menacés par les incendies de toits solaires, c'est-à-dire 

que le bâtiment situé du côté sous le vent est toujours exposé à un risque élevé d'incendie de toit 

solaire. Par conséquent, l'effet de la vitesse du vent sur ce type de feu et l'effet du feu sur les 

bâtiments environnants doivent être étudiés de manière plus approfondie. 
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Appendix A (FDS input code of flat roof helium model 

in sub-scale) 

Subhelium.fds 

Generated by PyroSim - Version 2019.2.1002 

2022-5-4 9:29:33 

 

&HEAD CHID='case63'/ 

&TIME T_END=600.0/ 

&DUMP DT_RESTART=300.0, DT_SL3D=0.25/ 

&MISC SIMULATION_MODE='SVLES'/ 

&RADI RADIATION=.FALSE./ 

&WIND SPEED=5.2, DIRECTION=180.0, RAMP_SPEED='WIND_RAMP_SPEED'/ 

 

&RAMP ID='WIND_RAMP_SPEED', T=0.0, F=0.0/ 

&RAMP ID='WIND_RAMP_SPEED', T=1.29, F=1.0/ 

&RAMP ID='WIND_RAMP_SPEED', T=50.0, F=1.0/ 

&RAMP ID='WIND_RAMP_SPEED', T=1000.0, F=1.0/ 

&MESH ID='Mesh-b-b-a-a', IJK=90,5,90, XB=-0.9,0.9,0.6,0.7,0.0,1.8/ 

&MESH ID='Mesh-b-b-a-b-a', IJK=90,5,90, XB=-0.9,0.9,0.7,0.8,0.0,1.8/ 

&MESH ID='Mesh-b-b-a-b-b-a', IJK=90,5,90, XB=-0.9,0.9,0.8,0.9,0.0,1.8/ 

&MESH ID='Mesh-b-b-a-b-b-b', IJK=90,5,90, XB=-0.9,0.9,0.9,1.0,0.0,1.8/ 

&MESH ID='Mesh-a-a-a', IJK=45,25,45, XB=-0.9,0.9,-3.0,-2.0,0.0,1.8/ 

&MESH ID='Mesh-a-a-b', IJK=45,25,45, XB=-0.9,0.9,-2.0,-1.0,0.0,1.8/ 

&MESH ID='Mesh-a-b-a-a-a-b', IJK=90,5,90, XB=-0.9,0.9,-0.8,-0.7,0.0,1.8/ 

&MESH ID='Mesh-a-b-a-a-a-a-a', IJK=90,5,90, XB=-0.9,0.9,-1.0,-0.9,0.0,1.8/ 

&MESH ID='Mesh-a-b-a-a-a-a-b', IJK=90,5,90, XB=-0.9,0.9,-0.9,-0.8,0.0,1.8/ 

&MESH ID='Mesh-a-b-a-a-b', IJK=90,5,90, XB=-0.9,0.9,-0.7,-0.6,0.0,1.8/ 

&MESH ID='Mesh-a-b-a-b', IJK=90,5,90, XB=-0.9,0.9,-0.6,-0.5,0.0,1.8/ 

&MESH ID='Mesh-a-b-b', IJK=90,5,90, XB=-0.9,0.9,-0.5,-0.4,0.0,1.8/ 

&MESH ID='Mesh-b-b-b-a-a', IJK=45,75,10, XB=-0.9,0.9,1.0,4.0,0.0,0.4/ 

&MESH ID='Mesh-b-b-b-a-b-a', IJK=45,75,10, XB=-0.9,0.9,1.0,4.0,0.4,0.8/ 

&MESH ID='Mesh-b-b-b-a-b-b-a', IJK=45,75,10, XB=-0.9,0.9,1.0,4.0,0.8,1.2/ 

&MESH ID='Mesh-b-b-b-a-b-b-b', IJK=45,75,15, XB=-0.9,0.9,1.0,4.0,1.2,1.8/ 

&MESH ID='Mesh-b-b-b-b-a', IJK=45,75,10, XB=-0.9,0.9,4.0,7.0,0.0,0.4/ 

&MESH ID='Mesh-b-b-b-b-b-a', IJK=45,75,10, XB=-0.9,0.9,4.0,7.0,0.4,0.8/ 

&MESH ID='Mesh-b-b-b-b-b-b-a', IJK=45,75,10, XB=-0.9,0.9,4.0,7.0,0.8,1.2/ 

&MESH ID='Mesh-b-b-b-b-b-b-b-a', IJK=45,50,15, XB=-0.9,0.9,4.0,6.0,1.2,1.8/ 

&MESH ID='Mesh-b-b-b-b-b-b-b-b', IJK=45,25,15, XB=-0.9,0.9,6.0,7.0,1.2,1.8/ 

&MESH ID='Mesh-b-a-b-a', IJK=90,50,10, XB=-0.9,0.9,-0.4,0.6,1.2,1.4/ 

&MESH ID='Mesh-b-a-b-b-a', IJK=90,50,10, XB=-0.9,0.9,-0.4,0.6,1.4,1.6/ 

&MESH ID='Mesh-b-a-b-b-b', IJK=90,50,10, XB=-0.9,0.9,-0.4,0.6,1.6,1.8/ 

&MESH ID='Mesh-b-a-a-b-b-a', IJK=25,50,30, XB=0.4,0.9,-0.4,0.6,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-b-b', IJK=25,50,30, XB=0.4,0.9,-0.4,0.6,0.6,1.2/ 
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&MESH ID='Mesh-b-a-a-a-a', IJK=25,50,30, XB=-0.9,-0.4,-0.4,0.6,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-a-b', IJK=25,50,30, XB=-0.9,-0.4,-0.4,0.6,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-a', IJK=80,10,60, XB=-0.4,0.4,-0.1,-3.301526E-14,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,-3.301526E-

14,0.1,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.1,0.2,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.4,0.5,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-b-b-b', IJK=80,10,60, XB=-0.4,0.4,0.5,0.6,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.4,0.5,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-b-b-b', IJK=80,10,60, XB=-0.4,0.4,0.5,0.6,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.2,0.3,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.3,0.4,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,-0.1,-3.301526E-

14,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,-3.301526E-

14,0.1,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.1,0.2,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.2,0.3,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.3,0.4,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-a-a-a', IJK=80,10,60, XB=-0.4,0.4,-0.4,-0.3,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-a-b', IJK=80,10,60, XB=-0.4,0.4,-0.3,-0.2,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-a', IJK=80,10,60, XB=-0.4,0.4,-0.2,-0.1,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-b-a-a', IJK=80,10,60, XB=-0.4,0.4,-0.4,-0.3,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-a-b', IJK=80,10,60, XB=-0.4,0.4,-0.3,-0.2,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-a', IJK=80,10,60, XB=-0.4,0.4,-0.2,-0.1,0.6,1.2/ 

 

&SPEC ID='HELIUM'/ 

 

&REAC ID='PMMA', 

      FYI='SFPE Handbook, 3rd Edition', 

      FUEL='REAC_FUEL', 

      C=1.0, 

      H=1.6, 

      O=0.4, 

      CO_YIELD=0.01, 

      SOOT_YIELD=0.022, 

      RADIATIVE_FRACTION=0.35/ 

 

&DEVC ID='Lower helium', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.426669/ 

&DEVC ID='Upper helium', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.440002/ 

&DEVC ID='Lower in', QUANTITY='MASS FLOW -', XB=-

0.04,0.04,0.013333,0.253335,0.426669,0.426669/ 

&DEVC ID='Upper in', QUANTITY='MASS FLOW -', XB=-

0.04,0.04,0.013333,0.253335,0.440002,0.440002/ 
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&DEVC ID='Lower out', QUANTITY='MASS FLOW +', XB=-

0.04,0.04,0.013333,0.253335,0.426669,0.426669/ 

&DEVC ID='Upper out', QUANTITY='MASS FLOW +', XB=-

0.04,0.04,0.013333,0.253335,0.440002,0.440002/ 

&DEVC ID='left', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', XYZ=-

0.360002,0.053334,0.200001/ 

&DEVC ID='right', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.360002,0.053334,0.200001/ 

&DEVC ID='outlet left both', QUANTITY='MASS FLOW', XB=-0.360002,-

0.360002,0.013333,0.093334,0.133334,0.253335/ 

&DEVC ID='outlet right both', QUANTITY='MASS FLOW', 

XB=0.360002,0.360002,0.013333,0.093334,0.133334,0.253335/ 

&DEVC ID='Velocity 6m', QUANTITY='VELOCITY', XYZ=0.0,0.133334,0.400002/ 

&DEVC ID='Viscosity 6m', QUANTITY='VISCOSITY', XYZ=0.0,0.133334,0.400002/ 

&DEVC ID='Velocity Roof vent', QUANTITY='VELOCITY', XYZ=0.0,0.133334,0.433336/ 

&DEVC ID='Viscosity Roof vent', QUANTITY='VISCOSITY', XYZ=0.0,0.133334,0.433336/ 

&DEVC ID='Helium 0.067', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.067, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='Helium 0.2', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.2, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='Helium 0.333', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.333, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='Helium 0.507', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.507, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='Helium 0.573', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.573, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='Helium 0.64', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.64, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='Helium 0.707', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.707, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='Helium 0.774', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.774, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='Helium 0.841', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,0.133334,0.841, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.507', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,-0.093334,0.507, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.573', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,-0.093334,0.573, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.64', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,-0.093334,0.64, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.707', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,-0.093334,0.707, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.774', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,-0.093334,0.774, ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.841', QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', 

XYZ=0.0,-0.093334,0.841, ORIENTATION=-1.0,0.0,0.0/ 



135 

 

&DEVC ID='TIMER->OUT', QUANTITY='TIME', XYZ=-0.9,0.6,0.0, SETPOINT=1.29/ 

 

&SURF ID='ADIABATIC', 

      COLOR='GRAY 80', 

      ADIABATIC=.TRUE./ 

&SURF ID='Helium', 

      COLOR='RED', 

      MASS_FLUX=0.0184, 

      SPEC_ID='HELIUM', 

      RAMP_MF='Helium_RAMP_MF'/ 

&RAMP ID='Helium_RAMP_MF', T=0.0, F=0.0/ 

&RAMP ID='Helium_RAMP_MF', T=1.29, F=1.0/ 

&RAMP ID='Helium_RAMP_MF', T=100.0, F=1.0/ 

&RAMP ID='Helium_RAMP_MF', T=1000.0, F=1.0/ 

 

&OBST ID='Obstruction', XB=-0.066667,0.066667,-0.160001,-0.026667,0.44,0.47, 

COLOR='INVISIBLE', SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,-0.1,-3.299791E-14,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,-0.1,-3.299791E-14,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,-3.301526E-14,0.1,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,-3.301526E-14,0.1,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,0.1,0.2,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,0.1,0.2,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,0.2,0.25,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,0.37,0.25,0.27,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,0.2,0.25,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,-0.25,-0.2,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,0.37,-0.27,-0.25,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,-0.25,-0.2,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,-0.2,-0.1,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,-0.2,-0.1,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  
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&OBST ID='roof', XB=-0.37,0.37,-0.1,-3.299791E-14,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,-0.04,1.0E-2,0.1,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,0.37,-3.301526E-14,1.0E-2,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=0.04,0.37,1.0E-2,0.1,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=0.04,0.37,0.1,0.2,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,-0.04,0.1,0.2,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,-0.04,0.2,0.25,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,0.37,0.25,0.27,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=0.04,0.37,0.2,0.25,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,0.37,-0.27,-0.2,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,0.37,-0.2,-0.1,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

 

&HOLE ID='Window', XB=0.35,0.38,0.013333,0.093334,0.133334,0.253335, 

COLOR='INVISIBLE'/  

&HOLE ID='Window', XB=-0.38,-0.35,0.013333,0.093334,0.133334,0.253335, 

COLOR='INVISIBLE'/  

 

&VENT ID='Vent01', SURF_ID='Helium', XB=-0.066667,0.066667,-0.160001,-

0.026667,0.47,0.47, COLOR='INVISIBLE', DEVC_ID='TIMER->OUT'/  

&VENT ID='Mesh Vent: Mesh [ZMIN]', SURF_ID='ADIABATIC', XB=-0.9,0.9,-

3.0,6.8,0.0,0.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMAX]', SURF_ID='ADIABATIC', XB=0.9,0.9,-

3.0,6.8,0.0,1.8, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMIN]', SURF_ID='ADIABATIC', XB=-0.9,-0.9,-

3.0,6.8,0.0,1.8, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [YMAX]', SURF_ID='PERIODIC', XB=-

0.9,0.9,7.0,7.0,0.0,1.8, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [YMIN]', SURF_ID='PERIODIC', XB=-0.9,0.9,-3.0,-

3.0,0.0,1.8, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [ZMAX]', SURF_ID='ADIABATIC', XB=-0.9,0.9,-

3.0,6.8,1.8,1.8, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [ZMIN]01', SURF_ID='OPEN', XB=-0.9,0.9,6.8,7.0,0.0,0.0, 

COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMAX]01', SURF_ID='OPEN', XB=0.9,0.9,6.8,7.0,0.0,1.8, 

COLOR='INVISIBLE'/  
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&VENT ID='Mesh Vent: Mesh [XMIN]01', SURF_ID='OPEN', XB=-0.9,-0.9,6.8,7.0,0.0,1.8, 

COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [ZMAX]01', SURF_ID='OPEN', XB=-0.9,0.9,6.8,7.0,1.8,1.8, 

COLOR='INVISIBLE'/  

 

&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., PBX=0.0/ 

&SLCF QUANTITY='PRESSURE', PBX=0.0/ 

&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., PBY=0.053334/ 

&SLCF QUANTITY='PRESSURE', PBY=0.053334/ 

&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', PBX=0.0/ 

&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='HELIUM', PBY=0.053334/ 

 

&DEVC ID='Velocity_STEADY STATE', QUANTITY='VELOCITY', 

XB=0.0,0.0,0.133334,0.133334,0.066667,0.841, POINTS=35/ 

&DEVC ID='Viscosity_STEADY STATE', QUANTITY='VISCOSITY', 

XB=0.0,0.0,0.133334,0.133334,0.066667,0.841, POINTS=35/ 

&DEVC ID='Density_STEADY STATE', QUANTITY='DENSITY', 

XB=0.0,0.0,0.133334,0.133334,0.066667,0.841, POINTS=35/ 

&DEVC ID='Volume Fraction_STEADY STATE', QUANTITY='VOLUME FRACTION', 

SPEC_ID='HELIUM', XB=0.0,0.0,0.133334,0.133334,0.066667,0.841, POINTS=35/ 

&DEVC ID='Density on PV_STEADY STATE', QUANTITY='DENSITY', XB=0.0,0.0,-

0.093334,-0.093334,0.506669,0.841, POINTS=15/ 

&DEVC ID='Velocity on PV_STEADY STATE', QUANTITY='VELOCITY', XB=0.0,0.0,-

0.093334,-0.093334,0.506669,0.841, POINTS=15/ 

&DEVC ID='Volume Fraction on PV_STEADY STATE', QUANTITY='VOLUME 

FRACTION', SPEC_ID='HELIUM', XB=0.0,0.0,-0.093334,-0.093334,0.506669,0.841, 

POINTS=15/ 

 

 

&TAIL / 
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Appendix B (FDS input code of flat roof fire smoke 

model in sub-scale) 

Subfire.fds 

Generated by PyroSim - Version 2019.2.1002 

2022-5-14 18:37:37 

 

&HEAD CHID='case63'/ 

&TIME T_END=600.0/ 

&DUMP DT_RESTART=300.0, DT_SL3D=0.25/ 

&MISC SIMULATION_MODE='SVLES'/ 

&RADI RADIATION=.FALSE./ 

&WIND SPEED=5.2, DIRECTION=180.0, RAMP_SPEED='WIND_RAMP_SPEED'/ 

 

&RAMP ID='WIND_RAMP_SPEED', T=0.0, F=0.0/ 

&RAMP ID='WIND_RAMP_SPEED', T=1.29, F=1.0/ 

&RAMP ID='WIND_RAMP_SPEED', T=50.0, F=1.0/ 

&RAMP ID='WIND_RAMP_SPEED', T=1000.0, F=1.0/ 

&MESH ID='Mesh-b-b-a-a', IJK=90,5,90, XB=-0.9,0.9,0.6,0.7,0.0,1.8/ 

&MESH ID='Mesh-b-b-a-b-a', IJK=90,5,90, XB=-0.9,0.9,0.7,0.8,0.0,1.8/ 

&MESH ID='Mesh-b-b-a-b-b-a', IJK=90,5,90, XB=-0.9,0.9,0.8,0.9,0.0,1.8/ 

&MESH ID='Mesh-b-b-a-b-b-b', IJK=90,5,90, XB=-0.9,0.9,0.9,1.0,0.0,1.8/ 

&MESH ID='Mesh-a-a-a', IJK=45,25,45, XB=-0.9,0.9,-3.0,-2.0,0.0,1.8/ 

&MESH ID='Mesh-a-a-b', IJK=45,25,45, XB=-0.9,0.9,-2.0,-1.0,0.0,1.8/ 

&MESH ID='Mesh-a-b-a-a-a-b', IJK=90,5,90, XB=-0.9,0.9,-0.8,-0.7,0.0,1.8/ 

&MESH ID='Mesh-a-b-a-a-a-a-a', IJK=90,5,90, XB=-0.9,0.9,-1.0,-0.9,0.0,1.8/ 

&MESH ID='Mesh-a-b-a-a-a-a-b', IJK=90,5,90, XB=-0.9,0.9,-0.9,-0.8,0.0,1.8/ 

&MESH ID='Mesh-a-b-a-a-b', IJK=90,5,90, XB=-0.9,0.9,-0.7,-0.6,0.0,1.8/ 

&MESH ID='Mesh-a-b-a-b', IJK=90,5,90, XB=-0.9,0.9,-0.6,-0.5,0.0,1.8/ 

&MESH ID='Mesh-a-b-b', IJK=90,5,90, XB=-0.9,0.9,-0.5,-0.4,0.0,1.8/ 

&MESH ID='Mesh-b-b-b-a-a', IJK=45,75,10, XB=-0.9,0.9,1.0,4.0,0.0,0.4/ 

&MESH ID='Mesh-b-b-b-a-b-a', IJK=45,75,10, XB=-0.9,0.9,1.0,4.0,0.4,0.8/ 

&MESH ID='Mesh-b-b-b-a-b-b-a', IJK=45,75,10, XB=-0.9,0.9,1.0,4.0,0.8,1.2/ 

&MESH ID='Mesh-b-b-b-a-b-b-b', IJK=45,75,15, XB=-0.9,0.9,1.0,4.0,1.2,1.8/ 

&MESH ID='Mesh-b-b-b-b-a', IJK=45,75,10, XB=-0.9,0.9,4.0,7.0,0.0,0.4/ 

&MESH ID='Mesh-b-b-b-b-b-a', IJK=45,75,10, XB=-0.9,0.9,4.0,7.0,0.4,0.8/ 

&MESH ID='Mesh-b-b-b-b-b-b-a', IJK=45,75,10, XB=-0.9,0.9,4.0,7.0,0.8,1.2/ 

&MESH ID='Mesh-b-b-b-b-b-b-b-a', IJK=45,50,15, XB=-0.9,0.9,4.0,6.0,1.2,1.8/ 

&MESH ID='Mesh-b-b-b-b-b-b-b-b', IJK=45,25,15, XB=-0.9,0.9,6.0,7.0,1.2,1.8/ 

&MESH ID='Mesh-b-a-b-a', IJK=90,50,10, XB=-0.9,0.9,-0.4,0.6,1.2,1.4/ 

&MESH ID='Mesh-b-a-b-b-a', IJK=90,50,10, XB=-0.9,0.9,-0.4,0.6,1.4,1.6/ 

&MESH ID='Mesh-b-a-b-b-b', IJK=90,50,10, XB=-0.9,0.9,-0.4,0.6,1.6,1.8/ 

&MESH ID='Mesh-b-a-a-b-b-a', IJK=25,50,30, XB=0.4,0.9,-0.4,0.6,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-b-b', IJK=25,50,30, XB=0.4,0.9,-0.4,0.6,0.6,1.2/ 
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&MESH ID='Mesh-b-a-a-a-a', IJK=25,50,30, XB=-0.9,-0.4,-0.4,0.6,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-a-b', IJK=25,50,30, XB=-0.9,-0.4,-0.4,0.6,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-a', IJK=80,10,60, XB=-0.4,0.4,-0.1,-3.301526E-14,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,-3.301526E-

14,0.1,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.1,0.2,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.4,0.5,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-b-b-b', IJK=80,10,60, XB=-0.4,0.4,0.5,0.6,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.4,0.5,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-b-b-b', IJK=80,10,60, XB=-0.4,0.4,0.5,0.6,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.2,0.3,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.3,0.4,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,-0.1,-3.301526E-

14,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,-3.301526E-

14,0.1,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.1,0.2,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.2,0.3,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-b-a', IJK=80,10,60, XB=-0.4,0.4,0.3,0.4,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-a-a-a', IJK=80,10,60, XB=-0.4,0.4,-0.4,-0.3,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-a-b', IJK=80,10,60, XB=-0.4,0.4,-0.3,-0.2,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-a', IJK=80,10,60, XB=-0.4,0.4,-0.2,-0.1,0.0,0.6/ 

&MESH ID='Mesh-b-a-a-b-a-b-a-a', IJK=80,10,60, XB=-0.4,0.4,-0.4,-0.3,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-a-b', IJK=80,10,60, XB=-0.4,0.4,-0.3,-0.2,0.6,1.2/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-a', IJK=80,10,60, XB=-0.4,0.4,-0.2,-0.1,0.6,1.2/ 

 

 

&REAC ID='PMMA', 

      FYI='SFPE Handbook, 3rd Edition', 

      FUEL='REAC_FUEL', 

      C=1.0, 

      H=1.6, 

      O=0.4, 

      CO_YIELD=0.01, 

      SOOT_YIELD=0.022, 

      RADIATIVE_FRACTION=0.35/ 

 

&DEVC ID='THCP', QUANTITY='THERMOCOUPLE', XYZ=0.0,0.133334,0.426669/ 

&DEVC ID='Lower T', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.426669/ 

&DEVC ID='Upper T', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.440002/ 

&DEVC ID='Lower in', QUANTITY='MASS FLOW -', XB=-

0.04,0.04,0.013333,0.253335,0.426669,0.426669/ 

&DEVC ID='Upper in', QUANTITY='MASS FLOW -', XB=-

0.04,0.04,0.013333,0.253335,0.440002,0.440002/ 

&DEVC ID='Lower out', QUANTITY='MASS FLOW +', XB=-

0.04,0.04,0.013333,0.253335,0.426669,0.426669/ 
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&DEVC ID='Upper out', QUANTITY='MASS FLOW +', XB=-

0.04,0.04,0.013333,0.253335,0.440002,0.440002/ 

&DEVC ID='left', QUANTITY='TEMPERATURE', XYZ=-0.360002,0.053334,0.200001/ 

&DEVC ID='right', QUANTITY='TEMPERATURE', XYZ=0.360002,0.053334,0.200001/ 

&DEVC ID='outlet left both', QUANTITY='MASS FLOW', XB=-0.360002,-

0.360002,0.013333,0.093334,0.133334,0.253335/ 

&DEVC ID='outlet right both', QUANTITY='MASS FLOW', 

XB=0.360002,0.360002,0.013333,0.093334,0.133334,0.253335/ 

&DEVC ID='0.067', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.067, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.2', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.2, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.333', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.333, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.507', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.507, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.573', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.573, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.64', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.64, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.707', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.707, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.774', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.774, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.841', QUANTITY='TEMPERATURE', XYZ=0.0,0.133334,0.841, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.507', QUANTITY='TEMPERATURE', XYZ=0.0,-0.093334,0.507, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.573', QUANTITY='TEMPERATURE', XYZ=0.0,-0.093334,0.573, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.64', QUANTITY='TEMPERATURE', XYZ=0.0,-0.093334,0.64, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.707', QUANTITY='TEMPERATURE', XYZ=0.0,-0.093334,0.707, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.774', QUANTITY='TEMPERATURE', XYZ=0.0,-0.093334,0.774, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.841', QUANTITY='TEMPERATURE', XYZ=0.0,-0.093334,0.841, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='TIMER->OUT->OUT', QUANTITY='TIME', XYZ=-0.9,0.6,0.0, 

SETPOINT=1.29/ 

 

&SURF ID='ADIABATIC', 

      COLOR='GRAY 80', 

      ADIABATIC=.TRUE./ 

&SURF ID='Fire', 

      COLOR='RED', 
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      HRRPUA=49.3/ 

 

&OBST ID='Obstruction', XB=-0.066667,0.066667,-0.160001,-0.026667,0.44,0.47, 

COLOR='INVISIBLE', SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,-0.1,-3.299791E-14,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,-0.1,-3.299791E-14,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,-3.301526E-14,0.1,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,-3.301526E-14,0.1,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,0.1,0.2,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,0.1,0.2,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,0.2,0.25,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,0.37,0.25,0.27,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,0.2,0.25,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,-0.25,-0.2,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,0.37,-0.27,-0.25,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,-0.25,-0.2,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-0.37,-0.36,-0.2,-0.1,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=0.36,0.37,-0.2,-0.1,0.0,0.43, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,0.37,-0.1,-3.299791E-14,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,-0.04,0.01,0.1,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,0.37,-3.301526E-14,0.01,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=0.04,0.37,0.01,0.1,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=0.04,0.37,0.1,0.2,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,-0.04,0.1,0.2,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,-0.04,0.2,0.25,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  
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&OBST ID='roof', XB=-0.37,0.37,0.25,0.27,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=0.04,0.37,0.2,0.25,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,0.37,-0.27,-0.2,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-0.37,0.37,-0.2,-0.1,0.43,0.44, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

 

&HOLE ID='Window', XB=0.35,0.38,0.013333,0.093334,0.133334,0.253335, 

COLOR='INVISIBLE'/  

&HOLE ID='Window', XB=-0.38,-0.35,0.013333,0.093334,0.133334,0.253335, 

COLOR='INVISIBLE'/  

 

&VENT ID='Vent01', SURF_ID='Fire', XB=-0.066667,0.066667,-0.160001,-

0.026667,0.47,0.47, COLOR='INVISIBLE', DEVC_ID='TIMER->OUT->OUT'/  

&VENT ID='Mesh Vent: Mesh [ZMIN]', SURF_ID='ADIABATIC', XB=-0.9,0.9,-

3.0,6.8,0.0,0.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMAX]', SURF_ID='ADIABATIC', XB=0.9,0.9,-

3.0,6.8,0.0,1.8, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMIN]', SURF_ID='ADIABATIC', XB=-0.9,-0.9,-

3.0,6.8,0.0,1.8, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [YMAX]', SURF_ID='PERIODIC', XB=-

0.9,0.9,7.0,7.0,0.0,1.8, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [YMIN]', SURF_ID='PERIODIC', XB=-0.9,0.9,-3.0,-

3.0,0.0,1.8, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [ZMAX]', SURF_ID='ADIABATIC', XB=-0.9,0.9,-

3.0,6.8,1.8,1.8, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [ZMIN]01', SURF_ID='OPEN', XB=-0.9,0.9,6.8,7.0,0.0,0.0, 

COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMAX]01', SURF_ID='OPEN', XB=0.9,0.9,6.8,7.0,0.0,1.8, 

COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMIN]01', SURF_ID='OPEN', XB=-0.9,-0.9,6.8,7.0,0.0,1.8, 

COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [ZMAX]01', SURF_ID='OPEN', XB=-0.9,0.9,6.8,7.0,1.8,1.8, 

COLOR='INVISIBLE'/  

 

&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., PBX=0.0/ 

&SLCF QUANTITY='PRESSURE', PBX=0.0/ 

&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., PBY=0.053334/ 

&SLCF QUANTITY='PRESSURE', PBY=0.053334/ 

&SLCF QUANTITY='TEMPERATURE', PBX=0.0/ 

&SLCF QUANTITY='TEMPERATURE', PBY=0.053334/ 

 

&DEVC ID='Velocity_STEADY STATE', QUANTITY='VELOCITY', 

XB=0.0,0.0,0.133334,0.133334,0.066667,0.841, POINTS=35/ 
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&DEVC ID='Viscosity_STEADY STATE', QUANTITY='VISCOSITY', 

XB=0.0,0.0,0.133334,0.133334,0.066667,0.841, POINTS=35/ 

&DEVC ID='Density_STEADY STATE', QUANTITY='DENSITY', 

XB=0.0,0.0,0.133334,0.133334,0.066667,0.841, POINTS=35/ 

&DEVC ID='Density on PV_STEADY STATE', QUANTITY='DENSITY', XB=0.0,0.0,-

0.093334,-0.093334,0.506669,0.841, POINTS=15/ 

&DEVC ID='Velocity on PV_STEADY STATE', QUANTITY='VELOCITY', XB=0.0,0.0,-

0.093334,-0.093334,0.506669,0.841, POINTS=15/ 

&DEVC ID='Temperature_STEADY STATE', QUANTITY='TEMPERATURE', 

XB=0.0,0.0,0.133334,0.133334,0.066667,0.841, POINTS=35/ 

&DEVC ID='Temperature on PV_STEADY STATE', QUANTITY='TEMPERATURE', 

XB=0.0,0.0,-0.093334,-0.093334,0.506669,0.841, POINTS=15/ 

&DEVC ID='Thermocouple_STEADY STATE', QUANTITY='THERMOCOUPLE', 

XB=0.0,0.0,0.133334,0.133334,0.066667,0.841, POINTS=35/ 

 

 

&TAIL / 
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Appendix C (FDS input code of flat roof fire smoke 

model in full-scale) 

Fullfire.fds 

Generated by PyroSim - Version 2019.2.1002 

2022-5-26 12:24:17 

 

&HEAD CHID='case63'/ 

&TIME T_END=2300.0/ 

&DUMP DT_RESTART=300.0, DT_SL3D=0.25/ 

&MISC SIMULATION_MODE='SVLES'/ 

&RADI RADIATION=.FALSE./ 

&WIND SPEED=20.0, DIRECTION=180.0, RAMP_SPEED='WIND_RAMP_SPEED'/ 

 

&RAMP ID='WIND_RAMP_SPEED', T=0.0, F=0.0/ 

&RAMP ID='WIND_RAMP_SPEED', T=5.0, F=1.0/ 

&RAMP ID='WIND_RAMP_SPEED', T=50.0, F=1.0/ 

&RAMP ID='WIND_RAMP_SPEED', T=2300.0, F=1.0/ 

&MESH ID='Mesh-b-b-a-a', IJK=90,5,90, XB=-13.5,13.5,9.0,10.5,0.0,27.0/ 

&MESH ID='Mesh-b-b-a-b-a', IJK=90,5,90, XB=-13.5,13.5,10.5,12.0,0.0,27.0/ 

&MESH ID='Mesh-b-b-a-b-b-a', IJK=90,5,90, XB=-13.5,13.5,12.0,13.5,0.0,27.0/ 

&MESH ID='Mesh-b-b-a-b-b-b', IJK=90,5,90, XB=-13.5,13.5,13.5,15.0,0.0,27.0/ 

&MESH ID='Mesh-a-a-a', IJK=45,25,45, XB=-13.5,13.5,-45.0,-30.0,0.0,27.0/ 

&MESH ID='Mesh-a-a-b', IJK=45,25,45, XB=-13.5,13.5,-30.0,-15.0,0.0,27.0/ 

&MESH ID='Mesh-a-b-a-a-a-b', IJK=90,5,90, XB=-13.5,13.5,-12.0,-10.5,0.0,27.0/ 

&MESH ID='Mesh-a-b-a-a-a-a-a', IJK=90,5,90, XB=-13.5,13.5,-15.0,-13.5,0.0,27.0/ 

&MESH ID='Mesh-a-b-a-a-a-a-b', IJK=90,5,90, XB=-13.5,13.5,-13.5,-12.0,0.0,27.0/ 

&MESH ID='Mesh-a-b-a-a-b', IJK=90,5,90, XB=-13.5,13.5,-10.5,-9.0,0.0,27.0/ 

&MESH ID='Mesh-a-b-a-b', IJK=90,5,90, XB=-13.5,13.5,-9.0,-7.5,0.0,27.0/ 

&MESH ID='Mesh-a-b-b', IJK=90,5,90, XB=-13.5,13.5,-7.5,-6.0,0.0,27.0/ 

&MESH ID='Mesh-b-b-b-a-a', IJK=45,75,10, XB=-13.5,13.5,15.0,60.0,0.0,6.0/ 

&MESH ID='Mesh-b-b-b-a-b-a', IJK=45,75,10, XB=-13.5,13.5,15.0,60.0,6.0,12.0/ 

&MESH ID='Mesh-b-b-b-a-b-b-a', IJK=45,75,10, XB=-13.5,13.5,15.0,60.0,12.0,18.0/ 

&MESH ID='Mesh-b-b-b-a-b-b-b', IJK=45,75,15, XB=-13.5,13.5,15.0,60.0,18.0,27.0/ 

&MESH ID='Mesh-b-b-b-b-a', IJK=45,75,10, XB=-13.5,13.5,60.0,105.0,0.0,6.0/ 

&MESH ID='Mesh-b-b-b-b-b-a', IJK=45,75,10, XB=-13.5,13.5,60.0,105.0,6.0,12.0/ 

&MESH ID='Mesh-b-b-b-b-b-b-a', IJK=45,75,10, XB=-13.5,13.5,60.0,105.0,12.0,18.0/ 

&MESH ID='Mesh-b-b-b-b-b-b-b-a', IJK=45,50,15, XB=-13.5,13.5,60.0,90.0,18.0,27.0/ 

&MESH ID='Mesh-b-b-b-b-b-b-b-b', IJK=45,25,15, XB=-13.5,13.5,90.0,105.0,18.0,27.0/ 

&MESH ID='Mesh-b-a-b-a', IJK=90,50,10, XB=-13.5,13.5,-6.0,9.0,18.0,21.0/ 

&MESH ID='Mesh-b-a-b-b-a', IJK=90,50,10, XB=-13.5,13.5,-6.0,9.0,21.0,24.0/ 

&MESH ID='Mesh-b-a-b-b-b', IJK=90,50,10, XB=-13.5,13.5,-6.0,9.0,24.0,27.0/ 

&MESH ID='Mesh-b-a-a-b-b-a', IJK=25,50,30, XB=6.0,13.5,-6.0,9.0,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-b-b', IJK=25,50,30, XB=6.0,13.5,-6.0,9.0,9.0,18.0/ 
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&MESH ID='Mesh-b-a-a-a-a', IJK=25,50,30, XB=-13.5,-6.0,-6.0,9.0,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-a-b', IJK=25,50,30, XB=-13.5,-6.0,-6.0,9.0,9.0,18.0/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-a', IJK=80,10,60, XB=-6.0,6.0,-1.5,-4.952289E-13,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,-4.952289E-

13,1.5,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,1.5,3.0,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,6.0,7.5,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-b-b-b', IJK=80,10,60, XB=-6.0,6.0,7.5,9.0,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,6.0,7.5,9.0,18.0/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-b-b-b', IJK=80,10,60, XB=-6.0,6.0,7.5,9.0,9.0,18.0/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,3.0,4.5,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-b-b-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,4.5,6.0,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,-1.5,-4.952289E-

13,9.0,18.0/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,-4.952289E-

13,1.5,9.0,18.0/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,1.5,3.0,9.0,18.0/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,3.0,4.5,9.0,18.0/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-b-b-b-b-b-a', IJK=80,10,60, XB=-6.0,6.0,4.5,6.0,9.0,18.0/ 

&MESH ID='Mesh-b-a-a-b-a-a-a-a', IJK=80,10,60, XB=-6.0,6.0,-6.0,-4.5,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-a-a-a-b', IJK=80,10,60, XB=-6.0,6.0,-4.5,-3.0,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-a-a-b-a', IJK=80,10,60, XB=-6.0,6.0,-3.0,-1.5,0.0,9.0/ 

&MESH ID='Mesh-b-a-a-b-a-b-a-a', IJK=80,10,60, XB=-6.0,6.0,-6.0,-4.5,9.0,18.0/ 

&MESH ID='Mesh-b-a-a-b-a-b-a-b', IJK=80,10,60, XB=-6.0,6.0,-4.5,-3.0,9.0,18.0/ 

&MESH ID='Mesh-b-a-a-b-a-b-b-a', IJK=80,10,60, XB=-6.0,6.0,-3.0,-1.5,9.0,18.0/ 

 

 

&REAC ID='PMMA', 

      FYI='SFPE Handbook, 3rd Edition', 

      FUEL='REAC_FUEL', 

      C=1.0, 

      H=1.6, 

      O=0.4, 

      CO_YIELD=0.01, 

      SOOT_YIELD=0.022, 

      RADIATIVE_FRACTION=0.35/ 

 

&DEVC ID='Lower T', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,6.400035/ 

&DEVC ID='Upper T', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,6.60003/ 

&DEVC ID='Lower in', QUANTITY='MASS FLOW -', XB=-

0.6,0.6,0.199995,3.800025,6.400035,6.400035/ 

&DEVC ID='Upper in', QUANTITY='MASS FLOW -', XB=-

0.6,0.6,0.199995,3.800025,6.60003,6.60003/ 

&DEVC ID='Lower out', QUANTITY='MASS FLOW +', XB=-

0.6,0.6,0.199995,3.800025,6.400035,6.400035/ 
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&DEVC ID='Upper out', QUANTITY='MASS FLOW +', XB=-

0.6,0.6,0.199995,3.800025,6.60003,6.60003/ 

&DEVC ID='left', QUANTITY='TEMPERATURE', XYZ=-5.40003,0.80001,3.000015/ 

&DEVC ID='right', QUANTITY='TEMPERATURE', XYZ=5.40003,0.80001,3.000015/ 

&DEVC ID='outlet left both', QUANTITY='MASS FLOW', XB=-5.40003,-

5.40003,0.199995,1.40001,2.00001,3.800025/ 

&DEVC ID='outlet right both', QUANTITY='MASS FLOW', 

XB=5.40003,5.40003,0.199995,1.40001,2.00001,3.800025/ 

&DEVC ID='0.067', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,1.005, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.2', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,3.0, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.333', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,4.995, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.507', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,7.605, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.573', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,8.595, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.64', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,9.6, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.707', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,10.605, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.774', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,11.61, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='0.841', QUANTITY='TEMPERATURE', XYZ=0.0,2.00001,12.615, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.507', QUANTITY='TEMPERATURE', XYZ=0.0,-1.40001,7.605, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.573', QUANTITY='TEMPERATURE', XYZ=0.0,-1.40001,8.595, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.64', QUANTITY='TEMPERATURE', XYZ=0.0,-1.40001,9.6, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.707', QUANTITY='TEMPERATURE', XYZ=0.0,-1.40001,10.605, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.774', QUANTITY='TEMPERATURE', XYZ=0.0,-1.40001,11.61, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='PV 0.841', QUANTITY='TEMPERATURE', XYZ=0.0,-1.40001,12.615, 

ORIENTATION=-1.0,0.0,0.0/ 

&DEVC ID='TIMER->OUT', QUANTITY='TIME', XYZ=-13.5,9.0,0.0, SETPOINT=5.0/ 

 

&SURF ID='ADIABATIC', 

      COLOR='GRAY 80', 

      ADIABATIC=.TRUE./ 

&SURF ID='Fire', 

      COLOR='RED', 

      HRRPUA=191.0/ 
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&OBST ID='Obstruction', XB=-1.000005,1.000005,-2.400015,-0.400005,6.6,7.05, 

COLOR='INVISIBLE', SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-5.55,-5.4,-1.5,-4.949686E-13,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=5.4,5.55,-1.5,-4.949686E-13,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-5.55,-5.4,-4.952289E-13,1.5,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=5.4,5.55,-4.952289E-13,1.5,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-5.55,-5.4,1.5,3.0,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=5.4,5.55,1.5,3.0,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-5.55,-5.4,3.0,3.75,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-5.55,5.55,3.75,4.05,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=5.4,5.55,3.0,3.75,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-5.55,-5.4,-3.75,-3.0,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-5.55,5.55,-4.05,-3.75,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=5.4,5.55,-3.75,-3.0,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=-5.55,-5.4,-3.0,-1.5,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='wall', XB=5.4,5.55,-3.0,-1.5,0.0,6.45, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-5.55,5.55,-1.5,-4.949686E-13,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-5.55,-0.6,0.15,1.5,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-5.55,5.55,-4.952289E-13,0.15,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=0.6,5.55,0.15,1.5,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=0.6,5.55,1.5,3.0,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-5.55,-0.6,1.5,3.0,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-5.55,-0.6,3.0,3.75,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  
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&OBST ID='roof', XB=-5.55,5.55,3.75,4.05,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=0.6,5.55,3.0,3.75,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-5.55,5.55,-4.05,-3.0,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

&OBST ID='roof', XB=-5.55,5.55,-3.0,-1.5,6.45,6.6, COLOR='INVISIBLE', 

SURF_ID='ADIABATIC'/  

 

&HOLE ID='Window', XB=5.25,5.7,0.199995,1.40001,2.00001,3.800025, 

COLOR='INVISIBLE'/  

&HOLE ID='Window', XB=-5.7,-5.25,0.199995,1.40001,2.00001,3.800025, 

COLOR='INVISIBLE'/  

 

&VENT ID='Vent01', SURF_ID='Fire', XB=-1.000005,1.000005,-2.400015,-

0.400005,7.05,7.05, COLOR='INVISIBLE', DEVC_ID='TIMER->OUT'/  

&VENT ID='Mesh Vent: Mesh [ZMIN]', SURF_ID='ADIABATIC', XB=-13.5,13.5,-

45.0,102.0,0.0,0.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMAX]', SURF_ID='ADIABATIC', XB=13.5,13.5,-

45.0,102.0,0.0,27.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMIN]', SURF_ID='ADIABATIC', XB=-13.5,-13.5,-

45.0,102.0,0.0,27.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [YMAX]', SURF_ID='PERIODIC', XB=-

13.5,13.5,105.0,105.0,0.0,27.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [YMIN]', SURF_ID='PERIODIC', XB=-13.5,13.5,-45.0,-

45.0,0.0,27.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [ZMAX]', SURF_ID='ADIABATIC', XB=-13.5,13.5,-

45.0,102.0,27.0,27.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [ZMIN]01', SURF_ID='OPEN', XB=-

13.5,13.5,102.0,105.0,0.0,0.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMAX]01', SURF_ID='OPEN', 

XB=13.5,13.5,102.0,105.0,0.0,27.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [XMIN]01', SURF_ID='OPEN', XB=-13.5,-

13.5,102.0,105.0,0.0,27.0, COLOR='INVISIBLE'/  

&VENT ID='Mesh Vent: Mesh [ZMAX]01', SURF_ID='OPEN', XB=-

13.5,13.5,102.0,105.0,27.0,27.0, COLOR='INVISIBLE'/  

 

&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., PBX=0.0/ 

&SLCF QUANTITY='PRESSURE', PBX=0.0/ 

&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., PBY=0.80001/ 

&SLCF QUANTITY='PRESSURE', PBY=0.80001/ 

&SLCF QUANTITY='TEMPERATURE', PBX=0.0/ 

&SLCF QUANTITY='TEMPERATURE', PBY=0.80001/ 

 

&DEVC ID='Velocity_STEADY STATE', QUANTITY='VELOCITY', 

XB=0.0,0.0,2.00001,2.00001,1.005,12.615, POINTS=35/ 
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&DEVC ID='Viscosity_STEADY STATE', QUANTITY='VISCOSITY', 

XB=0.0,0.0,2.00001,2.00001,1.005,12.615, POINTS=35/ 

&DEVC ID='Density_STEADY STATE', QUANTITY='DENSITY', 

XB=0.0,0.0,2.00001,2.00001,1.005,12.615, POINTS=35/ 

&DEVC ID='Temperature_STEADY STATE', QUANTITY='TEMPERATURE', 

XB=0.0,0.0,2.00001,2.00001,1.005,12.615, POINTS=35/ 

&DEVC ID='Density on PV_STEADY STATE', QUANTITY='DENSITY', XB=0.0,0.0,-

1.40001,-1.40001,7.605,12.615, POINTS=15/ 

&DEVC ID='Velocity on PV_STEADY STATE', QUANTITY='VELOCITY', XB=0.0,0.0,-

1.40001,-1.40001,7.605,12.615, POINTS=15/ 

&DEVC ID='Temperature on PV_STEADY STATE', QUANTITY='TEMPERATURE', 

XB=0.0,0.0,-1.40001,-1.40001,7.605,12.615, POINTS=15/ 

 

 

&TAIL / 

 

 


