

ABSTRACT: Many photovoltaic (PV) panel fire incidences were reported, and the smoke from PV roof fires could fill the rooms with property damage. The traditional methods based on full-scale or small-scale real fire tests were often used to study the fire smoke dynamics, which are costly. This study proposed a new approach to using pure helium as a surrogate of actual fire smoke, where a dimensionless helium concentration was used in the helium smoke test to simulate the dimensionless temperature in a real fire smoke test. Numerical experiences were conducted to validate the new method. The results show that the dimensionless helium concentration agrees well with the dimensionless temperature of PV-fire-induced smoke.Similarity Assessment of Using Air-Helium to Predict Solar Roof Fire Induced Smoke Spread in Buildings
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Introduction
The building sector accounts for a high share of greenhouse gas (GHG) emissions, so it is essential to use renewable energy technologies to reduce GHG emissions. As one of the most important renewable energy technologies, photovoltaic (PV) panels have been widely applied in buildings, e.g., the solar roof. On the other hand, the number of fire accidents on PV roofs worldwide is increasing. However, it lacks studies on the mechanics of fire and smoke spread and the prevention of PV roof fires, which are usually investigated using full-scale or small-scale actual fire tests. However, a full-scale real fire test is costly. Wind tunnel tests are often applied for small-scale test.
However, most wind tunnels are non-fireproof. Therefore, to use the non-fireproof wind tunnels, we propose novel approaches to using pure helium to create a buoyancy plume that is similar to fire smoke. This study derived a similarity law to substitute a pure helium plume to simulate a real fire plume. Dimensionless temperature and dimensionless helium concentration are defined to study the smoke temperature distribution. The pure helium release can represent the heat release rate of a real fire by controlling the helium gas flow rate. The results prove the similarity of flow fields and temperature distributions between real fire and helium cases.
Methodology
[bookmark: _Hlk100823055]Wang and Zhao [1]–[3] further developed the method into so-called helium smoke tests compared to hot smoke tests. The helium smoke test uses pure helium to generate a similar buoyant plume to fire smoke. The comparison of the two tests is illustrated in Figure 1.
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Figure 1. Ideal plumes in fire (a) and helium (b) smoke tests.
B is buoyant flux, m4/s3, q is mass flow rate (kg/s)
		(1)
		(2)
With the same buoyant plume and smoke filling process between real fire smoke test and helium smoke test, i.e.: 
		(3)
		(4)
The convective HRR(Qc, kW) is defined below: 
		(5)
Combine (1) and (5) equations (assuming smoke is the ideal gas):
		(6)
By combining equations (2), (3), and (6), the convective heat release rate (convective HRR, Qc) of natural fire can be substituted as pure helium release with a specific mass flow rate (qhe):
		(7)
To compare the smoke temperature of a real fire with helium concentrations of helium model cases, dimensionless temperature and helium concentration are derived by Boussinesq approximation:
		(8)
Smoke temperature and fire HRR can be replaced by helium concentration (Eq. 8) and helium mass fow rate (Eq. 7). The Boussinesq approximation is not valid where the smoke is near to the fire source, i.e., the similarity is distorted upon the PV panel. However, the convective buoyancy dominates the smoke spread in the attic and room so that the Boussinesq approximation can be justified. In this study, real fire and helium smoke cases in sub-scale models are studied numerically by a CFD simulation tool, Fire Dynamics Simulator (FDS). The model has been validated in our previous study [4].
REsults and discussion
Figure 2 compares the velocity for the indoor and outdoor environments and the dimensionless temperature (Equation 4) for the indoor environment between a real fire and pure helium cases with a flat roof and various sloped roof cases. The velocity and dimensionless temperature are recorded under and upon the middle of the skylight in the room and attic. It shows that the velocity maintains good similarity, and the dimensionless temperature has some differences. In the sloped roof cases, the dimensionless temperature of real fire cases is higher in the attic than those in the room. Furthermore, the dimensionless temperature of real fire cases is also higher in the room for the flat roof case than that in helium cases. The reason is that the attic on the sloped roof and the room on the flat roof are close to the fire source. In the similarity method, the only convective heat release rate is considered. Therefore, the radiation could be the primary cause of the differences near the fire source. When the monitored location is further away from the fire source, the convective heat transfer dominates, and the difference reduces.



[bookmark: _Ref275812013]Figure 2. Comparing dimensionless velocity and dimensionless temperature.
Conclusion
In this study, a similarity law is evaluated to substitute a pure helium plume for a real fire plume of PV roof fires. The results confirm the similarity with good agreement between the helium and hot smoke tests. Meanwhile, the largest differences were observed near the fire source due to the impacts from the radiation of the fire source. The reason is that the Boussinesq approximation is not valid where the smoke is near to the fire source, i.e., the similarity is distorted upon the PV panel. Therefore, the proposed helium smoke test can be verified to investigate the smoke spread from the solar roof fire into the building.
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