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Abstract

:

Because of serious concerns about global warming, manufacturers have started phasing out high global warming potential (GWP) refrigerants in commercial refrigeration equipment (e.g., R-134a). As a potential replacement, propane (R-290) is an environmentally friendly refrigerant for commercial refrigeration equipment because its GWP is only three. However, propane is flammable and is therefore classified as a Class A3 refrigerant per ASHRAE Standards, so safety is a very important consideration when propane-based equipment is designed and deployed in buildings. In the event of a refrigerant leak, flammability of the refrigerant depends on the refrigerant’s local concentration, which is highly affected by the indoor air environment, including temperature and air flow. In this study, a ventilation system attached to a commercial R-290 refrigeration device was designed to eliminate the flammability risk. Moreover, a computational fluid dynamics (CFD) model was developed to investigate the refrigerant leak, thereby evaluating effects of the ventilation system. The CFD model can visualize the flammable zones owing to the leak.
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1. Introduction


Participants of the Montreal Protocol reached an agreement at their 28th Meeting of the Parties in October 2016 [1] to phase down hydrofluorocarbon (HFC) refrigerants because the world is facing the risks of global warming. Many studies have been conducted to seek alternative, lower global warming potential (GWP) refrigerants to replace the conventional, high GWP ones. However, according to ISO Standard 817 [2] and ANSI/ASHRAE Standard 34 [3], almost all the currently used alternative low GWP refrigerants are either categorized as A2 (mildly flammable) or A3 (flammable). The flammability of a flammable refrigerant is determined by the concentration of the refrigerant in air. The refrigerant is capable of producing a flash of fire in the presence of an ignition source if the concentration is between its lower flammability limit (LFL) and upper flammability limit (UFL). Therefore, safety is a very important consideration when designing and deploying low-GWP-refrigerant-based refrigeration equipment.



Many studies have been dedicated to the safe utilization of flammable low GWP refrigerants when a leakage occurs. In the early part of the 21st century, Zhao et al. [4] conducted a theoretical investigation of flammability for low GWP refrigerants, including R-32, R-143a, R-290, and R-600a. Their study focused on the effects of leak locations and operating conditions on flammable mixtures in refrigeration and air conditioning systems. Clodic and Riachi [5] developed a method to experimentally determine the flammability risk of different R-32 blends. Minor et al. [6], on the other hand, assessed the flammability characteristics of R-1234yf in a vehicle refrigeration system; they concluded that the potential for a flammable environment in the passenger compartment was low because, in most cases in their studies, the peak concentrations of R-1234yf were below its LFL. Nagaosa et al. [7] conducted a risk assessment for leakages of flammable refrigerants into a closed space. They tested R-1234yf, R-32, R-152a, R-290, and R717 in their study, which showed that the risk of ignitions and flammability is different depending on the flammability characteristics of each refrigerant. Okamoto et al. [8] comprehensively studied the leakage of mildly flammable refrigerants (R-32, R-1234yf, R-290, and R-1234ze) into a room from a room air conditioner and a package air conditioner. A round-pipe microcrack leak model with crack opening displacement from 10 to 50 μm was built by Zhang et al. [9] to represent a true morphology of leak points of flammable refrigerant leakage, including R-290, R-32, and R-1234yf; their results revealed the influences of the crack size on the flammability of the leaking refrigerants. Elatar et al. [10] and Jung et al. [11] studied R-32 leaking from a rooftop unit and an outdoor unit, respectively, and evaluated the flammability risks of the R-32-based units. Although there are many studies dedicated to the leaking of flammable refrigerants, the visualization of flammable zones was rarely reported.



Among all of the low GWP refrigerants, propane (R-290) is one of the best alternatives to replace HFCs, not only because of its low GWP value (GWP = 3) [12], but also because of its high thermal performance and favorable thermodynamic properties for air conditioners and heat pumps. Therefore, significant attention has been recently focused on the study of R-290 leakage and its flammability in the community. Zhang et al. [13] and Zhang et al. [14] conducted experimental studies on the flammability hazards of an air conditioner using refrigerant R-290, including both indoor and outdoor units of a split air conditioner. In addition, a new quasi-liquid nitrogen method was developed to investigate the refrigerant distribution in R-290 split-type household air conditioners and the leaking rate under various conditions [15]. Ning et al. [16] investigated the leakage hazard control of an R290 split-type household air conditioner with 5 mm diameter finned-tube heat exchangers under off-mode through concentration measurement and ignition experiment. Recently, Li et al. [17] developed a numerical model of refrigerant leakage to assess the explosion risk analysis of R-290 leakage into a limited external space. Although R-290 is becoming a popular choice for commercial refrigeration device such as vending machines and ice cream machines, there are not many studies focusing on commercial refrigeration devices.



Two main methods were employed to study the flammability risk of leaking flammable refrigerants, the experimental approaches, and the numerical modeling studies. Among the methods, computational fluid dynamics (CFD) was the dominant tool [6,7,8,9,10,11,18] used by most of the numerical studies on the flammability risk of leaking flammable refrigerants. CFD simulations can provide a reliable prediction of fluid flow and concentration distribution of refrigerants in the simulation domain with an economic cost comparable to experimental studies. In the present work, a 3D CFD model was developed to assess the flammability risk of R-290 leaking from a commercial refrigeration system. Using postprocessing tools, one can also directly visualize the zones with flammable risk by plotting the zones that have refrigerant concentration between the LFL and UFL. Moreover, evolution of the flammable zones can also be monitored by plotting them in different time frames. A ventilation system was designed to attach to the commercial refrigeration system to eliminate the flammability risk of the leaking R-290. Effects of the ventilation system have been evaluated using simulation results from the CFD model.




2. Materials and Methods


A 3D CFD model was developed to evaluate the design for eliminating the flammable risk of R-290 leaking from a commercial refrigeration system. A commercial software, ANSYS/FLUENT [19] (version 17.2), was employed to build the model and conduct the simulations. The model was composed of a commercial refrigeration device with attached ventilation and a small room where the refrigeration system was located.



Figure 1 depicts the schematic view of the CFD model in the present work in a room measuring L = 3.0 m, H = 4.0 m, and W = 2.0 m. A ventilation system was attached to the commercial refrigeration machine, which connects to the top of the room. In the refrigeration device model, some cylinders represented the components in the machine as blockages that affect the air flow and refrigerant distribution. The room and the refrigeration machine were assumed to both be geometrically symmetric, so only half of them were built in the model.



The governing equations of the CFD model include a continuity equation for mass conservation, a momentum equation for gas flow, and energy equations for heat transfer. Here, two gases—air and R-290—were modeled. To describe the distribution of R-290 in the air, a mixture model was employed. The continuity equation is as follows:


    ∂ ρ   ∂ t   +   ∂ ( ρ   u   i   )   ∂   x   i     = 0 ,  



(1)




where u and ρ are the mass averaged velocity and the mixture density, respectively, which are given by Equations (2) and (3):


  u =     α   l     ρ   l     u   l     ρ   ,  



(2)




and


  ρ =   α   l     ρ   l   .  



(3)







In Equations (2) and (3),     α   l     is the volume fraction of gas l. The subscripts l = 1 and l = 2 represent air and R-290, respectively. Notably, the variables without subscript l are the ones for the entire mixture.



Next, the momentum equation can be written as follows:


    ∂ ( ρ   u   i   )   ∂ t   +   ∂ ( ρ   u   i     u   j   )   ∂   x   j     = −   ∂ p   ∂   x   i     +   ∂   ∂   x   j       μ     ∂   u   j     ∂   x   i     +   ∂   u   i     ∂   x   j     −   2   3     δ   i j     ∂   u   k     ∂   x   k       − ρ     u   i   ′     u   j   ′    ¯    + F + ∇ ·  (   α   l     ρ   l   (   u   j , l   −   u   j   ) (   u   j , l   −   u   j   ) ) ,  



(4)




where p and μ are pressure and dynamic viscosity, respectively; and F is the gravitational body force, which is described by a Boussinesq approximation. The equation for μ is as follows:


  μ =   α   l     μ   l   .  



(5)







The incompressible ideal gas model was implemented for both air and R-290 because of the room temperature and pressure conditions in the present work. A k-ε model was adopted to simulate turbulent flow in the model, so the Reynolds Stress term is as follows:


  − ρ     u   i   ′     u   j   ′    ¯  =   μ   t   (   ∂   u   j     ∂   x   i     +   ∂   u   i     ∂   x   j     ) −   2   3     ( ρ k + μ   t     ∂   u   k     ∂   x   k     )   δ   i j   ,  



(6)




where μt is the turbulence dynamic viscosity. It can be calculated by introducing turbulence kinetic energy k and turbulence dissipation rate ε as follows:


    μ   t   = ρ   C   μ       k   2     ε   ,  



(7)






    ∂ ( ρ k )   ∂ t   +   ∂   ρ   k u   i       ∂   x   i     =   ∂   ∂   x   j         μ +     μ   t       σ   k         ∂ k   ∂   x   j       − ρ     u   i   ′     u   j   ′    ¯    ∂   u   j     ∂   x   i     − ρ ε ,  



(8)






    ∂ ( ρ ε )   ∂ t   +   ∂   ρ   ε u   i       ∂   x   i     =   ∂   ∂   x   j         μ +     μ   t       σ   ε         ∂ ε   ∂   x   j       −   C   1 ε     ε   k     ρ     u   i   ′     u   j   ′    ¯    ∂   u   j     ∂   x   i       −   C   2 ε   ρ     ε   2     k   .  



(9)







In the previous equations, the parameters Cμ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1, and σε = 1.3 are from [19].



The energy equation in the mixture model form is as follows:


    ∂   ∂ t     α   l     ρ   l     h   l   +   ∂   ∂   x   j       [ α   l       u   j , l   ( ρ   l     h   l   + p ) ] = ∇ · (   λ   e f f   ∇ T )  



(10)




where λeff is the effective conductivity, and hl is the enthalpy for gas l.



To validate the CFD model, the experimental data for a leak from an indoor room air conditioner (RAC) unit into a single room were employed to compare with the CFD simulation results under the same conditions. The experiment was reported by Okamoto et al. [8], in which a wall-mounted indoor RAC was located on one of the walls of a room. The refrigerant in the RAC is R-32 in their experiments, which leaked from the RAC to the room with a leaking rate of 250 g/min. The total charge was 1 kg, so it took 4 min for all R-32 to leak from the RAC to the room. The leaking was from an indoor unit air outlet with dimensions of 0.6 m × 0.06 m in the experiment. The dimensions of the indoor unit were 0.6 m × 0.24 m × 0.3 m. To monitor the R-32 concentration distribution, six data points were deployed vertically in the testing room, starting with point 1 at the floor level. Then, the history of concentration of R-32 of the six points was recorded after the leaking started. The experiment was reproduced using our CFD model in which the same conditions (e.g., room size, RAC size, leaking rate, and properties of R-32) were employed as in their experiment. Then, from the CFD simulations, curves were plotted to reveal the concentration history of R-32 at the same points as those used in the experiment.



Figure 2 shows the comparison—and great agreement—between the experimental data and CFD results. All data from the CFD modeling were within the error bar of the experimental results, as shown in Figure 2, although the comparisons present some overprediction of the R-32 concentration at lower sampling points (i.e., points 1–4) from the CFD model. Therefore, the CFD model can successfully simulate and capture the refrigerant leak dispersion inside the room with acceptable accuracy. Because refrigerant leak dispersion inside the room depends mainly on the refrigerant density, the validated CFD model can be used to study not only R-32 leaking but also leaking of other refrigerants, such as R-290.




3. Results and Discussion


In this paper, propane leaking from a commercial refrigeration device was investigated; two leaking points were modeled. The first leaking point was located in a small chamber at the lower part of the refrigeration device, which is called the lower leaking point in this paper. This small chamber is semi-insulated from the other part of the device. The only connection between the chamber and the rest of the device is a small window. The second leaking point is out of the chamber, close to the top of the device, and is called the higher leaking point. The modeled leaking points represent two typical locations of leaking in the device, and they are depicted in Figure 1. Our experimental testing indicated that the temperature deviation was trivial when the leaking happened, so to simplify the model in the present work, it is assumed that the leaking of R-290 occurs at room temperature at the leaking locations of the refrigeration device. Two leaking rates, 150 g/min and 300 g/min, were tested using the CFD model. In all simulations, the leaking duration was 1 min, so the total leaked R-290 is 150 g and 300 g in the low and high leaking rate cases, respectively. To evaluate the effectiveness of the current design for eliminating R-290 flammability risk, the cases when ventilation is off were simulated as the baseline cases, in which the flammability risk of leaking R-290 was demonstrated without the current design. On the other hand, cases with a fixed ventilation rate (50 CFM) were also simulated to compare with the baseline cases.



Figure 3a shows that the average volume fraction of R-290 in the refrigeration device changes with time when the leaking location is in a lower position. As expected, the higher R-290 leaking rate leads to a higher peak volume fraction in the device before the leaking stops (t = 1 min). Interestingly, the peak volume fraction in the device when the ventilation is on is higher than that of the baseline case with the same leaking rate. This occurs because, when the ventilation is off, the leaked R-290 escapes from the chamber to the device and then to the room. Because the density of R-290 is much higher than the density of air, the R-290 in the room accumulates near the ground. Figure 4 depicts the contours of the R-290 volume fraction without ventilation when the leaking rates are 150 g/min and 300 g/min, which reveals R-290 can escape from the device to the room after 1 min of leaking without ventilation. On the other hand, Figure 5 shows the contours of the R-290 volume fraction when the ventilation is on. Because of the low pressure created by the ventilation fan, the high-density R-290 runs upward in the device instead of escaping to the room. As a result, if the leaking occurs at the lower leaking point, when the ventilation is on, the peak volume fraction of the device is always higher than that of the baseline cases with the same leaking rate. However, considerable R-290 remains in the device after 10 min from the start of leaking (i.e., the average volume fractions are about 7% and 4% for high and low leaking cases, respectively). The history of the R-290 distributions can also be observed from Figure 4 and Figure 5 for ventilation off and on scenarios, respectively. In the baseline cases, as shown in Figure 4, after the leaking stops, R-290 starts to escape from the chamber to the device and then to the room, owing to the density difference. Because the ventilation is off, the R-290 escapes at a slow speed. Although some R-290 escapes to the room, most of the R-290 still accumulates in the device after 10 min. Figure 3a also reveals that, when the ventilation is working, all the R-290 is exhausted from the device for both low and high leaking rates after 10 min. Figure 5 shows the history of the distribution of volume fraction of R-290 changing with time when the ventilation is on; when the leaking stops (t = 1 min), no R-290 escapes to the room, as described previously. When t = 5 min, all the R-290 is exhausted from the device except for what is in the chamber. The ventilation continues working, so that when t = 10 min, no R-290 remains anywhere in the device, including in the chamber. It is very interesting that, when t = 5 min, the average R-290 volume fraction in the device from the high leaking rate case is lower than that of the low leaking rate case (see Figure 3 and Figure 5), leading to less R-290 remaining in the device when the leaking rate is high. A higher leaking rate results in a higher exhausting rate (the higher slope of the black curve in Figure 3 from t = 2 min to t = 3 min). This occurs because the density of R-290 is much higher than the density of air, which makes R-290 sink to the bottom of the device. On the other hand, ventilation exhausts the air/R-290 mixture from the top of the device, leading to an upward flow. The higher leaking rate creates a more significant convection flow, sending more R-290 to the ventilation to be exhausted. Therefore, a higher leaking rate provides a higher exhausting rate.



Figure 3b shows the average volume fraction of escaping R-290 to the room for both leaking rates and ventilation on/off. Notably, the room has a relatively huge volume, but R-290 sinks to the bottom of the room; therefore, the average volume fraction can only index the quality of escaping R-290 to the room but cannot reveal the flammability of R-290 in the room. When the ventilation is on, R-290 reaches a peak before the leaking stops. After 10 min, all the R-290 is exhausted from the room owing to the ventilation.



To directly visualize the flammability of R-290 leaking, the flammable zones are depicted in Figure 6 and Figure 7 for both flow rates and ventilation on/off when the leaking location is low. A flammable zone is the space in which the volume fraction of R-290 is between its LFL (2.05%) and UFL (9.8%) [20]; in the flammable zone, the R-290 is capable of producing a flash of fire in the presence of an ignition source. The flammable zones are marked in red in Figure 6 and Figure 7, whereas the zones without color in Figure 6 and Figure 7 can be regarded as safety zones.



Figure 6 shows that in the case without ventilation, when the leaking stops (t = 1 min), the chamber is not flammable because the R-290 volume fraction is higher than its UFL for both leaking rates. A part of the device is flammable when t = 1 min, in which the high leaking rate leads to a larger flammable zone in the device. For both leaking rates, the thin layer of the room near the ground is flammable. When t = 10 min, the chambers of both leaking rates are flammable, whereas in the low and high leaking cases, about a half and two-thirds of the device are flammable, respectively. In the room, when t = 10 min, the heights of the flammable zone are 0.20 and 0.26 m in the low and high leaking cases, respectively.



Figure 7 shows how the ventilation works to eliminate the flammable risk when leaking happens at the low leaking location. Comparing Figure 7a,b, for both leaking rates, the flammable zones are very similar at the same time, although the volume fraction distributions are different (see Figure 5). The only difference occurs when t = 1 min, at which time the flammable zone of the high leaking case is slightly larger than that of the low leaking rate case because more R-290 is leaked in the device. Therefore, the following discussion will not differ for the two leaking rate cases. Figure 7 shows that, after leaking stops, when the ventilation is on, almost the entire device except the chamber and the chimney are flammable. The chamber is not flammable because the R-290 volume fraction is higher than its UFL. When t = 10 min, all the R-290 has been exhausted, as shown in Figure 7.



When the leaking location is high, the leaking point is out of the chamber, so the spreading of R-290 is much easier than that of the low leaking location cases. Figure 8a shows that the average volume fraction in the refrigeration device changes with time when the leaking location is high. Comparing Figure 3a with Figure 8a, the peak of the average volume fractions of the high leaking location is much higher than the low leaking location in the baseline cases (green and red curves at t = 1 min). Because the density of R-290 is higher than the density of air, without ventilation, the R-290 sinks from the top of the device to the bottom after leaking, thus delaying the escape of the R-290 to the room. As a result, the peaks of the green and red curves in Figure 8a are higher than the curves with the same colors in Figure 3a. Figure 9 depicts the distributions of R-290 before the leaking stops. It shows R-290 spreads to the entire device, including half of the chamber, for both leaking rates. After leaking stops, R-290 escapes from the device to the room as shown in Figure 9, so the green and red curves drop in Figure 8a. On the other hand, because the leaking occurs out of the chamber, exhausting it is easier when the ventilation is on. As shown in Figure 8a, the peaks of the black and blue curves (about 5.5% and 3%) are much lower than the ones (about 17.5% and 9.5%) in Figure 3a, respectively, indicating a quick exhaustion due to the ventilation. According to Figure 8a, when t = 3 min, all R-290 has been exhausted from the device for both leaking rates. Figure 8b shows the average volume fraction in the rest of the room changes with time when the leaking location is high. Figure 8b indicates that, without ventilation, when the leaking location is high, the spreading of R-290 to the room is slower than that of the low leaking location cases as described previously. However, when t = 10 min, the green and red curves in Figure 8a are almost as high as the same curves in Figure 3a. Therefore, it can be concluded that, when t = 10 min, the R-290 that escapes into the room does not depend on the leaking location without ventilation. If the ventilation is on, very little R-290 can escape during the leaking. Then, it is quickly exhausted, according to Figure 8b and Figure 10.



Figure 11 depicts the flammable zones at different times when the ventilation is off and the leaking location is high. When t = 1, about half the device is flammable in the low leaking rate case, whereas the other half is not flammable because the R-290 volume fraction is higher than its UFL. At the same time, Figure 11b shows that only a small part of the device is flammable in the high leaking rate case because the R-290 volume fraction is higher than its UFL in most of the device. When t = 10 min, for both leaking rates, the entire device and the bottom of the room are flammable.



If the ventilation is on (Figure 12), when 10 min have passed, for both leaking rates, there does not exist a flammable zone anywhere in the simulation domain because all the R-290 has been exhausted within 2 min after the leaking stops (t = 3 min). When t = 1 min, the flammable zone in the device from the low leaking rate case is larger than that of the high leaking rate case because the high leaking rate case has a larger zone in which the R-290 volume fraction is higher than the UFL.



Although the model can successfully track the R-290 concentration and visualize the flammable zone of R-290, this study still has some limitations. In the CFD model, it is assumed that the leaking is from holes D = 1 mm. However, in real leaking scenarios, R-290 could leak from a small hole or a crack. The size and shape of the leaking source could influence the distribution of R-290, which is not included in the present model. On the other hand, the model lacks control of the ventilation system. In real applications, the ventilation fan needs to be controlled by a control strategy with a censor, i.e., when the sensor detects concentration of R-290 is higher than 100 ppm, the ventilation will be turned on. The control strategy will be included in future research.




4. Conclusions


A ventilation system attached to a commercial R-290 refrigeration device was designed to eliminate the flammability risk both inside and outside of the device when leaking of a flammable refrigerant occurs. A CFD model was developed to evaluate the effects of the ventilation system by simulating the R-290 leaking process, tracking the concentration of the refrigerant, and plotting the flammable zones inside and outside of the device for the cases with ventilation on and off. Two leaking rates and two leaking locations were also tested to evaluate the ventilation system in different scenarios.



The simulation results show that all the simulations reach a steady state after 10 min in the present work. The results indicate that the ventilation system can effectively exhaust the flammable R-290 from both device and room space in a short time (10 min for the low leaking location and 3 min for the high leaking location) to reduce the flammable risk from the leaking. In comparison, without the ventilation system, when the leaking location is low, part of the refrigeration device is flammable after 10 min, whereas the entire device is flammable after 10 min when the leaking location is high. It was also found that, without ventilation, a thin layer of the room near the ground is flammable owing to the higher density of R-290. The thickness of the layer depends on the R-290 leaking rate.



Some interesting phenomena were also observed from the simulation results:




	
When the leaking location is high and the leaking rate is low, without ventilation during the initial 5 min, the chamber where the leaking point is located is almost non-flammable because the volume fraction of R-290 is too high to be above the UFL in the chamber.



	
When the leaking location is high and the leaking rate is also high, without ventilation during the initial 5 min, the device is almost non-flammable because the volume fraction of R-290 is also above the UFL in most parts of the device in this case.



	
When the leaking location is low and ventilation is on, after t = 3 min, the R-290 concentration of the device in the high leaking rate case is even lower than that of the low leaking rate case. This can be attributed to the high convection in the high leaking rate case leading to a high exhausting speed.



	
Based on the simulation results, it is recommended to install the ventilation system attached to the commercial refrigeration device due to the flammability of R-290. It is also recommended to install a duct directly to the insulated chamber in the device to avoid the accumulation of R-290 in the chamber. Future research will be focusing on improving the current ventilation design, e.g., adding a control strategy to the fan based on values from the gas sensor.
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Figure 1. A schematic view of the CFD model. 
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Figure 2. Validation by comparing CFD results (lines) with experimental data (symbols) from Okamoto et al. [8]. 
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Figure 3. Average volume fraction of R-290 in the refrigeration device (a) and in the rest of the room (b) changes with time when the leaking location is low. 
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Figure 4. Distribution of the volume fraction of R-290 in the plane of symmetry changes with time when the ventilation is off, the leaking location is low, and the leaking rates are (a) 150 g/min and (b) 300 g/min. 
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Figure 5. Distribution of the volume fraction of R-290 in the plane of symmetry changes with time when the ventilation is on, the leaking location is low, and the leaking rates are (a) 150 g/min and (b) 300 g/min. 
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Figure 6. Flammable zone changes with time when the ventilation is off, the leaking location is low, and the leaking rates are (a) 150 g/min and (b) 300 g/min. 
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Figure 7. Flammable zone changes with time when the ventilation is on, the leaking location is low, and the leaking rates are (a) 150 g/min and (b) 300 g/min. 
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Figure 8. Average volume fraction in (a) the refrigeration device and (b) the rest of the room changes with time when the leaking location is high. 
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Figure 9. The distribution of volume fraction of R-290 in the plane of symmetry changes with time when the ventilation is off, the leaking location is high, and the leaking rates are (a) 150 g/min and (b) 300 g/min. 
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Figure 10. The distribution of volume fraction of R-290 in the plane of symmetry changes with time when the ventilation is on, the leaking location is high, and the leaking rates are (a) 150 g/min and (b) 300 g/min. 
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Figure 11. Flammable zone changes with time when the ventilation is off, the leaking location is high, and the leaking rates are (a) 150 g/min and (b) 300 g/min. 
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Figure 12. Flammable zone changes with time when the ventilation is on, the leaking location is high, and the leaking rates are (a) 150 g/min and (b) 300 g/min. 
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