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Abstract 

 

Several clean refrigerants widely used in new air-conditioning systems are composed of 

flammable propane. Leakage of the flammable refrigerant from the air-conditioning systems 

housed in a basement plant room would pose fire and explosion hazards. However, very few 

studies have been carried out to study explosion hazards of leaked clean refrigerant in 

underground spaces. In this paper, a model chamber with two common mechanical 

ventilation designs in basement plant room was used to study experimentally the hazards. 

Clean flammable refrigerant was discharged to the model chamber to a concentration level 

less than the lower flammability limit. Four sets of tests with different ventilation conditions 

were carried. Concentrations of the leaked refrigerant at different positions in the chamber 

under different ventilation conditions were measured. Explosion of leaked gas was triggered 

by ignition. After ignition the transient gas temperature and pressure inside the model were 

recorded. Results indicate that mixing of leaked flammable refrigerant, and hence the 

concentrations of the leaked gas, depends on the mechanical ventilation design in the 

chamber. Improper ventilation provision would result in high refrigerant-to-air mixing ratio at 

some positions, even though the designed leaked refrigerant concentration is less than the 

lower flammable limit calculated from a well-mixing model. The results of the present study 

would contribute to better understanding of explosion hazards due to leakage of flammable 

refrigerant in green air-conditioning and refrigeration system in basement plant room or 

similar enclosures. 

 

 

Keywords: explosion, clean refrigerants, air-conditioning and refrigeration system, 

ventilation 
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1. Introduction 

 

Mechanical plant rooms for air-conditioning and refrigeration systems are commonly 

allocated in underground basement spaces three levels below or even deeper under the ground 

level [1]. Currently, environmentally friendly green air-conditioning systems using propane 

refrigerant [2-5] are required by regulations in many countries. Propane refrigerant is 

flammable and may lead to accidental explosions [6-8]. Explosions resulting from leaked 

propane refrigerant have been reported [9-12] in Hong Kong since 2013. In densely 

populated urban areas such as Hong Kong, high quantities of combustibles are stored. Even 

the explosion of a small amount of propane refrigerant could be disastrous as observed in an 

accident before [9]. Explosion from leaked refrigerants can be much more hazardous in 

underground spaces as explosion control systems might not be installed. The gas pressure 

generated cannot be relieved to outside quickly because there are no openable windows or 

doors as in rooms above the ground. There is an urgent need to better understand [13-15] the 

explosion hazards of flammable refrigerants leaking from malfunctioning air-conditioning 

and refrigeration systems housed in underground spaces. With better understanding based on 

results of research, fire protection systems [1] with explosion control and appropriate 

suppressing agents can then be designed and specified. 

 

Some studies on the ventilation design to disperse leaked flammable refrigerant were reported 

in the literature [16]. Experiments were carried out in a specially designed test facility to 

study the dispersion of leaked refrigerant using tracer gases such as carbon dioxide. From the 

measured tracer gas concentrations and observed flow patterns, the effects of parameters such 

as ventilation equipment and installation height of ventilation facility were studied. These 

results were used to draft guidance on the dispersion of flammable refrigerant in the event of 
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leakage. Design limits of ventilation parameters were also proposed [17]. A common 

guideline is that, even when flammable refrigerant leaks out, the lower flammable limit (LFL) 

should not be exceeded in the space concerned. Some authorities impose even more stringent 

guidelines requiring concentration not to exceed about one-fifth of LFL [15]. Explosion 

hazard in partially confined areas with very small amount of leaked gas has also been 

reported in a few studies [18,19].  

 

Flammable refrigerants are usually heavier than air and possible to stay at lower level. 

However, mechanical ventilation with air intake from low level and exhaust at high level 

would bring gases up. In a room of size 3 m by 1.8 m by 3 m with refrigerant ‘850 R290’ 

leaking out from an air-conditioner, the average concentration can be up to 3%, falling within 

the LFL range (2.1%-9.5%). As refrigerant R290 is heavier than air, the concentration is 

distributed unevenly and can be ignited at positions with higher concentration. Therefore, 

studying the propane deflagration in the scaled room model will provide useful information 

on explosion hazards. 

 

In addition to the overall allowable concentration (below the LFL) of leaked flammable 

refrigerant in a room, local flammable gas concentration is also important [20]. However, the 

mechanism and extent of mixing of flammable gas with air depends on the ventilation design. 

As propane is heavier than air, higher propane concentrations (above the LFL) is found at 

lower levels in a small flat when fresh air intake is at a higher level. Explosions might occur 

when there are small ignition sources and such incidents of explosion of flammable 

refrigerant have been reported [9]. The consequences of explosion in enclosed spaces, such as 

in underground spaces, can be very hazardous [21-24]. Better use of flammable refrigerants 

was raised recently [25-27]. 
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In this paper, explosion of propane refrigerant leaking out from air-conditioning systems in a 

basement plant room was studied using scale models. The effects of the following two typical 

mechanical ventilation modes called 'extraction only' design [28,29] were studied with air 

inlets and outlets at high or low positions (Fig. 1): 

 

• High level exhaust with fan and low level air intake without fan. 

• Low level exhaust with fan and high level air intake without fan.  

 

A model chamber was constructed with fixed amount of propane refrigerant injected. 

Possible explosion upon ignition was studied by measuring transient temperature and 

pressure distribution. Flame spread was observed. The experimental results and analysis are 

useful for better understanding the explosion hazards of leaked flammable refrigerants under 

these two ventilation modes by extraction in basement plant rooms housing air-conditioning 

and refrigeration systems. 

 

2. Experimental Method 

 

The model room for experimental study on explosion hazards of leaked propane refrigerant is 

shown in Fig. 2(a). The model was of 1m length, 0.6 m width and 1m height, giving a floor 

area of 0.6 m2 and space volume of 0.6 m3 representing a 3m*1.8m*3m room. The mass of 

refrigerant is about 850 g in a normal air-conditioning unit. The corresponding gas injection 

mass of the scaled model room is 31.5 g (as shown in Table 1). The floor and walls of the 

model room were made of 2 mm thick stainless steel sheets. The ceiling of the room was 

made of 5 mm plexiglass sheet, so that the flame propagation process could be observed from 

the top.  
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An opening of area 0.04 m by 0.04 m was provided on the ceiling (12cm to the shorter edge 

and 28cm to the longer edge) and another on the side wall (12cm to the shorter edge and 

28cm to the longer edge) of the room, for providing mechanical ventilation. The positions of 

the openings are shown in Fig. 2(a), with a photograph shown in Fig. 2(b).  

 

Propane refrigerant was discharged from two copper tubes of diameter 6 mm, which were 

located near the center of the bottom of the room (Fig. 2(c)). The copper tube penetrated the 

floor of the model room, and then bent with outlets towards the floor. The distance of the two 

discharging points was 5 cm, and the height from the bottom was 10 cm. The propane 

refrigerant supply piping system is shown in Fig. 2(d). There is no other sealing with pressure 

relief from the vent. 

 

A 200-g refrigerant bottle was used to inject 31.5 g of propane at a mass flow rate 2.69 g/min 

or a volumetric flow rate 1.5 litre/min. The filling up time was 720 s, giving an average 

concentration of propane of 3%. The exhaust vent area was 0.2826  10-4 m2 or 28.26 mm2. 

The average exhaust speed was 0.44 ms-1. Clean refrigerant R290 was used directly instead of 

tracer gas, because of the small chamber size. R290 is the common name for high purity 

(higher than 97.5%) propane (C3H8) suitable for use in the refrigeration and air conditioning 

industry. The concentration of propane discharged into the chamber was adjusted to be 

common design figures calculated from ‘well-mix’ models [20]. The concentrations of the 

discharged propane at different positions were measured. 

 

Two fans of identical models were mounted respectively on the top and side vents to provide 

different ventilation modes. According to the ventilation design standards, typical ventilation 

rates for restaurants are from 6 to 10 air changes per hour (ACH). The air volume required for 
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the fan was 6 to 10 m3 / h. The exhaust fans used were capable of providing such a flow rate.  

 

Propane concentration was measured using gas concentration sensor (MD61) with 

performance characteristics shown in Fig. 3. As specified in the manual, error range of the 

sensors for measuring gas concentration is 1.2% with working temperature from 0 ℃ to 

40 ℃. It can be seen from the figure that the sensor had a linear characteristic for many types 

of gases, including propane. The response recovery time is about 10 s. Because of its good 

linearity, the pure propane gas measuring voltage was calibrated for the 100% concentration.  

 

A total of 12 0.2 mm K-type thermocouples were divided into 3 trees (T1 to T3) and placed at 

positions shown in Fig. 4(a). Each tree had 4 thermocouples TN1 to TN4 (N=1,2,3) placed at 

distances 5 cm, 20 cm, 50 cm, and 95 cm, respectively, above the ground.  

 

Concentrations of propane were measured at a total of 13 points arranged in three levels 

shown in Fig. 4(b). The first level had 5 points C11, C12, C13, C14 and C15, at 5 cm above 

the floor. The second level had 2 points C21 and C22, at 15 cm above the floor. The third 

level had 3 points C31, C32 and C33, at 30 cm above the floor. Combustible gas 

concentration sensors of the heat conduction type were placed at the concentration 

measurement points. These concentration sensors could not stand high temperatures and had 

a long response time of 10 s to 30 s. Therefore, rapid concentration changes after combustion 

could not be detected. Two ventilating methods with different sealing were studied. 

Concentration distribution measurement was then carried out first. The gas was then ignited 

to study explosion. 

 

There are three pressure measurement points labelled as P1 to P3 as shown in Fig. 4(c). 
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Pressure sensor CYB41 was chosen for measuring the pressure generated by explosion. The 

frequency response of the pressure sensor was 1000 Hz, measuring range 10 kPa and error 

range 0.1%. This gave a maximum error of ±10 Pa in measuring pressure up to 1700 ℃. This 

type of pressure sensor was suitable for installation on the walls of the model room only, but 

not within the room. The data acquisition system in conjunction with the pressure sensor was 

capable of simultaneous collection of up to 200 channels, with a maximum acquisition 

frequency of 100 Hz for a single channel. 

 

Ignition was achieved using spark-ignition device located at the center of the room 20 cm 

above the floor (Fig. 4(d)). 

 

A 120-frame high-definition camera was installed above the transparent ceiling of the model 

room (Fig. 4(e)) to take photographs of flame propagation. 

 

Four tests with different ventilation conditions were carried out as shown in in Fig. 5. 

 

• Test 1. Partially closed chamber without mechanical ventilation: 

Upper and lower vents having well defined small openings to simulate a plant room 

above the ground. Lower vent sealed when ignition. 

• Test 2. Completely closed chamber without mechanical ventilation: 

Upper and lower vents closed, model sealed across boundaries of glass and metal frame 

by adhesives. This model arrangement is similar to an underground plant room without 

ventilation. 

• Test 3. Mechanically ventilated chamber, mode 1:  

Extraction at upper vent, lower vent opened. 
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• Test 4. Mechanically ventilated chamber, mode 2:  

Upper vent opened, extraction at lower vent. 

 

After propane refrigerant had been injected into the chamber for 720 s, ignition was initiated. 

The pressure and gas temperature at the measuring points were recorded. Flame spread 

patterns were also captured using the camera installed above the chamber. 

 

A summary of measurements taken in the tests is given in Table 2. 

 

As temperatures measured by thermocouples lag behind in rapid deflagration, it is difficult to 

get accurate transient temperature rises. This is another reason why temperature data in Test 2 

was not measured. To reduce the response time delay, fine 0.2 mm wire was used with only 4 

mm exposed to give faster response. The measured temperature will then be nearer to the 

actual value. Using cold end compensation and nonlinear correction with quadratic 

interpolation would measure temperature better. Cold end compensation would keep the cold 

end temperature rather constant to reduce fluctuations. Nonlinear correction method is used 

to solve nonlinear problems of thermocouples [30]. The above methods minimized the error 

caused by measuring dynamic response. The response time measured [30] by type K 

thermocouple was 10.3 ms with error range 1%, by using nonlinear correction method and 

cold end compensation. As deflagration lasted for about 7 s, this thermocouple arrangement is 

acceptable. 

 

3. Results and Discussion 

 

3.1 Concentration Distribution of Propane Refrigerant  

http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E5%8A%A8%E6%80%81%E5%93%8D%E5%BA%94%E8%AF%AF%E5%B7%AE
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E5%8A%A8%E6%80%81%E5%93%8D%E5%BA%94%E8%AF%AF%E5%B7%AE
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After injecting propane in Test 1, gas concentrations at the measurement points increased 

steadily with time as shown in Fig. 6(a). The 5 measuring points (C11, C12, C13, C14 and 

C15) on the first level at height 5 cm above the model room floor had the highest 

concentrations, with values up to 27%. At measurement point C15, the nearest to the injection 

point, the concentration increased very rapidly upon injecting propane. The rate of change 

decreased at the other measurement points on this level. The concentration at 700 s on the 

second level (C21 and C22) was about 15%. The concentration on the third level (C31, C32 

and C33), which was 30 cm above the floor, was almost unchanged. As propane has a higher 

density than air, the gas stayed at the lower part (within 30 cm above the floor) of the 

chamber upon injection to the partially closed environment of Test 1.  

 

Test 2 was carried out with the model room sealed completely. Thermocouple wires 

connection could not be put in. Transient gas temperatures and concentrations were not 

measured in this test. 

 

In Test 3, owing to the exhaust fan at the ceiling to pull air out of the model room, the 

transient concentrations increased with slight fluctuation as shown in Fig. 6(b). Propane 

concentrations near to exhaust ports C11 and C14 were significantly lower than those at the 

other three points on the same level. The concentration at C22 (near the exhaust port) was 

also lower than that at C21. Propane concentrations near the floor (C11, C12, C13, C14) 

under this mode of ventilation were lower than the corresponding concentrations under the 

unventilated and partially closed condition in Test 1.  

 

For Test 4 with extraction fan operated at lower level, the measured transient propane 

concentration (Fig. 6(c)) on the lowest level was slightly lower than the corresponding values 
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of Test 3 (upper exhaust ventilation). The maximum concentration was 19%, but the 

concentration on the second and third level was almost zero. The flammable propane stayed 

at regions below a height 15 cm above the floor under this ventilation condition with 

extraction fan operating. The gas concentration was less than the value of Test 3 with 

ventilation at the upper exhaust. 

 

3.2 Gas Temperature and Pressure Distributions 

 

Transient temperature distributions for Tests 1, 3 and 4 are shown in Fig. 7. As observed, 

measurement points in Test 1 had both the highest temperature and the lowest temperature. 

Higher temperatures were recorded in Test 1 with more vigorous combustion. As the exhaust 

fan was operating at the upper vent in Test 3, the flammable gas stayed near to the floor of the 

model room. Large amount of flammable gas could not be discharged. Furthermore, 

flammable gas and air mixed better due to the fan-induced aerodynamics.  

 

Air temperatures measured in Test 4 decreased faster than in the other two cases. The 

maximum temperature was about 250℃, with many measuring points having the 

temperatures close to this value. Judging from the temperature measured during combustion, 

drawing flammable gas near the room floor would give weaker burning. 

 

From the temperature profile of each thermocouple tree for Test 1 in Fig. 8, points at 50 cm 

above the floor experienced the highest temperature, followed by the measuring points at 20 

cm above the floor. The measuring point at the lower part of the model room had the highest 

concentrations but the lowest temperature. In comparing the temperature along the horizontal 

direction, position close to the vent on the T1 tree had the lowest temperature. Furthest away 
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from the vent T3 tree recorded the highest temperature. 

 

Transient pressures for Tests 1 and 2 are plotted in Fig. 9. Pressure changes in Tests 3 and 4 

were very small and not plotted. 

 

As the chamber in Test 1 was not completely closed, pressure would be partially released on 

explosion. Only a small pressure change was recorded during the burning process as in Fig. 

9(a). The pressure at measuring points P1 and P3 were slightly higher than that of P2. The 

period of pressure change lasted for about 7 s.  

 

Sealing the two vents would give a completely enclosed chamber. Upon ignition of propane 

the pressure changed significantly within a very short period of time. The pressure rose to a 

maximum of 3 kPa for Test 2 (Fig. 9(b)), which was much higher than the pressure due to 

ignition with vents unsealed. Combustion lasted for about 3 s. Similar to Test 1, pressures 

recorded at P1 and P3 were slightly higher than that at P2. 

 

Pressure measured at the P2 sensor rose to 50 Pa and then dropped to the atmospheric 

pressure. Incomplete combustion of R290 produced a large amount of soot after 15 s as 

shown in Fig. 10. Soot particles deposited at the pressure aperture of diameter 0.5 mm as in 

Fig. 10 would affect pressure measurement. Therefore, transient pressures were shown up to 

15 s. 
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3.3 Flame Spread Patterns 

 

The flame spread patterns upon ignition were observed from the top through the glass sheet. 

In Test 1 propane burnt vigorously upon ignition, with a fire ball as shown in the photographs 

in Fig. 11 (a). The flame spread out from the ignition point, which was 20 cm above the floor. 

Very vigorous flame burning was observed in the lower half of the chamber. The burning 

process lasted for about 5 s, with the chamber full of carbon residue. 

 

The flame spread patterns in Test 3 and Test 4 are shown in Fig. 11(b) and (c). Burning was 

much more vigorous in Test 3 in which the exhaust fan was installed at the upper vent. 

 

4. Theoretical Analysis  

 

As shown in Fig. 8, the measured temperatures at different vertical and horizontal locations 

change obviously. To establish a single mathematical model, the dimensions of the physical 

problem are reduced to a certain range. Average temperatures at different positions and 

heights are predicted. A transient temperature equation was derived. 

 

The following assumptions are made on the container and gas in developing the mathematical 

model: 

 

• The deflagration process is short and no heat loss on the wall of the vessel; 

• Heat loss from the wall after deflagration. 

• The process from deflagration to discharge is regarded as isentropic. There is no loss of 

energy exchange between gases.  

http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E6%8E%A8%E5%AF%BC
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After ignition, the flame surface spreads rapidly to the periphery, the pressure inside the 

container increases and the temperature rises. When the flame propagates to the top of the 

vessel, the gas and air flow out and begin to release pressure. As deflagration is still going on 

and heat produced is higher than the heat loss, temperature rises at this time. Till deflagration 

ends, pressure decreases to a certain value, gas in the vessel does not flow out anymore and 

outside gas starts to enter the container. The pressure and temperature gradually revert to 

ambient pressure and room temperature. The whole process can be divided into 4 stages 

according to temperature and pressure change. 

 

(1) Deflagration spread stage: 0- 1t . 

It starts from ignition (t=0) and ends at flame spread to vessel top (t=t1). Propane combustion 

velocity is 0.4 m/s under atmospheric pressure. Distance of ignition point to vessel top is 0.8 

m. Then, the flame surface spread time is 2.0 s. In this stage, temperature rises and pressure 

increases, no gas release from the gap. 

 

As there is no gas release from the gap, gas mass remains unchanged. 

 

Vmtm 00)( ==  (1) 

 

0
m  is the quality of the original gas, and 0

  is the density for the initial state. 

 

The total energy of the gas in the vessel at the moment t is: 
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)()( 000 tQTCmtE p +=  (2) 

 

0PC  is the initial specific heat at constant pressure and 0T  is the initial temperature. 

 

Q
M

tm
tQ b △

)(
)( =  (3) 

 

( )Q t  is the heat emitted by propane that involved in combustion, ( )
b

m t  is the propane 

mass involved in combustion, M is the molecular weight of propane, and 

2200KJ/(kg K)Q = △  is propane combustion heat. 

 

Gas temperature at t : 

 

)()(

)(
)(

tCtm

tE
tT

p

=  (4) 

 

where 

 

0

00 )())((
)(

m

CtmCtmm
tC bpbpb

p

+−
=  (5) 

 

is the specific heat capacity of mixed gas at constant pressure. 

 

pb
C is the specific heat of combustion product at constant pressure. Ignoring the variation of 

specific heat at constant pressure with temperature. 
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M
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+−

+

=

△
 (6) 

 

(2) Gas release stage: 21 tt −  

 

Gas starts to release when flame surface spreads to the vessel top. As deflagration is still 

going on, heat produced is higher than the heat loss, temperature rises till 2t . Then, 

deflagration stops and temperature reaches the highest. 

 

Combustion energy produces from 1t  to t : 

 

Q
M

tm
tE b △

)(
)(1 =  (7) 

Gas release mass rate at t : 

 

)()()( 222 tVtAtm =  (8) 

 

where A  is gas release area, )(2 t  is gas release density and )(2 tV  is gas release velocity. 

 

Energy produces from 1t  to t : 

 

 ==
t

t
p

t

t
p ttTtCtVtAttTtCtmtE

11

d)()()()(d)()()( 22222222 ）（  (9) 
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Subscript 2 indicates parameters of the exhaust gas. 

 

Gas mass in the vessel: 

 

 −−
−=−=

t

tt

t

tt
ttVtAmttmmtm

11

d)()(d)()( 22020   (10) 

 

Ignoring heat transfer loss, temperature at t is: 

 




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−
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b
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22221
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

△
 (11) 

 

(3) Gas intake stage: 32 tt −  

 

As deflagration ends, inner gas pressure is lower than atmospheric pressure, ambient air 

enters the vessel. When pressure is restored to atmospheric pressure, it is marked as 3t . 

 

Indraft gas mass rate at t: 

 

)()()( 333 tVtAtm =                 (12) 

 

Subscript 3 indicates parameters of the indraft gas. 
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The total energy of the system increases: 

 

 ==
t

t
p

t

t
p ttTtCtVtAttTtCtmtE

11

d)()()()(d)()()( 33333333 ）（        (13) 

 

The total energy of the system: 

 

 −−
+=−=

t
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t
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d)()()(d)()( 33220           (14) 

 

The mixture gas temperature at t: 
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2
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


        (15) 

(4) Heat dissipation stage: 43 tt −  

 

When the pressure inside the container is restored to atmospheric pressure, the quality of the 

gas in the container does not change anymore. The system energy exchange with atmosphere 

depends on the heat convection. The temperature curve ends at 4t . 

Gas mass in the container at t: 

 

)()( 3tmtm =                   (16) 

 

Energy releasing out the system: 



 

19 
 

AA STtThqSte ))(()( 04 −==               (17) 

 

where q  is heat flux density, AS  is heat conduction area, 0T  is ambient air temperature 

and h  is convective heat transfer coefficient. 

 

Mixture gas temperature at t: 
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The calculation formula of temperature in the container is: 
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     (19) 

 

The ignition time is 0, according to propane combustion velocity t1 = 2.0 s, The temperature 

still rises and pressure reaches the maximum, agreeing with stage 1. 

 

With the exhaust process going on, the pressure in the container decreases gradually and the 
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pressure curve reaches the lowest at t2 = 6 s. 

 

When air intake process begins, the pressure in the container increases and restores to 

atmospheric pressure at t3 = 9.0 s, Stage III ends.  

 

According to the time domain of the temperature curve, t4 = 45.0 s. 

  

Initial parameters are shown in Table 3. 

 

 

Stage I:  

ttm 1558.1)( = ，
83.0

79.7757.246
)(

t
tT

+
=            (20) 

 

Stage II:  

1
( ) 16.8( )

b
m t t t= −  Exhaust gas flow rate is considered constant kg/s085.022 =AV . The 

specific heat at constant pressure and temperature of exhaust gas are considered constant 

(same with 1t ).  

 

85.449)15.27317.163(*031.1)( 22 =+=TtCp           (21) 

 

Before t = 4 s, deflagration continues,  

031.1*))(085.0805.0(

)(*85.449*085.0)(8.1614.362
)(

1

11

tt

tttt
tT

−−

−−−+
=          (22) 
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After t = 4 s, deflagration ends, 

）（ 18.16)( tttmb −= , 085.022 =AV             (23)  

 

77.502)15.2735.214(*031.1)( 22 =+=TtCp           (24) 

 

031.1*))(085.0805.0(

)(*77.502*085.02*8.1614.362
)(

1

1

tt

tt
tT

−−

−−+
=          (25) 

 

Stage III:  

In Stage II, kg635.0)( 2 =tm , KJ9.306)( 2 =tE           (26) 

Taking 05.033 =AV   

 

4.29822.297*004.1)( 33 ==TtCp              (27) 

 

031.1*))*05.0635.0(

)*4.298*05.09.306
)(

2

2

tt

tt
tT

−+

−+
=

（

（
            (28) 

 

Stage IV: 

kg885.0)( 3 =tm , KJ5.381)( 3 =tE             (29) 

 

In order to avoid solving the differential equation, the average temperature at Stage IV is used 

as the high temperature of convection heat transfer, and ambient air temperature as the low 

temperature. 
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149.86 76.26
( ) 273.15 386.21K

2
T t

+
= + =            (30) 

 

031.1*885.0

*8.3*22.29721.386*1000/62.55.381
)( 3）（）（ tt

tT
−−−

=        (31) 

 

Experimental and theoretical temperature curves are shown in Fig. 12. 

 

5. Conclusions 
 

Experiments on explosion of leaked propane refrigerant in a model chamber under different 

ventilation conditions were performed. Flammable gas concentrations before ignition and 

transient temperatures and pressures after ignition were measured. The following conclusions 

can be drawn from the present study: 

 

• The pressure rise for igniting flammable refrigerant in the partially closed chamber in 

Test 1 was not very high, with a maximum value below 500 Pa. However, the leaked 

refrigerant burned vigorously to give a fireball with high gas temperature at that instance. 

This test simulates the scenario of a room above ground level in a building. 

 

• Ignited propane refrigerant in the closed chamber in Test 2 would give a very high 

pressure of 3 kPa in the model. This test simulates the scenario of an unventilated 

basement plant room. 

 

• With the exhaust fan installed at the upper vent (Test 3) the burning process was very 

vigorous, with much higher gas temperatures recorded in the chamber than in Test 4. 

This test simulates one common design mode of mechanical ventilation.  
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• With extraction at a lower level (Test 4) the burning process was not so vigorous as in the 

case with extraction at higher level (Test 3) because this mode of extraction would take 

more flammable gas out of the chamber. This test simulates another mode of mechanical 

ventilation. 

 

• In view of the higher density of propane refrigerant than air, mechanical ventilation with 

extraction at a lower level is more efficient in removing propane in case of leakage.  

 

• In all the cases, the transient gas temperature during burning was very high at positions 

near to the middle part of the chamber at a height about 0.5 m above the floor, lying 

within the occupied zone. This is very hazardous to occupants and firefighters at the 

occupied zone in a real room. Thus leakage of propane refrigerant in a plant room could 

be very hazardous. 
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Table 1. Refrigerant injection mass  

 

 Volume(m3) Leakage mass(g) Concentration LFL×V(g) 

Room 3×1.8×3=16.2 850 3% 615.6 

Scaled model room 1×0.6×1=0.6 31.5 3% 22.8 
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Table 2. Summary of measurements in tests 

 

 

 

 

 

 

 

 

 

  

 Propane conc. Gas temperature Pressure Flame pattern 

Test 1 √ √ √ √ 

Test 2   √  

Test 3 √ √  √ 

Test 4 √ √  √ 
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Table 3. Initial parameters  

 

Initial temperature 

 

K 

Air density 

 

kg/m³ 

Vessel heat exchange 

area 

m2 

Natural convection 

heat transfer 

coefficient 

297.22 1.29 3.8 5.62 
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     (a) High level exhaust with fan and         (b) Low level exhaust with fan and 

          low level intake without fan                   high level intake without fan 

 

Fig. 1. Two common mechanical ventilation modes 
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           (a) The model room                 (b) Photograph of the model room 
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Fig. 2. Experimental setup 
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        Sensitivity    Response and Recovery Time 

 

Fig. 3. Performance characteristics of gas concentration sensor MD61 
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     (a) Gas temperature                    (b) Refrigerant concentration 

 

    

            (c) Pressure                              (d) Ignition position 
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(e) Camera position 

 

Fig. 4. Measurement points layout 
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Fig. 5. Four tests with different ventilation conditions 
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(a) Test 1
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(b) Test 3 
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(c) Test 4 

 

Fig. 6. Transient refrigerant concentration  
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(a) Test 1 
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(b) Test 3  
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(c) Test 4  

 

Fig. 7. Transient gas temperature  
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(a) T1  
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(b) T2  
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(c) T3  

Fig. 8. Gas temperature measured at each thermocouple tree for Test 1 
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(a) Test 1 
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(b) Test 2  

 

Fig. 9. Transient gas pressure in Tests 1 and 2 

 



 

43 
 

 
 

 

Fig. 10. Thick soot due to incomplete combustion 
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(b) Test 3 
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(c) Test 4 

Fig. 11. Flame patterns in Test 1, Test 3 and 4 
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Fig. 12. Experimental and theoretical average temperature 




