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Highlights:  

 Obstacles at cryogenic temperatures increase the quenching distance of laminar methane-air 

flames. 

 This trend is verified experimentally in two configurations: head-on and tube quenching. 

 The use of cryogenic temperatures is promising to develop more efficient flame arresters. 
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Abstract 

 

Understanding flame quenching is needed to develop efficient flame arresters. Here, the quenching 

distance of methane-air laminar flames is measured at atmospheric pressure for temperatures of the 

quenching surface down to the cryogenic, Tw = 138 K to 293 K, for two configurations: head-on and 

tube quenching. Fuels or flammable mixtures in contact with surfaces at temperatures below 293 K 

are, for example, representative of aircraft during cruise, cryogenic rocket engines, fuel distribution 

pipes at high altitude, or cryogenic storage of liquified natural gas and hydrogen. The experimental 

methods are first validated for Tw = 293 K by comparing measured quenching distances to that 

available in the literature. Then, quenching distances are measured for Tw = 138 K to 293 K. The 

quenching distance increases when temperature decreases. In the head-on quenching configuration, 

the quenching distance is almost multiplied by two, from q = 0.17 mm for Tw = 290 K to 

q = 0.32 mm for Tw = 175 K. In the tube quenching configuration, the quenching diameter increases 

by 40%, from 2.5 mm for Tw = 293 K to 3.5 mm for Tw = 138 K. Experiments conducted in tubes 

demonstrate that reducing the wall temperature allows quenching with larger tube diameters, 

yielding lower pressure drops in tubes, which is of practical interest. 

 

Keywords: Head-on quenching; Tube quenching; Cryogenics; Flame arrester 
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1. Introduction 

Flame arresters are useful devices to improve the safety of systems dealing with flammable liquids 

or gases such as may occur in systems that transport volatile liquid fuels. Passive flame arresters 

operate by absorbing heat from a flame, which, in turn, quenches chemical reactions. Therefore, 

understanding the physics of flame quenching is important to developing efficient flame arresters. 

 

Quenching distance, q, is a measured quantity that can be used to quantitatively compare the 

relative effectiveness of flame quenching as relevant parameters are varied. The exact definition of 

the quenching distance depends on the configuration 
1-3

. For a flame propagating between two 

parallel plates, the quenching distance is the minimum distance between the two plates through 

which the flame can propagate. For a flame impinging on an obstacle (head-on quenching), the 

quenching distance is the minimum distance from the obstacle at which the flame can sustain 

without being quenched. Regardless, either definition of quenching distance results in examining the 

same physical process of removing heat from a flame until the chemical reactions are quenched. 

 

Effects of the fuel, equivalence ratio, operating pressure, surface temperature and material of the 

quenching elements have been studied extensively in the past. Many fuels have been tested over 

their respective flammability limits 
1, 3-21

. Considering quenching distance as a function of 

equivalence ratio, it has been shown that the quenching distance is at a minimum at an equivalence 

ratio near stoichiometric and increases as the equivalence ratio deviates towards either the lower or 

upper flammability limit 
1, 3, 5-7, 11, 17, 22, 23

. Effects of pressure have also been examined from sub-

atmospheric to elevated pressures 
1, 3-8, 16, 18-20, 22, 24

. For example, experiments of Bellenoue et al. 
16

 

and Boust et al. 
3
 showed that increasing pressure reduces the quenching distance. Effects of the 

quenching surface temperature and material have also been studied at length 
2, 6, 9, 14, 16-18, 20, 25

. 

Globally, increasing the obstacle temperature decreases the quenching distance. However, results of 

Kim et al. 
2
 demonstrate that such effects are weak until the obstacle reaches a temperature high 

enough, roughly 900 K, to activate surface reactions. Above such temperature, the quenching 
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distance decreases very rapidly with temperature. Along the same line, experiments of Kim et al. 
2
 

showed that the quenching surface material plays an important role in determining the quenching 

distance if surface reactions are active. Experiments of Bellenoue et al. 
16

 in the transient head-on 

quenching configuration showed that the quenching surface material influences the quenching 

distance even for surface temperatures around 300 K, probably through varying effusivities. 

 

However, to the best of the authors’ knowledge, experiments on flame quenching for surface 

temperatures below 293 K have never been reported. Such conditions are of interest, for example, 

for aircraft during cruise at high altitude, where temperature and pressure are much lower than at sea 

level with T  220 K and P  25,000 Pa, cryogenic rocket engines, fuel distribution pipes at high 

altitude, or cryogenic storage of liquified natural gas and hydrogen. It is worth noting that, because 

decreasing temperature or pressure is known to promote quenching, the cruise phase of aircraft at 

high altitude is not considered to be the worst-case-scenario and this explains why efforts were not 

made previously to quantify effects of temperatures below 293 K on flame quenching. However, 

doing so could lead to new progress in the understanding of flame quenching and allow developing 

safer practices and more efficient flame arresters for all aforementioned applications. Also, even for 

applications at 293 K and above, locally cooling-down the flame arrester to maintain its temperature 

well below 293 K could improve its performance. 

 

In this study, effects of cryogenic quenching surface temperatures (well below 293 K) on the 

quenching distance of laminar methane-air flames have been examined experimentally in two 

different configurations, namely, transient head-on quenching and tube quenching. The transient 

head-on quenching configuration is a canonical configuration that is often used for research 

purposes 
3, 15-17, 20, 24-29

 because it provides optical access to the flame during quenching and, as a 

consequence, allows measuring important quantities using state-of-the-art optical techniques. The 

tube quenching configuration offers the benefit of being more directly relevant to practical flame 

arresters. Indeed, flame arresters, such as crimped ribbon flame arresters employed in pipelines and 
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aircraft fuel delivery systems 
30, 31

, often consist of narrow channels. The cross-section of these 

narrow channels is usually not circular and may be rectangular or triangular. However, simple 

relations exist between the quenching distances measured for these various geometries 
32

. Effects of 

pressures below atmospheric are known from previous work 
1, 3-8, 16, 18, 19, 22, 24

 and experiments were 

here conducted at atmospheric pressure. The main objectives of this study are to report quenching 

distances measured for different quenching configurations at temperatures well below 293 K and 

provide guidance for the design of practical flame arresters. These new quenching data may also be 

used to validate thermodynamic properties and chemical reaction mechanisms employed in flame 

simulations for temperatures well below 293 K.  
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2. Experimental methods 

 

Experiments are first conducted in a head-on quenching configuration 
3, 15-17, 20, 24-29

, where an 

outwardly propagating flame is being quenched on a horizontal plate, also referred to as a wall. In 

this case, quenching is a transient event and, at the moment of quenching, the normal of the flame 

front is oriented perpendicularly to the wall.  

 

2.1 Head-on quenching experimental setup 

 

A schematic of the experimental setup is shown in Fig. 1. It includes an axisymmetric converging 

nozzle with a 10-mm exit diameter that provides a steady and homogeneous laminar stream of 

premixed methane and air. The bulk velocity, U, and equivalence ratio, , are regulated using mass 

flow controllers (Brooks SLA5850 series) featuring an accuracy better than 1 %, resulting in the 

equivalence ratio being fixed within 2 %. The methane-air stream is surrounded by a nitrogen co-

flow, with matching velocity, that helps stabilizing the flow of reactants and prevents contamination 

from surrounding air. Synthetic air is used and all gases are flowed through dedicated filters to 

reduce humidity and minimize water condensation/solidification on the wall when its temperature is 

below 293 K. 

 

Brass pot

Type T

thermocouple
Liquid N2

Wire-mesh

Glass beads

N2

CH4 + Air

N2

CMOS

Camera
Intensifier

UV lens

Bandpass

filter
f = 150 mm

f = 300 mm

f = -100 mm 50 mJ/pulse @ 532 nm

2
0

 

10

60

Fig. 1: Schematic of the head-on quenching experimental setup. All dimensions in millimeters. 
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Ignition of the reactants is done along the nozzle’s centerline, 2 mm downstream of the nozzle’s exit 

using a laser spark. The laser spark is produced by converging the second harmonic (532 nm) of an 

Nd:YAG (Spectra-Physics, Quanta-Ray Pro290) with a pulse energy of 50 mJ. Details on the optical 

arrangement used for laser ignition are also available in Fig. 1.  

 

After ignition, the flame propagates outwardly until it reaches the bottom wall, oriented 

horizontally, of a brass (CZ121 grade, ~58% copper, ~39% Zinc, and ~3% lead) pot of 50-mm 

diameter. This pot can be filled with liquid nitrogen so that its temperature may be reduced, to a 

minimum of 175 K. The temperature of the wall, Tw, is monitored with a type T thermocouple. 

Before ignition and once the brass pot has been cooled-down to 175 K, the flow of liquid nitrogen in 

the brass pot is stopped and the brass pot naturally heats up slowly. Once the wall temperature 

reaches the specified target, the flame is ignited and the quenching experiment starts. The wall is 

located 20 mm downstream of the nozzle’s exit. In all cases, the temperature of the stream of 

reactants and nitrogen is fixed to 293 K in the nozzle and only the wall is cooled. Note that the 

thermal contraction of the brass pot at the lowest temperature investigated yields an upward 

displacement of the wall surface smaller than 2 m, which is much smaller than the precision and 

accuracy of the quenching distance measurements (see later), and can be neglected. 

 

After ignition and until quenching, flame propagation is monitored using an intensified high-speed 

CMOS camera (LaVision, HSS8+IRO), equipped with a UV lens (f = 100 mm, f/2.8), and a 40-nm 

bandpass filter centered at 320 nm (LaVision, 1108760). For each quenching event, 200 OH* 

chemiluminescence images of 768768 pixels
2
 are recorded at a frame rate of 10 kHz and with an 

exposure of 99.99 s. Once the region of the flame propagating upward has been quenched on the 

brass pot, the region propagating downward usually stabilizes on the nozzle. To prevent heating of 

the quenching wall, the downward propagating fame is extinguished automatically 50 ms after 

ignition by blowing nitrogen from another nozzle (not shown in Fig. 1). To ensure statistical 
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convergence of the data, each condition is repeated at least three times. For wall temperatures below 

Tw = 293 K, the temperature is increased back to ambient after each test so that water and/or ice 

eventually deposited by combustion products on the wall may be removed. This is important 

because the presence of condensed water on the quenching surface has been shown to affect heat 

transfers to the quenching element 
33

. The flow of reactants is maintained between consecutive 

quenching experiments to improve consistency. The pixel density is 0.02 mm/pixel but the actual 

spatial resolution is estimated to be closer to 0.08 mm by imaging a bar pattern target, which gives 

an idea of the uncertainty on the measured quenching distances. Small reflections of the flame’s 

OH* chemiluminescence can be seen on the metallic quenching surface. However, these can be 

spatially filtered-out and do not influence measurements of the quenching distance. Experiments are 

conducted for different equivalence ratios (0.6    1.3), bulk jet velocities (U = 0.6 m.s
-1

 and 

0.78 m.s
-1

), and wall temperatures (175 K  Tw  293 K). 
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2.2 Head-on quenching post-processing method 

 

Figure 2 shows an example of OH* chemiluminescence time sequence recorded with the high-speed 

CMOS camera before and during a quenching event (U = 0.78 m.s
-1

,  = 1.0, and Tw = 293 K) in the 

head-on quenching configuration. Time steps are negative because the reference time t = 0 ms has 

been chosen to correspond to the time of quenching (whose exact definition is provided later). An 

image is available every 100 s but many time steps have been omitted in Fig. 2 for clarity.  

 

Figure 2 shows that the flame’s leading edge initially propagates as a sphere, which is typical of 

laminar flames propagating in a homogeneous flammable mixture after pointwise ignition 
34

. 

However, once the flame front gets close enough to the wall, roughly 5 mm away at t  -6 ms in this 

case, the presence of the wall is sensed and the flame front flattens. At t = -0.5 ms, portions of the 

flame front that are located a few mm away from the nozzle’s centerline have already been 

quenched and this is because the flame front is slightly concave for this condition. The time of 

quenching, t = 0 ms, is defined by the moment when the flame front located on the nozzle’s 

centerline gets quenched. 

 

Figure 3 shows measured axial profiles of OH* chemiluminescence intensity (along the nozzle’s 

centerline) at different times before quenching for the same event as in Fig. 2. This figure shows that 

the maximum OH* chemiluminescence intensity, marking the position of the flame front 
35

, is 

roughly independent of time as long as the flame front sits far away from the wall. For a distance of 

0.5 mm or less from the wall, corresponding to -1 ms < t ≤ 0 ms, the maximum OH* 

5 mm

Wall

t = -0.5 ms-2.5 ms-4.5 ms

-6.5 ms-7.5 ms

0.5

1

0 O
H

*
 i

n
te

n
si

ty

Fig. 2: Time sequence of measured OH* chemiluminescence intensity showing an example of a quenching event 

(U = 0.78 m.s-1,  = 1.0, and Tw = 293 K).  
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chemiluminescence intensity decreases rapidly with time. This is attributed to flame quenching, 

during which chemical reactions are stopped and the OH* concentration drops.  

 

 

Figure 4 plots the position of the maximum measured OH* chemiluminescence intensity as a 

function of time during the same event as in Figs. 2 and 3 (U = 0.78 m.s
-1

,  = 1.0, and Tw = 293 K). 

This position is always negative because the wall’s position is taken as the reference. In agreement 
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Fig. 3: Measured axial profiles of OH* chemiluminescence 

intensity at different times before quenching (U = 0.78 m.s-1, 

 = 1.0, and Tw = 293 K).  
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with Fig. 2, Fig. 4 shows that two propagation phases can be defined, depending on the time and 

distance from quenching. Far away from the wall (roughly 5 mm away at t = -6 ms), rapid, free 

expansion occurs. However, after the wall’s proximity is sensed, the propagation velocity reduces. It 

is interesting to note that, in each respective propagation regime, the propagation velocity appears to 

be rather linear. The quenching distance is defined by the minimum distance measured between the 

wall and a noticeable OH* chemiluminescence intensity peak. This is clearly shown in Fig. 4. In this 

case (U = 0.78 m.s
-1

,  = 1.0, and Tw = 293 K), the measured quenching distance is q = 0.19 mm. 

 

2.3 Tube quenching experimental setup 

 

The canonical configuration of head-on quenching is often used in research studies 
3, 15-17, 20, 24-29

 

because it allows measuring the quenching distance accurately and often provides the optical access 

required to measure other scalars that are relevant to understand the quenching process 
17, 29, 36

. 

However, it is an idealized configuration that does not include many of the features of practical 

flame arresters. In an effort to translate the effects of temperatures below 293 K discussed above to 

practical applications, the quenching diameter of methane-air laminar flames is measured in 

cylindrical tubes. It is acknowledged that typical flame arresters are not only composed of 

cylindrical pores. However, the flame propagation and quenching in the confines of cylindrical tubes 

are reasonable approximations. 

 

Figure 5 shows a schematic of the second experimental setup used in this study. The quenching 

element is now a brass (CZ121 grade, ~58% copper, ~39% Zinc, and ~3% lead) cylindrical tube of 

inner diameter D. Diameters ranging from D = 2.0 mm to D = 5.5 mm have been used, with 

increments of 0.5 mm. The quenching tube is immersed in a bath of liquid nitrogen and its wall 

temperature is measured with a type T thermocouple. Four temperatures have been examined, 

namely, Tw = 138 K, 173 K, 253 K, and 293 K. The quenching tube is connected on each side to a 

transparent plastic tube with a larger inner diameter of 10.4 mm. On the left side, the transparent 
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plastic tube is connected to a manifold feeding a homogeneous mixture of methane and air through a 

ball valve at an equivalence ratio of  = 1.0 and a temperature of T = 293 K. It is also fitted with a 

spark plug connected to a high-voltage 

power supply for ignition. On the right 

side, the transparent plastic tube exhausts 

to the room. 

 

 

 

 

 

 

 

 

 

 

The experimental procedure is now described. First, the ball valve is opened and the reactants 

mixture flows freely in the plastic tubes and the quenching tube for 30 s. This is enough time to 

ensure that the plastic tubes and quenching tube are filled with a homogeneous mixture of reactants. 

Then, the ball valve is closed and the mixture of reactants is allowed to rest for 30 s to ensure that it 

is stagnant. Next, the high-voltage power supply is activated and a spark is produced at position A 

(see green letters in Fig. 5). Immediately after, the successful ignition is verified with the naked eye 

by looking through the transparent tube at position B. If no flame propagating upwards is visible, 

ignition failed and the test is discarded. If a flame is seen, the ignition was successful and the test 

proceeds further by looking through the transparent tube at position C, which is located downstream 

of the quenching tube. If a flame propagating towards the exhaust is seen, the flame was not 

quenched. If no flame is seen, the flame was quenched at position D. It was verified beforehand that 

1
1
0

Aluminum
pot

Liquid N2

Spark
plug

To HV 
power 
supply

Ball valve

Type T
thermocouple

Quenching
element

CH4  + Air

Propagating 
flame

Transparent
tube

No quenching

Quenching

or

320

85

8
5

45

D

A

B

C

D

10.4

Fig. 5: Schematic of the cylindrical tube quenching 

experimental setup. All dimensions in millimeters. 
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the flame is never quenched when the quenching tube is replaced by a plastic tube of diameter of 

10.4 mm, equal to that of the transparent plastic tubes. For all the quenching tube diameters 

investigated, at least ten replicates are conducted so that a quenching probability can be calculated. 

                  



 14 

3. Results and discussions 

 

Results are now presented and discussed in three subsections. In Sec. 3.1, the head-on and tube 

quenching experimental methods are validated using experimental quenching data from the 

literature. Then, in Sec. 3.2, effects of wall temperatures below 293 K on the quenching distance in 

both head-on and tube quenching configurations are discussed. Finally, in Sec. 3.3, practical 

implications of such effects are highlighted. 

 

3.1 Method validation 

 

Before quenching distances can be measured at temperatures below Tw = 293 K, it is necessary to 

validate the experimental setup as well as the post-processing method in the head-on quenching 

configuration. This is done by comparing the quenching distances measured at Tw = 293 K for 

different equivalence ratios to those available in the literature 
3, 17

. Figure 6 plots the measured 

(black circles) quenching distance as a function of the equivalence ratio, for U = 0.78 m.s
-1

 and 

Tw = 293 K. Error bars represent the scatter of the data produced by repeating measurements at least 

three times. The q vs  curve exhibits a U shape, meaning that the quenching distance is minimal 

close to stoichiometric and that it increases for lean or rich mixtures. This is compatible with the 

experimental and numerical observations of 
1, 4-6, 11, 21, 22

. However, in 
1, 4-6, 11, 21

, quenching distances 

have been measured in the different configuration of two parallel plates and only trends can be 

compared. Quenching distances have been measured experimentally in the head-on quenching 

configuration in 
3, 17

. Results are also shown in Fig. 6 (orange and green symbols). Agreement 

between the present experimental data and that of Boust et al. 
3
 is very good, with discrepancies 

lying within error bars. Differences are larger when the present experimental data are compared to 

that of Mann et al. 
17

 but agreement remains reasonable. It should be noted that such differences 

may be attributed to the fact that in 
17

 quenching distances have been measured using temperature 

profiles, while here and in 
3
 quenching distances were measured using flame chemiluminescence. 
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Figure 6 confirms that the proposed setup and post-processing method in the head-on quenching 

configuration are adequate. 

 

 

In the tube quenching configuration at Tw = 293 K, the largest tube providing a 100% quenching 

probability for stoichiometric methane-air flames had a diameter of D = 2.5 mm. This tube diameter, 

small enough to guaranty quenching, defines the quenching diameter. Quenching diameters 

measured by others for stoichiometric methane-air flames at ambient conditions range from 

D = 2.0 mm to D = 3.2 mm 
11, 37, 38

. This is consistent with the value D = 2.5 mm measured in this 

study, confirming that the tube quenching configuration proposed here is adequate.

0.5 0.75 1 1.25 1.5
0

0.2

0.4

0.6

0.8

1

ϕ [-]

δ
q
 [

m
m

]

U = 0.78 m.s-1

Boust 2007

Mann 2014

This study

TW = 293 K 

Fig. 6: Measured (black circles) quenching distance as a 

function of equivalence ratio (U = 0.78 m.s-1 and Tw = 293 K). 

Data from the literature are also available (orange and green 

symbols). Error bars represent the scatter of repeated 

measurements. 
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3.2 Effects of the wall temperature on the quenching distance 

 

3.2.1 Head-on quenching configuration 

 

Figure 7 plots the measured quenching distance (black circles) in the head-on quenching 

configuration as a function of the temperature of the wall for U = 0.6 m.s
-1

 and  = 1.0. Data show 

that the quenching distance decreases with temperature. This trend is qualitatively compatible with 

an extrapolation of the results of Kim et al. 
2
 for wall temperatures above Tw = 293 K, however the 

extent of the increase in quenching distance is significantly greater than a linear extrapolation of 

data taken at wall temperatures above Tw = 293 K. Interestingly, the evolution of the quenching 

distance as a function of the wall temperature appears to be linear. The quenching distance increases 

from q = 0.17 mm for Tw = 290 K to q = 0.32 mm for Tw = 175 K. It is almost multiplied by two 

over the 120 K temperature range examined. Note that, on average, there is a 0.02 mm (1 px) 

difference between measured quenching distances of Figs. 6 and 7 for the same wall temperature 

Tw  293 K. These data were recorded on two different days and discrepancies lie within the error 

bars. 
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The dashed lines in Fig. 7 show the predicted quenching distances as a function of the wall 

temperature if constant Péclet numbers Pe = 4 (blue), 5 (green), or 6 (red) are assumed. The Péclet 

number is defined here as  e       , where    is the thermal flame thickness of an unstretched 

adiabatic laminar flame. The thermal flame thickness is computed here using the premixed laminar 

flame-speed calculation module available in Chemkin-Pro 
39

 and the chemistry mechanism from 

Lindstedt 
40

. In these simulations, the gas temperature is taken equal to the wall temperature of the 

targeted condition. This may differ slightly from experiments where the gas temperature near the 

wall is close, but not strictly equal, to the wall temperature because the stream of incoming reactants 

is at 293 K. Figure 7 shows that a constant Péclet number of Pe = 4 yields good predictions of the 

quenching distance for Tw > 240 K, which is consistent with previous studies 
3, 10, 16, 25, 26, 29, 41

 where 

a constant Péclet number 2 < Pe < 5 described measured quenching distances rather well in a head-

on quenching configuration. However, Pe = 4 significantly underestimates measured quenching 

distances for Tw < 225 K, which are better described by Pe = 6. There is no constant Péclet number 

able to accurately predict the measured quenching distance over the whole range of surface 
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Fig. 7: Measured (black circles) quenching distance as a 

function of the wall temperature (U = 0.6 m.s-1 and  = 1.0). 
The black dashed line shows the linear fit to the measured 
data. Color dashed lines show the predicted quenching 

distance based on a constant Péclet number Pe = 4 (blue), 5 

(green), or 6 (red). Error bars represent the scatter of repeated 

measurements. 
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temperatures examined in this study. A possible explanation for this behavior is that chemical 

chemistry mechanisms, such as the one from Lindstedt 
40

 used here, are not validated for 

temperatures well below 300 K. As a consequence, the thermal flame thickness needed to compute 

the Péclet number and computed with Chemkin may be inaccurate for Tw << 300 K. Further studies 

are needed to validate this hypothesis. Note that computing the thermal flame thickness for a gas 

temperature slightly above the wall temperature to account for the fact that the stream of incoming 

reactants is at 293 K reduces the magnitude of the effect of surface temperature and, in turn, worsens 

predictions of the constant Péclet number model.    

 

Experiments and a constant Péclet number model show that decreasing the wall temperature below 

293 K promotes quenching. This property may be used to develop more efficient flame arresters. 

This is highlighted in the following subsection using another experimental configuration that is more 

directly relevant to practical applications.
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3.2.2 Tube quenching configuration 

 

The quenching probability in % is plotted in Fig. 8 as a function of the quenching tube inner 

diameter D for the four tube temperatures investigated. Here, error bars represent the uncertainty 

associated to the finite number (at least ten) of repeat measurements required to compute the 

quenching probability. For comparison purposes, tube quenching diameters measured by others for 

stoichiometric methane-air flames at ambient conditions are shown as dotted lines 
11, 37, 38

. Note that 

studies 
11, 37, 38

 do not specify what is the quenching probability for the reported quenching diameter. 

The quenching diameter could be the largest diameter yielding a 100% quenching probability or any 

larger diameter for which the quenching probability is not zero. Here, erring on the side of safety, 

the quenching diameter is defined as the largest diameter yielding a 100% quenching probability.  

 

Regardless of temperature, trends of the quenching probability with tube diameter are the same. 

Below the quenching diameter, the quenching probability is 100 %. These quenching diameters are 

D = 2.5 mm and D = 3.5 mm for Tw = 293 K and Tw = 138 K, respectively. Above some critical tube 

diameter, the quenching probability is zero. These critical tube diameters are D = 4.0 mm and 

D = 5.0 mm for Tw = 293 K and Tw = 138 K, respectively. For tube diameters between the two tube 

diameters yielding 0 and 100 % quenching probability, the quenching probability decreases 

monotonically but rapidly. Regardless of the tube diameter, trends of the quenching probability with 

the tube temperature are monotonic. Note that the quenching diameter increases by 40 % when the 

temperature is decreased from Tw = 293 K to Tw = 173 K. As a consequence, with the tube 

quenching configuration, the magnitude of the effects of temperatures below 293 K on the 

quenching diameter is smaller than that measured on the quenching distance for the head-on 

quenching configuration. The velocity of the flow near the quenching obstacles is much different in 

the head-on and tube quenching configurations and it is known that the flow velocity can strongly 

influence quenching events 
42

. Therefore, comparing quantitatively, rather than in trends, the 

quenching in the two configurations is pointless. 
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Typically, Péclet numbers in the range of Pe  45-70 are reported in tube quenching configuration 
11, 

29, 37, 38
, and Pe  2-5 are reported for head-on quenching 

3, 10, 16, 25, 26, 29, 41
. For comparison purposes, 

Fig. 9 shows the Péclet numbers obtained in this study as a function of the obstacle temperature for 

both tube (red squares) and head-on (black circles) quenching. The aforementioned typical ranges of 

Péclet number are highlighted as well. Consistent with expectations, there is an order of magnitude 

difference between Péclet numbers obtained in tube quenching compared to that obtained in head-on 

quenching. In both configurations, above Tw  250 K, Péclet numbers observed in this study are 

within the range typically reported. However, Péclet numbers are above that expected for obstacle 

temperatures below Tw  250 K in the head-on configuration. Péclet numbers are also very close to 

the upper limit in the tube configuration. There is no reasonable physical explanation for this 

behavior, which is here attributed to errors in laminar flame thickness calculations instead. Indeed, 

thermodynamic properties and chemical reaction mechanisms such as those used here 
40

 are not 

validated at temperatures well below 293 K. Therefore, it is possible that the laminar flame 
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Fig. 8: Measured quenching probability as a function of the 

tube diameter for different tube temperatures and  = 1.0. 
Error bars represent the uncertainty associated to the finite 

number (at least ten) of repeated measurements to compute 

the quenching probability. Quenching diameters of tubes at 

ambient temperature from the literature 11, 37, 38 are also 

included.   
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thicknesses computed in this study have been underestimated and that, in turn, Péclet numbers have 

been overestimated. 

 

  

Fig. 9: Measured Péclet number at quenching as a function of 

the obstacle temperature in the head-on (black circles) and 

tube (red squares) configurations for  = 1.0. Ranges of 
quenching Péclet number typically found in the literature are 
highlighted by the gray and red regions. 
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3.3 Practical implications 

 

The most important result from Fig. 8 is that reducing the tube temperature allows guaranteeing a 

100 % quenching probability for a larger tube diameter. This is of interest for the development of 

efficient flame arresters because: (a) resorting to larger quenching element diameters reduces the 

associated pressure drop and (b) for the same quenching element diameter, reducing the temperature 

increases safety margins. Regarding case (a), the flame arrester’s efficiency is not only linked to its 

ability to quench a flame but also to its ability to yield as low flow obstruction as possible when no 

flame needs arresting. Note that flame arrestors in some installations may be exposed to serious 

constraints, such as sustained heating and flow unsteadiness. Therefore, flame arrester design 

criteria go beyond quenching a flame with minimal flow obstruction. However, quenching a flame is 

a critical aspect of flame arrester performance and it is this aspect that is targeted in this study. 

 

To quantify statement (a), the linear pressure drop    through a tube of length L and diameter D 

can be expressed as follows: 

   
 

 
   

 

 
  

                                                            (1) 

Where   is the friction coefficient (depending on material roughness, tube diameter, and Reynolds 

number),   is the fluid density, and U is the bulk velocity through the tube. Equation (1) can be 

rearranged by introducing the mass flow rate  ̇ as follows: 

 

   
 

   

 

 

 

   ̇
 
                                                           (2) 

 

Equation 2 shows that the dependence of the pressure drop to the tube diameter is very large. For 

laminar flows (        e), Eq. (2) and the results described in Fig. 8 imply that reducing the 

temperature from Tw = 293 K to Tw = 138 K at a constant mass flow rate allows reducing the amount 
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of pressure drop through the quenching element by a very significant 74 % while still guaranteeing 

flame quenching. This pressure drop reduction would be of a slightly different magnitude for 

turbulent flows because the friction coefficient takes a different value but trends are expected to be 

the same. Also, potential small variations of friction coefficient with temperature are here omitted. 

 

Reducing the pressure drop through a flame arrester that is installed in a supply line or installed 

between two chambers constituting an explosion risk is of interest. First, the requirements to flow 

the fluid of choice through a flame arrester installed in a supply line during normal operation, i.e. no 

flame to arrest, are reduced. This translates into energy and mass savings. This is important because 

flame arresters installed in supply lines sit passively, inducing unwanted pressure drop, during most, 

if not all, of their lifetime. Also, in aircraft, too large pressure drops through flame arresters installed 

in the fuel tanks can lead to structural damage during refueling and this influences the maximum 

permissible refueling rates 
30

. Second, in the accidental event of a flammable mixture ignition 

between two consecutive flame arresters, the thermal expansion of the hot burnt products is less 

constrained if flame arresters feature smaller pressure drops. This limits the pressure rise in the tube 

or in the chamber and reduces the risk of structural failure and the associated costs and/or injuries. 

 

Even though the geometry of practical flame arresters may differ from a cylindrical tube 
30, 31

, it is 

possible to extrapolate the results presented above 
32

 and conclude that resorting to quenching 

elements with temperatures well below 293 K has the potential to improve the efficiency of practical 

flame arresters, either by increasing safety margins or by reducing the associated pressure drops. 

Additional experiments with actual flame arresters, cooled-down to cryogenic temperatures, should 

now be conducted to reinforce these conclusions. 
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4. Conclusions 

 

Quenching distances have been measured in two different configurations (head-on quenching and 

tube quenching) for methane-air mixtures and quenching obstacle temperatures between 138 K and 

293 K. This is, to the best of the authors’ knowledge, the first available experimental database on 

flame quenching at temperature well below 300 K. 

 

The experimental head-on and tube quenching setups as well as the post-processing methods have 

been validated by comparison with existing data from the literature. Quenching experiments 

described in this study show that the quenching distance increases when the temperature of the 

quenching element is decreased from 293 K to 138 K. This trend is compatible with that observed 

by others for temperatures of the quenching element above 293 K. In the head-on quenching 

experiments, this increase is almost linear and the quenching distance is nearly multiplied by two in 

120 K.  

 

Quenching experiments conducted for a configuration relevant to practical flame arresters (tube 

quenching) show that reducing the temperature of the quenching obstacle from 293 K to 138 K 

increases the quenching diameter from 2.5 mm to 3.5 mm, corresponding to a 40% increase. This is 

of practical interest because it could lead to a substantial reduction of the pressure drop associated to 

the installation of a flame arrester (74 % in a laminar flow from 293 K to 138 K), while still 

achieving flame quenching. 
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