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Abstract 
Premixed combustion tests of hydrogen-air at equivalence ratios ranging from 0.7 to 2.0 
were performed in a tube with high ratio of length to diameter. The pressure time 
histories and the pictures of flame shape evolution were captured by using high 
frequency pressure transducer and high-speed camera, respectively. The results show 
that the flame front on the axis of the tube undergoes a stagnation period in the later 
stage. And the curve of dimensionless length along with 𝚽𝒔 seems to be symmetrical 
about Φs = 0.5408  at which equivalence ratio equal to 1.78 and the dimensionless 
length arrive the maximum value of 0.8677. There are two mode of connection between 
the flame speed and pressure profiles. In mode I, the pressure and the flame speed are 
considered to be the same frequency and phase. While in mode II, two flame speed spikes 
are found in the rising process of pressure. 
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1. Introduction 

In order to build a diversified and clean energy supply system and continuously deepen the reform of 
the energy system, looking for alternative fuels to fossil fuels has become a hot and key issue in the 
global combustion field. As its cleanliness [1], efficiency and renewable capability, hydrogen has the 
ability to be an outstanding replacement and received great attention from researchers. It has many 
unique properties such as lower ignition energy [2], wide combustible range, clean combustion, 
excellent combustion characteristics, and high thermal efficiency, which make its flame behavior 
different from other typical gaseous fuels [3]. The special physical and chemical properties of 
hydrogen have caused that numerous experimental [4]-[5][6] and numerical [7]-[8][9][10] studies 
were carried on the premixed hydrogen-air combustion. Due to the complexity of the problem 
involving multiple disciplines such as fluid dynamics, heat and mass transfer, electromagnetics, and 
thermodynamics, many significant scientific subjects remain without comprehensive understanding. 
Therefore, in order to take advantage of hydrogen energy, it is necessary to carry out research on the 
premixed flames propagation characteristics in ducts. 

Twenty years ago Searby et al. [11] made a pioneering contribution that explained the characteristic 
of the different periods in the combustion by a vivid and simple geometric model which caused by 
the interaction of the flame front and the unburned mixture. Since then, scholars have conducted a lot 
of research about building flame shape geometric model. Recently, through using high speed imaging 
system and high frequency pressure sensor Xiao et al. [5],[11] conducted an experimental research to 
investigate morphological evolution of premixed hydrogen-air flames in half-open and closed ducts 
at the different equivalence ratios. They found not only the distortion images after the tulip flame full 
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formation could be obviously observed in the closed duct with equivalence ratio ranging from 0.84 
to 4.22, but also the dynamics of distorting tulip flames depend on the gas ingredients. Soon after at 
the confined and unconfined spaces Mustafa Ilbas et al. [13] numerically studied premixed hydrogen-
air combustion with the excess air ratios ranging from 0.8 to 1.7 for constant heat input by using a 
CFD code. They found that the trend of the maximum temperature with equivalence ratio was an 
inverted V shape, and the peak appears at the stoichiometric ratio. 

When hydrogen is used as a fuel additive, the analysis of its combustion characteristics is also 
meaningful [14]-[15]. An experimental work was carried on syngas-air in which the volume fraction 
of hydrogen reaches 50% by Yang [16] recently. They explored the phenomenon of the premixed 
syngas-air combustion with the effect of equivalence ratio ranging from 0.8 to 3.0 and ignition 
location at closed end, middle end, and open end. The result illustrated that the pressure waves is 
irrelevant on the flame propagation as the flame is ignited at closed end while the pressure waves is 
an important factor in the flame oscillation as the flame is ignited at open end, and middle end. Yu et 
al. [17] conducted several sets of experiments to study the flame front deformation and oscillation in 
the premixed syngas-air with different equivalence ratios (0.8~1.2), and hydrogen volume fractions 
(10%~90%) in ducts. Two oscillation modes were found that in mode I, the flame oscillates slightly, 
and then the oscillation is intensified, and finally the oscillation attenuates; in mode II, the flame only 
oscillates strongly in the early stage. Furthermore, many researchers have conducted a lot of research 
on adding hydrogen to other fuels such as ammonia [18]-[19], methane [20], biogas [21]. 

The flame front is unconditionally unstable because of gas dynamic effects connected with the 
Landau–Darrieus instability [22]-[23]. Since the size of combustor will affect gas dynamic, the 
phenomenon in duct with different size will be different. The tube’s ratios of length to diameter in 
past investigations for the premixed flame propagation were small. Thence, there is a requirement to 
investigate how premixed hydrogen-air flame behaves while it spreads in the tube with high ratios of 
length to diameter. In this paper, the behavior of premixed hydrogen-air flame stagnation at the axis 
of the tube with high ratio of length to diameter would be revealed and the effects of equivalence 
ratios had been considered. In addition the connection between the flame speed and pressure had been 
discussed in depth. The achievements not only promote the safety of hydrogen utilization and 
supplement the database of premixed hydrogen-air explosion in tubes but also could be used for 
evaluating the error and stability of the mathematical model. 

2. Experimental 

The design of experimental system is concisely displayed in Fig. 1, which can be decomposed into 
several subsystems including a combustion system, an imaging recording system, a pressure 
recording system, and a gas distribution system. Frist introduced, the combustion system is composed 
of a duct with rectangular cross-section is made of quartz glass able to tolerate 200 bar  and 
horizontally placed with the size 80 mm×80 mm×1000 mm, which the ratio of the length to the width 
is much larger than that in other work. The two ends of chamber are respectively sealed with a 
stainless steel plate at the left and a polyvinyl chloride (PVC) film that is easily to broken by pressure 
using flame at the right. A couple of ignition electrodes located at the left end and high-energy 
controller which is another important part of the combustion system is used to initiate the combustion 
of the mixture in the duct. 

As for the recording of experimental data, the combustion pressure in the duct is recorded using 
HELM-90 series pressure transducer setting 10 mm away from left end center of the duct with the 
natural frequency  10 kHz  which is specifically suitable for high oscillating pressure and blast 
analysis. And the flame morphology evolution in the combustion process is captured through using 
the YORK US MIRO M-310 high-speed camera which the shooting option was set at 2000 fps and 
1024 × 800 pixels. After the end of experiment, the pressure profiles and the image information are 
collected to a computer through the data acquisition card in the form of files. 
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In order to ensure exhaust of air in the duct, the gas mixture for experiments is obtained by five times 
volume method in which the flow rate is calculated according to five times the volume of gas required 
in the experiment divided by the inflation time at which the inlet and outlet valves are all open. Two 
highly sensitive flow controllers which are used to precisely control the required flow of air and 
hydrogen, are installed between gas source (air pump and hydrogen tank) and mixer, thence the gas 
are fully mixed before entering the duct. The purity of hydrogen used for experiment is up to 99.99% 
as the air used is not special treatment directly from the external environment. When the inflation is 
completely, close the inlet and outlet valves and wait for 30 seconds as the gas become stationary; 
and then the experiment which computer-controlled startup sequence is pressure recording system, 
imaging recording system, and combustion system can start. 

Ambient conditions that experiments are carried out in is the initial temperature T0 = 298.15 K and 
the initial pressure P0 = 101325 Pa. Seven equivalence ratio of experimental design are considered 
in this paper, which is shown in Fig. 2. as 0.7, 0.8, 0.9, 1.0, 1.25, 1.5, and 2.0 respectively. The 

definition of equivalence ratio is expressed a Φ = 
(VO2

VH2)
STOIC

(VO2
VH2)

REAL

 in which V(i) is regarded as the 

volume of constituent “i” in premixed mixture. In order to ensure the repeatability, does each test at 
least three times. 

 

 
Fig. 1. Premixed hydrogen-air experimental system 

 

 
Fig. 2. Distribution of experiment case on the ternary phase diagram 
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3. Result and Discussion 

3.1 Flame Dynamics 

Fig. 3 exhibits a series of representative images of premixed hydrogen-air combustion and its 
corresponding flame kinematics at Φ = 1.5. During the process of combustion, as exhibited in Fig. 
3(a), four typical flame shapes, for example, spherical flame (0 ms ≤ t ≤ 1.5 ms), finger-shaped flame 
(2.0 ms ≤ t ≤ 8.5 ms), planar flame (8.5 ms ≤ t ≤ 9.0 ms), and tulip flame (9.5 ms ≤ t ≤ 13.0 ms), are 
observed in sequence. More information containing flame front position and flame speed about the 
process of combustion are presented in detail in Fig. 3(b). Since the flame front is approximately 
axisymmetric, the point that characterizes the flame is selected by intersection point between flame 
front and the axis of duct in this paper. As we can see from Fig. 3(b) that the flame characteristic 
point position profile undergoes two exponential upward processes and eventually stalls at 835 mm 
of the duct. During 0 ms ≤ t ≤ 3.0 ms that the combustion has just begun, the flame front propagation 
process without restrictions causes the flame speed to rise exponentially to 131 m/s. From this time 
instant, the flame skirt just beginning to touch the duct walls, to t = 4.5 ms, the flame evolution is 
constrained by the wall which crack down on the flame propagation and makes the flame speed to 
drop exponentially to 80.9 m/s. When the time is greater than 4.5 ms and less than 6.0 ms, because 
of the disappearance of the leading part of the flame skirt the angle between the flame and the wall 
decreases slightly, which cause the flame front surface and the flame speed accelerate exponentially 
again. And then the flame speed decreases continuously until the flame tip position stop at 835 mm 
where the planar flame transforms into tulip flame although there is a slight rebound which may be 
caused by the interaction of flame and pressure waves during this period [17]. 

 

 
Fig. 3. Combustion images and its corresponding flame kinematics of Φ = 1.5 

 

The flame tip dynamic of premixed hydrogen-air with different equivalence ratio 0.7, 0.8, 0.9, 1.0, 
1.25, and 2.0 marked on sub-graph respectively are shown in Fig. 4. First learned from the trend of 
the curve shown in Fig. 4 is that the flame tip position profiles rise exponentially at the beginning 
period as the flame speed according increases and then stay around one particular point. However, 
there have several small oscillations on the flame speed due to the burst of the PVC film creating a 
tremendous pressure gradient from the right end to the flame front. It is necessary mentioning that 
before the tulip flame formation the flame speed rises up rapidly in a short period of time meanwhile 
the flame front surface increasing exponentially and then slow down sharply because of the reduction 
of flame front surface. As present in Fig. 4 (a), (b), and (c), the experimental results of the distance 
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between the center point of left end and stagnation point in lean mixtures increases along with the 
equivalence ratio. The distance from stagnation point to the left end maintain an upward trend until 
the situation with equivalence ratio 1.25 then decrease in the process of flame evolution. It is 
interesting that in the condition of Φ = 2.0 the point that characterizes the flame went through the 
process of spreading forward again after a period of stagnation at 634 mm, which differ from other 
case. The reason for this outstanding phenomenon is that remaining hydrogen in the unburned 
mixtures is mixed with the air outside the tube at the right end as the flame front spread to the vicinity 
of the right open end, which makes the flame front at the axis of the duct possible to propagate forward 
anew. 

 

 
Fig. 4. Flame kinematics of premixed hydrogen-air 

 

In order to clarify the relative position of the stagnation point in the pipeline, a dimensionless 
parameter of the length, named c, is reduced by the ration of the distance, Ls, between the center 
point of left end and stagnation point to the overall length of the tube Lt , which expressed as 



International Core Journal of Engineering Volume 8 Issue 2, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202202_8(2).0090

 

689 

c = Ls Lt⁄ . Since the existing equivalence ratio definition which is distorted, labeling lean mixture by 
a finite span (0, 1) while a semi-infinite span (1, ∞) for rich mixture is obviously asymmetric, we 
plot the dimensionless length in the process of flame propagation versus normalized and symmetrized 
equivalence ratio [3] defined as Φs = Φ/(1+Φ) in Fig. 5. Indeed in this coordinate system, the 
distribution in the data obtained in premixed mixtures seems to be symmetrical. The parabolic shape 
of dimensionless length along with Φs is caused by the combined impact of the mixture’s LBV 
(laminar burning velocity), adiabatic pressure and flame instabilities. The slope at Φs = 0.5408 
where equivalence ratio equal to 1.78 close to zero, which means that the dimensionless length arrive 
the maximum value of 0.8677 at this point. Note: limiting of the measurement, the possible minimum 
value near the flammable limit was not revealed. 

 

 
Fig. 5. Dimensionless length 𝐜 versus symmetrized equivalence ratio Φs 

 

 
Fig. 6. Schematic of the flame stagnation behavior 

 

As mentioned above, the flame stagnation behavior on the axis of the tube with high ratio of length 
to diameter during combustion of premixed hydrogen-air has been described in detail. Then the 
problem arises spontaneously that what result in this flame stagnation phenomenon. As depicted in 
Fig. 6, the process and the mechanism of the flame front stagnation are vividly. We can see the tongue 
of flame still propagate forward even though the flame front on the axis of the tube stagnates. The 
flame front thickness is very thin, which is composed of pre-heat zone, thermal decomposition zone, 
and heat release zone and all those zone thicknesses are less than 1mm [24]. Since the reactant near 



International Core Journal of Engineering Volume 8 Issue 2, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202202_8(2).0090

 

690 

flame front expands due to heat absorption and accelerates across the curved flame front, the 
clockwise and counterclockwise vortexes are respectively generated at products side and reactants 
side. 

The studies [24]-[25][26] conducted by researchers suggested that due to the effect of vortexes 
entrainment, the flame front stagnate at the axis of the tube in the later stage. Counterclockwise 
vortexes entrain the unburned gas locating at the axis of the tube; meanwhile clockwise vortexes 
transported the combustion products away from the tube axis, consequently the flame front at the axis 
of the tube can’t propagate forward due to lack the fresh mixture and faraway of the products. 

3.2 3.2 Pressure dynamics 

During the flame propagates in a duct, the oscillation of pressure that plays a significant role in the 
flame movement is caused by the expansion of the heat product and the rupturing of the PVC film. 
At Φ = 0.8, Fig. 7 exhibits the premixed hydrogen-air flame images and its corresponding pressure 
dynamics. Just like Fig. 3 (a), in Fig. 7 (a) spherical flame (0 ms ≤ t ≤ 2.5 ms), finger-shaped flame 
(2.5 ms ≤ t ≤ 10.0 ms), planar flame (10.0 ms ≤ t ≤ 10.5 ms), and tulip flame (10.5 ms ≤ t ≤ 19.0 ms), 
are observed in succession. 

As we can see from Fig. 7 (b), the pressure (red hollow circle) increases after ignition until the film 
being ruptured and then drops sharply. The maximum pressure with Pmax = 1.294 bar is achieved at 
time 8.1 ms  meanwhile the flame speed (black solid square) is reached the maximum speed 
Vmax = 117.3 m/s. The pressure and the flame speed share the same variation tendency even though 
some perturbations existing in the later is affected by the competition between pressure wave and 
flame front surface area. In the early period 3.5 ms ≤ t ≤ 7.0 ms, the flame shape is finger, which 
reduces the flame front surface area by the constraint of the chamber walls and has the decreasing 
effect for flame speed, in spite of the rising pressure could cause the flame speed increasing. On the 
whole the effect of flame front surface area increasing is roughly equal to that of the rising pressure, 
in consequence the flame speed fluctuate around 66.5 m/s without obvious changing during that 
period. 

 

 
Fig. 7. Flame images and its corresponding pressure dynamics of Φ = 0.8 

 

Fig. 8 further illustrates that the flame speed is influenced by a combination of pressure and flame 
front surface area. Indeed the pressure traces for Φ = 0.7, 0.8, 0.9, 1.0, 1.25, 1.5,and 2.0 in Fig. 7 (b) 
and Fig. 8 follow the same rules that because of the rapid heat release of combustion in the confined 
space the pressure (red hollow circle) rise exponentially after ignition until the film being ruptured 
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and then drops sharply and then rebound when the flame front arrive at the stagnation point, however 
the connection between the flame speed and pressure profiles can be roughly divided into two 
categories: Φ = 0.7, 0.8, 0.9, and 1.0 as the first way while Φ = 1.25, 1.5,and 2.0 as the other way. 
In the first way the pressure and the flame speed are approximately considered to be the same 
frequency and phase, if the slight vibration is ignored by the method of asymptotic analysis since the 
fluctuation amplitude and frequency is two orders of magnitude smaller than the total flame speed. 
As we can see from Fig. 8 (a), the maximum flame speed Vmax = 93.3 m/s and the maximum 
pressure Pmax = 1.247 bar is attained simultaneously at 8.1 ms. It is a little bit different from Fig. 8 
(a) in Fig. 8 (b) and (c) that there is a short time interval between the arrival time of Pmax and that of 
Vmax. For Φ=0.9, Pmax = 1.352 bar and Vmax = 133.3 m/s is respectively reached at 6.8 ms and 6.5 
ms; similarly for Φ = 1.0 Pmax = 1.379 bar is reached at 5.9 ms, a short delay, Vmax = 122.7 m/s is 
reached at 7.0 ms. 

 

 
Fig. 8. Pressure time history and flame speed as measured for Φ = 0.7, 0.9, 1.0, 1.25, 1.5, and 2.0 
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When the equivalence ratio is large, two flame speed spikes are found in the rising process of pressure. 
The relationship turns to the second way. As we can see from Fig. 8 (d), (e), and (f), during the early 
stage, the frequency of flame speed is much larger than that of pressure, since the different flame 
morphology evolution rules result from the different chemical reaction kinetics in lean and rich 
mixture. Even though the flame front surface area interaction with pressure wave still exists, the 
impact of pressure wave to the flame propagation is weak while the flame front sharply deformed. 
For Φ = 1.25 the first flame speed peak 138.7 m/s arrive at 3.0 ms at the same time the flame skirt 
begin to contact the wall and the second but also maximum 144.0 m/s at 6.0 ms meanwhile the 
pressure is reached the maximum value 1.402 bar. In this situation Φ = 1.5, the pressure peak locates 
between two speed peaks which seem that the speed curve in Fig. 8 (e) shifts to the right. Because of 
the great flame speed value, there is no enough time for the pressure wave to action. However the 
decreasing pressure after the film being ruptured still plays an important role that makes a sharp 
decline of the flame speed. One most outstanding phenomenon is that for Φ = 2.0 there is a long 
time interval between the arrival time of Vmax = 146.7 m/s at 13.0 ms and that of Pmax = 1.315 bar 
at 5.5 ms. A reasonable explanation is that as the flame front moves to the right end, the rebounding 
pressure plus the combustion of remaining hydrogen with the air outside make the flame speed 
soaring. 

Fig. 9 shows the trendy of maximum pressure along with symmetrized equivalence ratio Φs, which 
seems like the parabolic shape of dimensionless length along with Φs  in Fig. 5. Thence, it is 
reasonable to put forward that the stagnation position of flame and the maximum pressure versus 
equivalence ratio are approximately positively correlated. 

 

 
Fig. 9. Maximum pressure versus symmetrized equivalence ratio Φs 

4. Conclusion 

In this work, premixed hydrogen-air combustion in a high length to diameter ratio duct was studied 
experimentally, considering the role of equivalence ratio to the flame characteristics. Several main 
conclusions can be drawn as follows: 

1) The flame front on the axis of the tube undergoes a stagnation period in the later stage. And the 
parabolic shape of dimensionless length along with Φ  seems to be symmetrical. The dimensionless 
length arrive the maximum value of 0.8677 at Φs = 0.5408 where equivalence ratio equal to 1.78. 

2) The connection the between flame speed and pressure profiles can be roughly divided into two 
categories: Φ = 0.7, 0.8, 0.9, and 1.0 as mode I while Φ = 1.25, 1.5, and 2.0 as mode II. In mode I, 
the pressure and the flame speed are approximately considered to be the same frequency and phase. 
While in mode II, two flame speed spikes are found in the rising process of pressure. 
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