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ABSTRACT

Experiments are performed in hydrogen-oxygen mixtures at the cryogenic temperature of 77 K with the
equivalence ratio of 1.5 and 2.0. The optical fibers, pressure sensors and the smoked foils are used to
record the flame velocity, overpressure evolution curve and detonation cells, respectively. The 1* and
2" shock waves are captured and they finally merge to form a stronger precursor shock wave prior to
the onset of detonation. The cryogenic temperature will cause the larger expansion ratio which results
in the occurrence of strong flame acceleration. The stuttering mode, the galloping mode and the
deflagration mode are observed when the initial pressure decreases from 0.50 atm to 0.20 atm with the
equivalence ratio of 1.5, and the detonation limit is within 0.25-0.30 atm. The heat loss effect on the
detonation limit is analysed. In addition, the regularity of detonation cell is investigated, and the larger
post-shock specific heat ratio yy, and the lower normalized activation energy ¢; at lower initial pressure
will cause the more regular detonation cell. Also, the detonation cell width is predicted by a model of
A = A(x) - A;, and the prediction results are mainly consistent with the experimental results.

1.0 INTRODUCTION

Compared the gaseous hydrogen, the liquid hydrogen has obvious advantages in hydrogen
transportation and storage, as a result of the features of higher density and smaller volume. In recent
years, the liquid hydrogen has been applied in fields such as agriculture, healthcare, food, electronics
and aerospace. However, with the gradual popularization of liquid nitrogen in all aspects of daily
life, there are many safety risks in the hydrogen storage, transportation and utilization. The incident
release of liquid hydrogen will result in the formation of hydrogen-air flammable mixture with the
cryogenic temperature, which could further lead to the fire or explosion after ignited by the
electrostatic spark, fire or high temperature.

So far, however, limited studies have been performed on flame acceleration (FA) and the deflagration
to detonation transition (DDT) of hydrogen mixture at cryogenic temperature. Kuznetsov et al. [1]
had been investigated the hydrogen-air detonation at cryogenic temperature and found the larger
expansion ratio (¢) could shorten the run-up distance to detonation at cryogenic temperature
compared with room temperature. Subsequently, our previous study [2] also investigated the strong
flame acceleration and detonation limit of hydrogen-oxygen mixture at cryogenic temperature and
different initial pressures (Pp). The 1% and 2™ shock waves had been captured and the strong FA
caused by larger expansion ratio at cryogenic temperature leads to the formation of supersonic flame
and detonation. The galloping mode and fast flame mode had been observed at 0.6-1.0 atm and 0.4
atm, respectively. However, the experimental data at cryogenic temperature are still limited.
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The appearance of detonation limit will lead to some specific phenomenon such as the detonation
velocity deficit in stable mixture and the unstable detonation modes in unstable mixture. Manson and
Guénoche [3] found that the larger heat and moment losses caused by the boundary layer is
responsible for the detonation failure in stable mixture, while, in unstable mixture, the appearance of
detonation limit is caused by the elimination of transverse waves. Kogarko and Zeldovich [4] firstly
proposed that the onset of the single head spin mode can be considered as the minimum criterion for
the formation of detonation. They found that when the single head spin mode appears, there is a
relationship of d,;, = 1/m between the minimum tube diameter (d,,;,,) and the detonation cell size
(A). In the relatively large tube (4 < d), the limit of the minimum tube diameter will not exist and
the critical condition for the formation of detonation is mainly associated with the occurrence of
strong FA regime and the enough run-up distance to supersonic state [5, 6]. At cryogenic temperature
condition, as a result of larger temperature difference between the cold wall and the hot flame, the
heat loss effect will be enhanced. However, the heat loss effect on the detonation limit at cryogenic
temperature has not yet been elucidated.

For the aim of investigating and exploring the strong FA and detonation limit at cryogenic
temperature condition, the flame speed and overpressure in hydrogen- -oxygen mixture with the
equivalence ratio of 1.5, and 2.0 are analysed in present study. And, the 1 and 2™ shock waves, the
unstable detonation rnode the heat loss effect on detonation limit and the detonation cell regularlty
are analysed.

2.0 EXPERIMENTAL METHODS

The schematic diagram of the experimental apparatus is showed in Fig. 1. And, Fig. 2 shows the
layout of the optical fibers (OF) and PCB pressure sensors (PS). The time-of-arrival of flame
propagating at different positions is recorded by the optical fibers and the overpressure evolution
traces are captured by two PCB pressure sensors. In order to analyse the regularity of detonation
cells, the detonation cells are recorded with the smoked foils placed at the end of tube. The hydrogen
and oxygen will be premixed in a premixed gas cylinder with the partial pressure method. The closed
tube filled with the premixed gas will be immersed in the liquid nitrogen for around 6 minutes before
ignition. Since the cryogenic temperature of 77 K is less than the critical temperature of oxygen, it
should be noted that the problem of oxygen liquefaction at a certain equivalence ratio and initial
pressure when designing the experimental cases. In present study, the experiments were performed
at different initial pressures and around 77 K with the equivalence ratio of 1.5, and 2.0. For more
detailed information about experimental set up and measurements techniques, readers should refer to
our recent publication [2].
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Figure 1. Schematic diagram of the experimental apparatus.
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Figure 2. Schematic diagram of the optical fibers (OF) and the PCB pressure sensors (PS) distribution.
3.0 RESULTS AND DISCUSSION

3.1 Shock wave and flame

Kellenberger and Ciccarelli [7] found that there are two discrete shock waves propagating ahead the
flame and these two shock waves finally merge with each other to propagate forward. Subsequently,
Cheng et al. [8, 9] also observed the two discrete shock waves and they defined them as the 1* and
2" shock waves, respectively. The experimental results showed that when propagating forward to a
certain distance, the 1*' and 2™ shock waves will form a stronger precursor shock wave. They
illustrated that the formation of the 1* shock wave is mainly associated with a set of weak
compression waves during flame expansion stage, while the disturbance of flame tip at flame
acceleration stage results in the formation of the 2™ shock wave.
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Figure 3. The signals of the overpressure and optical fibers at different Py and 77 K with the
equivalence ratio of 1.5.

In present study, the 1% and 2™ shock waves also were captured at cryogenic temperature condition.
Fig. 3 shows the signals of the overpressure and optical fibers at 77 K and different Py with the
equivalence ratio of 1.5. In Fig. 3(a), there is a small “step” appearing in the overpressure evolution
curve measured by the pressure sensor (PS1) installed at the middle position of tube. The formation
of the “step” is associated with the time delay between the 1% shock wave and the 2™ shock wave
arriving at the middle position of tube. And, in the curve of overpressure evolution measured by the
pressure sensor (PS2) installed at the end position of tube, the “step” disappears which illustrates that
these two discrete shock waves have merged with each other to form a stronger precursor shock
wave. Similarly, in Fig. 3(b), the overpressure evolution curve measured by PS1 illustrates that the
2" shock wave has caught up with the 1 shock wave to form a stronger precursor shock wave before
propagating at the middle position of tube. In Fig. 3(b), the time-of-arrival of flame propagating at
different positions is recorded by the optical fibers. From Fig. 2, the 9" optical fiber (OF9) is installed
at the same position with PS1 and the 17" optical fiber (OF17) is installed at the location which is 5
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cm away from PS2. It can be found from Fig. 3(b) that at the same time, the flame and the precursor
shock wave all propagate at the middle position of tube which means the flame are coupled with the
precursor shock wave at this position and the detonation has formed. At Fig. 3(b), the precursor shock
wave arrives at the position of PS2 after the flame propagates at the position of OF17 and this
phenomenon is not consistent with that at Fig. 3(a). These two different phenomenon indicate the
coupled and decoupled states between the flame and the precursor shock wave, which show the
detonation and deflagration modes, respectively.

Fig. 4 shows the positions of shock waves and flame at corresponding time instants with different P
and 77 K with the equivalence ratio of 1.5. From Fig. 4(a), at 0.25 atm, the 1* shock wave is
decoupled with the 2™ shock wave at the position of PS1, and with flame propagates forward, the 2™
shock wave finally catches up with the 1* shock wave at the position of PS2 to form a stronger
precursor shock wave. However, at this moment, there is some distance between the flame and the
formed precursor shock wave which indicates the detonation has not formed. From Fig. 4(b), at 0.3
atm, the flame and the precursor shock wave have been in coupled state at the position of PS2 finally
which indicates the detonation forms. Based on the comparison between Fig. 4(a) and Fig. 4(b), the
1 and 2™ shock waves propagating ahead of flame firstly need to merge to form a stronger precursor
shock wave before the detonation forms, and after the precursor shock wave forms, the flame then
needs to catch up with the formed precursor shock wave to form the detonation. When the precursor
shock wave is coupled with the flame, this means the detonation forms. With the further increase in
the initial pressure to 0.5 atm, from Fig. 4(c), the 1* and 2™ shock waves have merged in the position
of PS1, and the formed precursor shock wave is in coupled state with the flame which indicates the
formation of detonation. Based on these experimental results, the detonation limit is within the initial
pressure range of 0.25-0.30 atm.
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Figure 4. The positions of shock waves and flame versus corresponding time instants at different Py
and 77 K with the equivalence ratio of 1.5.

3.2 Strong flame acceleration (FA)

The flame velocity versus position at 77 K and different P, with the equivalence ratio of 1.5 is
showed in Fig. 5. From Fig. 5, at 0.20-0.50 atm, all flames firstly accelerate to supersonic state in a
relatively shorter distance. In the flame acceleration stage, the expansion ratio describing the
expansion of the hot combustion products and the maximum temperature gradient controlling the
thermal diffusion from the hot combustion products to cold unburned reactants are two factors that
will promote the flame to accelerate. In present study, at the same initial pressure of 0.50 atm, the
decrease in initial temperature from 300 K to 77 K results in 3.5 times larger expansion ratio. And,
the cryogenic temperature also increases the maximum temperature gradient compared with the room
temperature. Thus, the increasing expansion ratio and the increasing maximum temperature gradient
all promote the flame to accelerate fast at cryogenic temperature.
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Figure 5. The flame velocity versus position at different Py and 77 K with equivalence ratio of 1.5.

In addition, Kuznetsov et al. [1] illustrated that, for the hydrogen-air mixtures, with the same flow
velocity, the two times lower sound speed and the larger adiabatic coefficient results in 2-3 times
higher dynamic pressure at 100K compared with the ambient temperature. All these factors will
promote the faster FA and DDT at cryogenic temperature. In present study, with the equivalence
ratio of 1.5 for hydrogen-oxygen mixture, the cryogenic temperature of around 77 K leads to the 2
times lower sound speed than 300 K. And, the 2 times lower sound speed will cause the 2 times
higher Mach number at 77 K than 300 K with the same flow velocity. Together with the larger
adiabatic coefficient, the dynamic pressure at 77 K is almost 4 times higher than that at 300 K.

Dorofeev et al. [10] found that there are two different acceleration regimes for different mixtures:
one is the strong FA which results in the supersonic flame, and the other is the weak FA which leads
to the slow velocity flame. And, they found that the expansion ratio is the main factor that induces
these two different flame acceleration regimes. In order to define the critical condition between the
strong FA and the weak FA, Dorofeev et al. [11] proposed a model to evaluate the flame acceleration
potentiality of mixture via analyzing the re-ignition/quenching of the largest mixed pockets. And the
model is shown in Eq. (1).

0.2/32([;/2_1)1161—,8/2 _
6Le:ffrn+1li

1, (1)

where, Le.rr and n arg the effective Lewis number [12] and the overall reaction order [13],
respectively. I, 1 = [ 0 S "e~$d¢ is the Gamma function and p is a constant of 20.

As a result of the effect of flame instabilities (e.g. the D-L, T-D and R-T instabilities) on flame front,
the initial laminar flame gradually becomes the turbulent flame. And, in the initial stage of the
interaction between the turbulent flow and the flame, the increase in flame surface area and
turbulence intensity will produce positive feedback for FA. However, at a certain stage, there are
many mixed pockets formed in the flow ahead of flame, as a result of the mixing of the burned
products and the unburned mixtures. The model of Eq. (1) can be used to estimate whether the
positive feedback for FA can be maintained or not. If the left side of Eq. (1) is larger than 1, the
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largest mixed reactants/products pockets has not influence on the energy release rate and the positive
feedback for FA will be maintained. If the left side of Eq. (1) is lower than 1, this indicates that the
positive feedback for FA will be destroyed due to the quenching effect of mixed pockets will suppress
the energy release rate.

Table 1. The calculation results at different initial pressures with Eq. (1) at equivalence ratio of 1.5.

Py (atm) 77K
0.20 13.546
0.25 14.552
0.30 15.559
0.50 19.865

The calculated results of left side of Eq. (1) at different initial pressures and 77 K with the equivalence
ratio of 1.5 is shown in Table 1. From Table 1, the calculated results at 0.20-0.50 atm are all larger
than 1 which means the re-ignition effect of mixed pockets will not influence the energy release rate
and the positive feedback for FA will be maintained. Thus, the strong FA regime will be formed in
these mixtures, which is consistent with the experimental results as showed in Fig. 5.

3.3 Flame regimes and detonation limit

From Fig. 5, at 0.25-0.50 atm, all flames firstly accelerate to around half of the C-J detonation
velocity (0.5V,;) or the sound speed in products before the deflagration to detonation transition
occurs. At 0.20 and 0.25 atm, after accelerating rapidly to V;, flames then decay to fluctuate around
0.5V, due to the energy release could not maintain the propagation of detonation, and finally the re-
ignition of detonation has not occurred. This mode is considered as the deflagration mode. With the
increase in the initial pressure to 0.30 atm, the periodic velocity fluctuation between V; and 0.5V,
which means the periodic re-ignition and failure of detonation, is observed. This mode is considered
as the galloping mode which has been observed in many studies [14-16]. With the further increase
in initial pressure to 0.50 atm, after DDT occurs, the flame velocity mainly distributes around V;
and this mode is defined as the stuttering mode. In summary, the deflagration, the galloping mode
and the stuttering mode are captured with the initial pressure increases from 0.20 atm to 0.5 atm in
present study. Thus, the detonation limit is within 0.25-0.3 atm. In addition, based on above
descriptions, there is a critical state in which flame propagates at the speed of 0.5V, ; during the onset
or failure stage of detonation. The critical state is regarded as the C-J deflagration which is made up
of the turbulent reaction zone and a leading shock wave and propagates forward with the speed of
0.5V, [17-19].

The galloping mode, an unstable near limit detonation mode, is generally observed in unstable
mixture near the limit condition [16]. For the aim of defining the boundary between the unstable
mixture and the stable mixture, Radulescu [17, 20] proposed a stability parameter y; which controls
the detonation cell structure. The detonation cell structure is irregular in unstable mixture, while in
stable mixture, the detonation cell becomes regular. And, the boundary between the regular
detonation cell structure and the irregular detonation cell structure is found be y; = 10, and when
X1 > 10, the detonation cell structure shows an irregular shape. Thus, when the stability parameter
X1 1s higher than 10, the mixture is the unstable mixture. The stability parameter is defined as Eq.

).

ti Eq

X1 = ZRTS, (2)

where, t; and t, are the induction time and the reaction time, respectively. E, /RTg is the normalized
activation energy behind detonation shock wave. And more details about the parameters in Eq. (2)
can be found in [2, 17, 20].

The calculated results at different initial pressures and 77 K with the equivalence ratio of 1.5 are
shown in Table 2. From Table 2, the stability parameters at 0.20-0.50 atm are all higher than 10
which means the mixture of hydrogen-oxygen with the equivalence ratio of 1.5 is unstable mixture.
As a result of unstable mixture, in present study, the galloping mode is observed near the limit
condition.



Table 2. The calculated results of y; parameter at 77 K with the equivalence ratio of 1.5.

Py (atm) ti/te Eq4/RT X1
0.20 9.521 7.954 75.728
0.25 8.684 7.434 64.559
0.30 8.986 8.154 73.270
0.50 9.457 9.887 93.498

3.4 Heat loss effect

The heat loss effect on flame propagation will be enhanced at the cryogenic temperature condition.
The heat loss to tube wall has been investigated in many studies [21-23]. The detonation limit theory
considering the heat and moment loss to tube wall shows the lower tube diameter will increase the
specific surface area which increases the heat loss to tube wall and the larger detonation velocity
deficits [21]. Daou and Matalon [22] found that there are two modes, including partial extinction in
wider channels and total extinction in narrow channels. The balance between the heat release rate
and the heat loss rate controls the detonation limit [23].

Rubtsov [24, 25] proposed a model considering the heat loss and the chemical loss to analyze the
energy loss effect on the detonation limit. In present study, for the aim of analyzing the heat loss
effect on detonation limit, the chemical loss in the model is assumed to be zero. Based on this model,
the critical heat loss (H,,ss) controlling the appearance of detonation limit is calculated and the
detonation is possible only below the critical heat loss. And, the model is displayed as Eq. (3)-Eq.

(6).

D _ 0- CpRTZHy,sseEa/RTs
2(k2-1) QEq ’

k/(k—1)=C,/R,
1= 2E,Cy,/R[1— (k—1)*/(k + 1)2],
Ts = D?[1— (k — 1)?/(k + 1)?]/C,,

where, D is the detonation wave velocity with the specific heat loss, and when the detonation limit
appears, D? = chj - 2VC4']- /u. And, V;;, R, C,, E, and Q are the detonation wave velocity without
heat loss, the universal gas constant, the heat capacities at constant pressure, the activation energy,
and the chemical reaction heat release, respectively. And, H;, 4 is the heat loss when the detonation
limit appears. The critical ratio of heat loss to heat release is H, = H;y55/Q.

For the aim of analysing the heat loss effect on the detonation limit, the actual ratio of heat loss to
heat release (H) needs to be estimated. For the micro-scale combustion in a cylindrical channel, the
convective heat loss normalized by the chemical heat release could be calculated with the Eq. (7)
[26].

Heat loss to the wall _ 46f N

" Total chemical heat release  d?2 u
N, = hL/2,,

where, Ny, L and A4 are the Nusselt number, characteristic length and the thermal conduction
coefficient, respectively. And, h is the heat transfer coefficient which can be calculated with Eq. (9)
[27].

h = 0.0055 x 22 x R,%4* x B,%%,
where, R, and P, are the Reynolds number and the Prandtl Number, respectively.
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The relationship between the theoretical critical ratio of heat loss to heat release (H.) and the actual
ratio of heat loss to heat release (H) at different Py and 77 K with the equivalence ratio of 1.5 is
shown in Fig. 6. Only when H is lower than the critical value H,, the heat loss effect can not cause
the failure of detonation. From Fig. 6, the critical value H, is two orders of magnitude larger than H
which means the detonation is possible and the heat loss effect on the detonation is weak. The
experimental results show that the stuttering the galloping detonation modes are observed at 0.50 atm
and 0.30 atm, respectively. The deflagration mode is captured at 0.20 and 0.25 atm, and it is the lower
heat release causing by lower initial pressure instead of the heat loss effect that causes the failure of
detonation. Thus, the experimental results are consistent with the prediction results of above model.
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Figure 6. The ratio of heat loss to heat release as function of initial pressure at 77 K with equivalence
ratio of 1.5.

3.5 Detonation cell regularity
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Figure 7. The statistics results of the cell width 4, the cell length [ and the ratio of cell width to cell
length A/1 at different initial pressures and 77 K with the equivalence ratio of 2.0.

Detonation cells are formed with the triple-shock collisions in which the interactions of transverse
waves play an important role, especially for the unstable mixture. As a result of transverse wave
interactions, the characteristic scales of detonation cells (e.g. the cell length [ and the cell width 1)
also describe the propagation behaviours of transverse waves in return. The cell length [ shows the
frequency of transverse waves interactions, and the density of transverse waves can be measured with
the cell width A [28]. For the aim of investigating the regularity of detonation cells, in present study,
the detonation cells of hydrogen-oxygen with the equivalence ratio of 2.0 were measured. For each
of experiment cases, more than 50 detonation cells are measured by reading the pixels method for
the statistics of characteristic scales of detonation cells. The statistics results of the cell width
normalized by the induction length 1/A;, the cell length normalized by the induction length [ /A; and
the ratio of cell width to cell length A/1 at different initial pressures and 77 K with the equivalence
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ratio of 2.0 are showed in Fig. 7. From Fig. 7, the ratio of cell width to cell length basically maintains
constant at different initial pressures.

Generally, there is a certain link between the detonation cell width and the induction length (4;), such
as 1 = AA;, and A is a specific coefficient. For the aim of predicting the detonation cell size, Ng et
al. [29] proposed a model to describe the variation of the coefficient A via considering the detonation

instability effect, and the accuracy of this model has been verified by many studies [29-31]. The
model is showed with Eq. (10).

A=A0) A= [Ag + (an/x2" + a1 /xz + bixa + - byx2")] - Ay, (10)
where, A; is the induction length, and the other coefficients a; and bj, are shown in Table 3.

Table 3. The coefficients a; and b, in model of Eq. (11) proposed by Ng et al. with N = 3 [29].
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Figure 8. The one-dimensional ZND detonation profiles at 0.6-0.8 atm with the equivalence ratio of
2.0.

In this model, the stability parameter y, is defined as Eq. (11).

A Eq Omax Ea

X2 = K rr, S ul; RTS D
where, A, is the reaction zone length which is defined by the inverse of the maximum thermicity
(1/6max) multiplied by the particle velocity u,. ;- And, the one-dimensional ZND detonation profiles

at 0.6-0.8 atm with the equivalence ratio of 2.0 1s showed in Fig. 8. From Fig. 8, the induction length

is defined as the distance between the shock wave and the maximum thermicity, and the increase in
initial pressure could result in the increase in the post-shock temperature (T5) which causes the shorter
induction length and the lower maximum thermicity G, q-
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And, the experimental and predicted results of detonation cell width at different initial pressures and
77 K with the equivalence ratio of 2.0 are showed in Fig. 9. From Fig. 9, the prediction results of
detonation cell width are basically consistent with the experimental results. With the increase in
initial pressure, the detonation cell width decreases which means the stronger detonation ability at
larger initial pressure.
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Figure 9. The experimental and predicted results of detonation cell width at different initial pressures
and 77 K with the equivalence ratio of 2.0
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Figure 10. The measured smoked foils (a) and the parameter a; /u;, (b) at different initial pressures
and 77 K with the equivalence ratio of 2.0.

For the aim of analysing the regularity of detonation cell structure, Meagher et al. [28] found the
post-shock specific heat ratio y, and the normalized activation energy ¢;, which represents the
gasdynamic effect and the chemistry effect, respectively, play an important role in the detonation cell
regularity. They proposed a parameter oy, /u;, to evaluate the regularity of detonation cells, and the
parameters g;, and y; are the standard deviation and the mean value of the normalized cell length
/A, respectively. The measured smoked foils (a) and the parameter g /u;, (b) at different initial
pressures and 77 K with the equivalence ratio of 2.0 are showed in Fig. 10.

From Fig. 10(a), the increase in initial pressure will results in the more irregular detonation cell,
which can be well predicted with the parameter g; /u; in Fig. 10(b). When the parameter o /p; is
lower, this means the more regular detonation cell. The decrease in yyy will lead to the occurrence
of the Mach stem bifurcations which causes the irregular detonation cell structure [28]. And, the
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increasing &; will cause the greater variation of the transverse wave strength and transition from cell-
driven to transverse-detonation-driven burning which results in the more irregular detonation cell
[28]. From Fig. 10(b), the lower initial pressure causes the larger yyy and the lower &; which all lead
to the regular detonation cell structure.

4.0 CONCLUSIONS

In present study, the strong flame acceleration, detonation limit, the heat loss effect on detonation
limit and the regularity of detonation cell are analysed and the main conclusions are as follows:

(1) The 1% and 2™ shock waves are captured and they finally merge to form a stronger precursor
shock wave prior to the onset of detonation.

(2) The strong flame accelerations caused by sufficiently larger expansion ratio are observed at
considered cases.

(3) The stuttering mode, the galloping mode and the deflagration mode are observed when the initial
pressure decreases from 0.50 atm to 0.20 atm with the equivalence ratio of 1.5. And, the detonation

limit is within the initial pressure range of 0.25 atm to 0.30 atm.

(4) The heat loss effect on detonation limit is analysed.

(5) The decreases in initial pressure will cause the larger yyy and the lower &; which all lead to the
regular detonation cell structure.
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