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1 Introduction

The detonation limit problem is a classical topic of fundamental detonation research relevant to indus-
trial safety and engine propulsion applications, such as the design of flame arrestors for suppressing
explosions in pipelines and of pre-detonators for detonation engines. It generally refers to the minimum
tube size (d.) required for detonations to propagate successfully at specific pressures or the minimum
pressure (p.) for the specific tube dimension, below which detonations would fail. Thus, these critical
conditions define the detonation limits [1-4]. While extensive experiments have been conducted by nu-
merous researchers for measuring the limits of gaseous detonations in tubes of different sizes for various
mixtures, the inherent stochastic nature of the limiting phenomenon, the considerable measurement un-
certainty of near-limit detonations, and moreover the notable detonation cellular instability have posed
remarkable challenges for the community to achieve a unified description of the limits, irrespective of
mixtures and tube sizes. Even the proposed rule of d. ~ A/3 can break down for different tube di-
mensions [1,4], where A is the detonation cell size, whose measurement could significantly introduce
additional uncertainty. Also, these works shed little light on the role of instability in quantitatively
impacting the detonation limits.

Recently, Xiao and collaborators [5, 6] employed the well-established instability parameter of y =
(Eyo/RTs)(Tig/ Tre) to quantify the effects of cellular instability on detonation dynamics, where E, / RT
represents the von Neumann(vN) state reduced effective activation energy (also written as § = E,/RTy)
and 7;4 /7. characterizes the system’s sensitivity to temperature fluctuations through the ratio of charac-
teristic induction time to exothermic reaction time. By adopting the characteristic length of the effective
induction zone length A; ;.55 (calculated by considering the detonation velocity deficits) to normalize
the geometry dimensions, they successfully obtained the universal dynamics of detonations in 23 dif-
ferent gaseous mixtures, covering the instability range from 1 to 2000 [6]. Of noteworthy is that such
an attempt did not focus on limiting behaviors, due to the large spread of velocity deficits typically
measured for near-limit detonations from experiments, which lead to substantially different induction
lengths of A; jos5. As a result, the scaled limits can vary up to several orders of magnitude [6]. There-
fore, as a follow-up study, the present work aims to unify the propagation limits of gaseous detonations
in tubes by analyzing the large pool of the already published experiments data. Particularly, the link of
scaled limits with respect to detonation instability would be established for the first time for gaseous
detonations in tubes.

2 The Generalized ZND Model Predicted Hydrogen Detonation Limits

The recent works of Xiao and collaborators [5,8] have demonstrated the good performance of the gener-
alized Zeldovich-von Neumann-Doring (ZND) model in predicting the hydrogen detonation dynamics.
Before analyzing the large pool of the experimentally obtained detonation limit data obtained by differ-
ent researchers, we adopted this well-performed steady model for theoretically calculating the critical
detonation propagation limits in terms of the critical tube size with respect to initial pressures. In the
shock-attached frame of reference, the extended ZND model with wall losses can be expressed as [2,9]
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where o, is the thermodynamicity of ideal gases, and ¢ 4 represents the source term representative of
wall losses, which can generally be interpreted by the boundary layer-induced flow divergence. Accord-
ing to Fay’s boundary-layer mechanism [7], such boundary-layer-induced flow divergence of detona-
tions in tubes can be modeled as

dIn (Atot) 2 déo* (IU/)

= 2
da’ r+0*(z') da’ 22)

where 7 is the tube radius, and §* () the boundary layer displacement thickness, which can be evaluated

by [5,10]
f () — N
§ (m)—KM\/VS/O u(x/)dx (2b)

where v is the post-shock kinetic viscosity, and u(z’) is the post-shock particle velocity in the shock-
attached frame of reference. Kjs is the Mirels’ constant, which turns out to be approximately 4.5 for
hydrogen-oxygen-argon detonations [8]. By following the ZND computation framework of Xiao &
Radulescu [8], we could then evaluate the minimum tube size for detonation propagation at specific
initial pressures.

Figure 1 shows the theoretically calculated relationship between the minimum tube radius and the critical
initial pressures for the hydrogen-oxygen-argon detonations, made by solving the generalized ZND
model with the detailed San Diego reaction mechanism (The effect of reaction mechanisms on the
evaluation of the scaled limits will be clarified in detail during the presentation in the conference). It
is evident that the minimum tube radius decreases with the increasing initial pressure, which means
that higher initial pressures with a higher kinetic sensitivity enable detonations to propagate in much
smaller tubes. Also, the addition of argon decreases the mixture sensitivity and thus requires a larger
minimum tube size for detonations propagating at the same initial pressure. Moreover, the relation
between the minimum tube radius and the critical initial pressure follows the power-law relationship,
as can be readily inferred from the linear curves in the log-scale framework in Fig. 1(a). Such finding
is consistent with the experimental results of Gao et al. [4] that the experimentally measured minimum
tube diameter with respect to initial pressures is also of the power-law relationship. Furthermore, we
normalized the critical tube size using the ideal Chapman-Jouguet (CJ) detonation induction zone length
(Aj ), as shown in Fig. 1(b). Clearly, in spite of the argon dilution and initial pressures, the scaled
detonation limits tend to collapse well around r/A; ¢y = 4, particularly for those above the critical
initial pressure of 10 kPa.
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Figure 1: ZND model calculated hydrogen-oxygen-argon detonation limits: (a) the minimum tube radius
with respect to the critical initial pressure and (b) the critical tube radius scaled by the ideal CJ detonation
induction zone length A; ¢

3 Scaled Detonation Limits from Experiments

As the theoretical results and the experiments of Gao et al. [4] have demonstrated that the minimum tube
size with respect to the critical initial pressure followed a power-law relationship, we thus took the same
approach, using the same type of relationship, from the large pool of the already published detonation
limits data, which were experimentally measured by a large number of researchers [4,11-31]. Figures 2
and 3 show the experimentally measured minimum tube radius with respect to critical initial pressures
for 8 different mixtures, and the corresponding fitted relationships using the least-squares method. It is
clear that the experimentally measured minimum tube sizes, obtained by different researchers, are scat-
tered around the fitted relationships. Particularly for the stoichiometric hydrogen-oxygen (2H3 + O2) in
Fig. 2(a), methane-oxygen (C' Hy4 + 20-) in Fig. 3(b), and propane-oxygen (C3Hg + 50-) in Fig. 3(c),
such scatter is substantial, which shows the large uncertainties in experimentally determining the deto-
nation propagation limits. Causes of these discrepancies can be partly due to the inherently stochastic
nature of the complicated limiting phenomenon. As recently shown by Xiao et al. [8], whether deto-
nations near the limit can go or no-go depends on probability, thus leading to different limits measured
in experiments. Moreover, the experimental detection techniques of propagation limits, employed by
different techniques, could also impact the results. Notably, detonation limits do not have a clear defini-
tion, but is arbitrary (e.g., the stability of the detonation velocity, the onset of spinning detonation, etc.),
different definitions can also have an impact.

Finally, we scaled the experimentally measured detonation limits with respect to the detonation insta-
bility (x) by the ideal CJ detonation induction zone length A; ¢ 7, as shown in Fig. 4. Note that we
resorted to such characteristic length scale for normalization instead of the detonation cell size A, due to
its considerable measurement uncertainty involved in experimentally determining this size (particularly
for irregular detonations), which could add to the difficulty in unifying the propagation limits. While for
the induction zone length A; ;,s, whose evaluation requires measuring the velocity deficit, of which the
measurement in experiments could vary significantly for the limiting detonations, it is thus also subject
to substantial uncertainty. Also of noteworthy is that for other mixtures except those shown in Figs. 2
and 3, the experimental data are quite limited for fitting. As such, we both incorporated the fitted results
for the 8 mixtures (as shown in Figs. 2 and 3) and also the discrete data for the rest mixtures (as listed
in the left-bottom legend in Fig. 4). From the scaled results in Fig. 4, it can be clearly seen that the
detonation limits have almost no dependency on the detonation instability , with those of the most
mixtures remaining in the range between r/A; ¢y = 5 and r/A; ¢y = 10. The obvious exception is
the methane-oxygen mixtures, whose instability is in the order of 1000, with their limits substantially
smaller than the other less unstable mixtures. Such a significant difference also enables us to conclude
that methane-oxygen detonations have a potentially very distinct physical mechanism at play for their
failure events.
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Figure 2: Relationship between the minimum tube radius and the critical initial pressure for four differ-
ent mixtures, fitted from the experimental works [4, 11-22].
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Figure 3: Fitted relationship between the minimum tube radius and the critical initial pressure for four
different mixtures, with the experimental data adapted from Refs. [4,12, 14,16, 18-20,22-29].

4 Conclusion

The present work adopted the generalized ZND model for theoretically calculating the critical detona-
tion propagation limits of hydrogen-oxygen-argon mixtures. It is found that the relation between the
minimum tube radius and the critical initial pressures follows a power-law relationship. Meanwhile,
the scaled detonation limits (with the critical tube radius normalized using the ideal CJ detonation in-
duction zone length) tend to collapse around r/ A; cg = 4. Moreover, we adopted the least-squares

30" ICDERS - July 27-August 1, 2025 — Ottawa, CANADA

4



Zhang, X. R. Scaling analysis of gaseous detonation limits

50 | I I I UL 1 I I LU I I 1 I LI LI I 1 I ]
L q ¥ 2Hy+0,
= rlA ey =10 W CyHy+5NL0 |
B o W CoHY2.505+70% Ar
0 b P O ¥ e | X CHyr2505+85% Ar
= - O x 0 x K cHyr0p 3
F _oYow | Wa oo 8 % ____ IX om0, 3
- | /ﬂ o : C3Hg+50, -
8 - rl Ai,CJ =5 ’ i C3H8+1002 -
S -0 Kitano et al. (aHy+0)) % Gao et al. 2Hp+07) 2d] -
~ ¥ Sadahira et al. (2Hp+0O2+bAr) & Jackson et al. (2Hp+02+2Ar) ¥
1 FO Gao ef al. (2Hp+07+3Ar) < Zhang et al. (2Hy+07+3Ar) =
E Sadahira et al. (2Hp+O3+cHe) A Wang et al. (CH4+dO3) » E
~<] Zhang et al. (CH4+eO)) P Cao et al. (CH4+407) -
" [> Cao et al. (C3Hg+2.507) Haloua ez al. (C3Hg+507+fAr) b ]
O Haloua et al. (C3Hg+507+gHe) i
0'1 1 1 1 L1 1 1.1 | 1 1 1 11 1 11 I 1 1 1 11 1 11 I 1 1
1 10 100 1000 4000
X

Figure 4: The ideal CJ detonation induction zone length A; ¢ ; scaled detonation limits with respect to
the detonation instability. Note that the results are either directly adapted from the Refs. [11, 13,15, 16,
23-25,28-31] (as listed in the left-bottom legend) or evaluated from the fitted relationships in Figs. 2
and 3 (with the mixtures documented in the top-right legend).

method for fitting the characteristic relation from a large number of already published detonation limit
data for 8 different mixtures. The results showed that the experimental data were scattered around the
fitted relationships. Finally, we scaled the experimentally measured detonation limits (including the
fitted results for these 8 different mixtures and also the discrete data for the rest mixtures) by the ideal
CJ detonation induction zone length A; ;. We found that the scaled detonation limits remain in the
range between r/A; ¢y = 5 and r/A; ¢; = 10, with respect to the detonation instability (x) except for
the methane-oxygen mixtures, due to the potentially very distinct physical mechanism at play for their
failure events.
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