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Introduction

Under certain conditions, after accidental ignition of a reactive cloud, the initial flame may accelerate and transit to detonation, the so-called, deflagrationto-detonation-transition (DDT) phenomenon. Detonation is a supersonic combustion propagation regime that is much stronger and more destructive than a flame. Although in most cases DDT occurs due to flame/shock/obstacles interactions, it can also occur in unobstructed spaces, such as gas compartments and hoses in fuel cells, battery packs, electrolyzers, among others. The DDT run-up distance, xDDT, is the distance between the ignition of the flame and the onset of detonation. The determination of xDDT is not only important for safety but also for the optimal design of pulse detonation engines (PDE) [1].

One way to estimate xDDT is using experimental data together with phenomenological models. For the latter, those proposed by Silvestrini et al. [2] and Dorofeev et al. [START_REF] Dorofeev | Hydrogen flames in tubes: critical run-1 up distances[END_REF] are the most widely used for predicting xDDT in unobstructed channels. In [2] an expression for xDDT/Dh is proposed, where Dh is the hydraulic diameter of the tube/channel; hereinafter, the word channel(s) will be used to refer to either. The model assumes that the flame: (i) is ig- where sL is the laminar flame speed, σ is the expansion ratio, Dref is a reference diameter, and A, B, and n are constants.

To estimate the constants, six VF(x) experimental data for hydrogen (H2), propane (C3H8), and ethylene (C2H4) in air [4,5] were used. These tests were performed in 150, 250, and 1400 mm diameter channels. Only one VF(x) profile per mixture was considered during curve fitting. The criterion to predict xDDT/Dh is that VF must achieve a critical value suitable to trigger the DDT, that is, half of the Chapman-Jouguet detonation velocity, VF = VCJ/2. Silvestrini's model is thus

xDDT Dh = 1 B(σ -1) Dref Dh n ln F VCJ σsL , (1) 
where B = 0.0061, n = 0.4, Dref = 0.15 m, and F = 0.5/A = 0.077. Since the constants were not determined directly using xDDT data but with VF = f (x) profiles, the model prediction is limited by the VF = VCJ/2 assumption.

On the other hand, the model proposed in [START_REF] Dorofeev | Hydrogen flames in tubes: critical run-1 up distances[END_REF] 

xDDT Dh = Γ C 1 κ ln Γ Dh d + K , (2) 
where The database and scripts will be made publicly available as a github repository. 2 lists the fitting results. 2) 

Γ = cb ζ(σ -1) 2 sL δf Dh

Mixtures and initial conditions

Number of data points and distribution

C 2 H 2 C/O C/C - 0.27 -5.8 - N 2 - 15 - 2.9 - 1 -5 - Cir. - 18 - [22] C 2 H 4 C/O C/C 0.
C 2 H 6 C/O C/C 1.0 - N 2 - 26 -50 - 2 -11 - 1 - Cir. - 9 - [18, 30] - C 3 H 8 C/O C/C 0.5 -1.7 1.0 N 2 N 2 25 

xDDT trends

C = 0.2 κ = 0.4 K = 5.5 ζ = 2.1 ξ = 1/3 m ′ = -0.18 C ′ = 0.26 κ ′ = 0.13 K ′ = -1.75 ζ ′ = 0.046 ξ ′ = 1.32 m ′ = 1.46 NLM eq. ( 3 

  nited at the closed end and propagates towards the open end; (ii) its speed, VF, increases exponentially with the relative axial position of the channel, x/Dh, i.e., VF = AσsL exp [B(σ -1)(x/Dh)(Dh/Dref) n ],
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 3 and δf = α/sL is the laminar flame thickness with 61 α denoting the mixture thermal diffusivity; ζ and m 62 are additional constants. To estimate the constants, 63 VF(x) data from [6-10] were used. A total of nine 64 tests, eight for H2-O2/air mixtures and only one for 65 hydrocarbons (HC). Four of these were performed 66 using channels with blockage ratio ≈ 0.1, which is 67 known to modify the DDT behavior compared with 68 unobstructed channels. The Dh range considered was 69 Dh ∈ [15, 520] mm resulting in C = 0.2, κ = 70 0.4, K = 5.5, ζ = 2.1, ξ = 1/3 and m = -0.18. 71 It is evident that the models performance hinges on 72 the appropriate determination of the constants. The 73 limited data used in [2] and [3] did not consider a wide 74 range of fuels, diluents, compositions/equivalence ra-75 tios (ϕ) and Dh, so their predictions are expect-76 edtly restricted. Indeed in [11], Silvestrini's model 77 was evaluated against data from [12, 13] showing 78 poor performance for all the experimental conditions 79 tested. For DDT predictions, large amounts of data 80 are required to account for the randomness/variability 81 of the process. 82 To fill this gap, here, a large database is compiled 83 using all the xDDT data for unobstructed channels 84 available in the literature. In total, 559 tests were col-85 lected, including both HCs and H2 over a wide range 86 of experimental conditions (Dh, ϕ, pressure (p) and 87 temperature (T )). The constants of the Silvestrini and 88 Dorofeev models are updated resulting in a significant 89 improvement of their predictive capabilities. Further-90 more, two additional simpler expressions that outper-91 form the original Silvestrini and Dorofeev models by 92 a large margin are proposed.

  data a systematic search was per-95 formed in Scopus. As criteria, only scientific pa-96 pers reporting experimental xDDT values obtained in 97 unobstructed channels using weak ignition sources 98 to avoid direct detonation initiation were considered.

99

  xDDT is compiled together with the mixture initial 100 conditions, i.e., T , p, and ϕ. Geometrical informa-101 tion such as Dh, length (L), cross-section (CS) and 102 boundary conditions (BC) are also included. The lat-103 ter refers to channels with Closed/Closed (C/C) or 104 Closed/Opened ends (C/O). Table 1 summarizes the 105 data collected. A total of 36 references were re-106 viewed. The data are split into C/O and C/C chan-107 nels, and ordered according to the fuel used. Experimental data obtained for the current work in the twodirectional schlieren visualization set-up described in [14, 15] are included as well. 2.1. Geometrical parameters The ranges of L and Dh for which data were found are L ∈ [0.4, 40] m and Dh ∈ [0.6, 406] mm, and L ∈ [0.8, 24] m and Dh ∈ [0.5, 159] mm for C/O and C/C channels, respectively. The minimum and maximum L/Dh ratios in the dataset are L/Dh = 6 and 4000.
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  total of eight fuels are included, i.e., H2, methane (CH4) ethane (C2H6), C2H4, acetylene (C2H2), C3H8, butane (C4H10) and carbon monoxide (CO). Almost all are fuels of a single component, except for some in [30] that correspond to CH4/C2H6, some in [26] that used H2/C3H8, and some measured by the current authors using H2/CH4 blends. Oxygen (O2) is the oxidizer. Nitrogen (N2), helium (He), argon (Ar) and carbon dioxide (CO2) are used as diluents. The initial conditions ranges are T ∈ [298, 473] K, p ∈ [0.1, 25] bar, and ϕ ∈ [0.2, 5.8].

  Table 1 also shows the number of data points (DP) per fuel.202 and 357 DP were collected for C/O and C/C which correspond to a total of 559 tests. H2 and C2H4 are the most often used fuels, with 193 and 191 DP, respectively. These are followed by C3H8 (95 DP), and CH4 (29 DP). The less used are C2H2 (18), CO (15 DP), C2H6 (9 DP), and C4H10 (9 DP).

Figure 1

 1 Figure 1 shows the Dh, Φ and p histograms for (a) C/C, and (b) C/O. Tests carried out with H2 and HC are plotted with different colors; the 15 DP with CO are not included. The histograms reveal that for both BCs most of the tests were performed in channels with Dh ≤ 50 mm. Regarding mixture compositions, the normalized equivalence ratio, Φ = ϕ/(1 + ϕ) is used to center the distribution at ϕ = 1.0 (i.e., Φ = 0.5). For C/O, most of the tests are performed with HC fuels of which 81 DP correspond to stoichiometric (Φ = 0.5), 28 to lean (Φ < 0.5), and 37 to rich (Φ > 0.5) conditions. For H2, 29 DP correspond to Φ = 0.5, 11 to Φ < 0.5, and 16 to Φ > 0.5. For C/C, the data is distributed as follows: 171 DP at Φ = 0.5, 14 at Φ < 0.5, and 20 at Φ > 0.5 for HC mixtures. For H2 mixtures, 81 DP correspond to Φ = 0.5, 29 to Φ < 0.5, and 27 to Φ > 0.5. Finally, the p histogram shows, expectedly, that all the tests with C/O channels are performed at atmospheric pressure, i.e., p ≈ 1 bar. For C/C, most of the tests are carried out at p < 1 bar with 157 and 14 DP for HC and H2 mixtures, respectively. For p > 1.0 bar, 21 (HC) and 92 (H2) DP were

Fig. 1 :

 1 Fig. 1: Histograms for D h , Φ and p. (a) Closed/Open; (b) Closed/Closed channels.

  identified for which the 81 DP follow different trends compared to most of the 82 tests in the database: (i) channels with Dh < 3 mm; 83 123 DP from [23-25, 33-35, 41, 42]. These include 84 tests with both H2 and HC for C/O and C/C at 85 ϕ ∈ [0.7, 1.7], and p ∈ [0.1, 2.4] bar performed 86 mostly in spiral channels or with central ignition.87(ii) channels with non-unity aspect ratio (AR); 119 88 DP from[27,[START_REF] Li | Flame 109 propagation and detonation initiation distance of ethy-110 lene/oxygen in narrow gap[END_REF] with AR ranging from 1:1.5 to 89[11, 15, 18, 30], CW[22, 31] 

  work (CW); circular (Cir.); square (Sqr.); rectangular (Rec.). Refs. [27, 36] include channels with AR ̸ = 1. 1:30. These include tests with stoichiometric H2 and C2H4 at p < 0.7 bar. (iii) the use of CO as fuel, with 15 DP from [22]; these tests were carried out at high pressure, i.e., p ∈ [5 -25] bar. Only data that did not meet the conditions above are considered in the analysis that follows. A total of 302 DP are thus retained after filtering: 132 for H2 and 170 for HC mixtures. The final experimental ranges are Dh ∈ [3, 406] mm, ϕ ∈ [0.2, 5.8], p ∈ [0.12, 25] bar, and T ∈ [298, 474] K.
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 1 xDDT vs. D h , Φ, and p It is of practical interest (safety/propulsion) to identify/verify the general dependence of xDDT on geometrical and initial conditions.

  Figure 2 shows these trends as a function of Dh, Φ, and p. For ease of visualization, selected cases were taken from the database to isolate the effect of the respective variable on xDDT, however, the trends hold for all mixtures considered. Concerning Dh, stoichiometric (Φ = 0.5) H2/air and C2H4/air at p = 1 bar from [5, 16, 32]. The plot shows that xDDT increases almost linearly with Dh for both mixtures. Regarding Φ, H2/air and C3H8/air mixtures from [16, 32] tested in Dh = 50 mm channels at p = 1 bar. A U -shape curve is observed with xDDT exhibiting a minimum around Φ = 0.5. Finally for p, part of the experiments presented in [22] for H2/O2 and CH4/O2 in Dh = 15 mm channels at Φ = 0.5 are shown. There is a pronounced decrease in xDDT as p increases. The trends reveal that HC-air always lead to longer xDDT compared to H2-air. Con-34 versely, the use of pure O2 as oxidizer significantly 35 decreases xDDT for both types of mixtures. Based on 36 the database collected, for PDE design where short 37 xDDT values are desirable, small Dh channels at high 38 pressure and under stoichiometric conditions using 39 pure O2 as oxidizer are advised; the opposite holds 40 for safety applications.
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 2 Fig. 2: x DDT trends vs. D h , Φ, and p for selected cases.

3. 2 . 10 Figure 3 Fig. 3 : 39 Figure 4

 21033394 Figure 3 shows the Pearson autocorrelation matrix for 11
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 5 Fig. 5: Original models performance against database: a) Silvestrini and b) Dorofeev.

Figure 6

 6 Figure 6 shows the fitting results with the training data and the performance with the test data for the updated a) Silvestrini, and b) Dorofeev. The improvement is evident with R 2 values of 0.74 and 0.73 for the respective models. Their performance with the test data have R 2 of 0.7 and 0.71, respectively. Again, this represents significant improvements compared to the original models, and indicates that ∼ 70% of the variance in xDDT/Dh can now be explained by the updated models. The remaining ∼ 30% can be attributed to unknown lurking variables or inherent variability. Note that the model's

) a 0

 0 Figure 7 shows the fitting with the train, and the evaluation with the test data for a) NLM, and b) LM. Both train and test data are the same sets used in the previous sections to enable a meaningful comparison of the models performance. The LM has a better fit to the training data with an R 2 of 0.78 compared to 0.72 for the NLM. This was also reflected in the performance with the test data, with a R 2 of 0.84 for the LM and 0.74 for the NLM. The prediction of both models is much better than that of the original Dorofeev and Silvestrini, and have higher (LM)/similar (NLM) R 2 values than those obtained with the updated Silvestrini and Dorofeev models. Additionally, note the improvement in the predictions for xDDT/Dh Exp < 50 when using the LM. This provides evidence of the value of simple data manipulations (e.g., non-linear regressions) to enhance the predictive capabilities of existing models and/or inform the development of new simpler expressions/correlations with comparable or better performance. The most important aspect is the use of large properly curated data sets covering a wide range of experimental conditions, fuels, and geometries to guide the choice of variables that explain the variance of the experimental measurements. 6. Conclusions A large database is compiled using a comprehensive set of xDDT data for unobstructed channels available in the literature. It comprises an extensive range of experimental conditions and mixtures. The global xDDT trends as a function of Dh, ϕ, and p were evaluated. The data shows that xDDT decreases as Dh decreases, p increases, and ϕ → 1. An analysis of the
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 738 Fig. 7: a) Non-linear (NLM) and b) Logarithmic (LM) models performance for training and test data.

Table 2 :

 2 Models constants.

	Model	Eq.	Constants
			Original	Updated
			B = 0.0061	B ′ = 0.0057
	Silvestrini eq. (1)	n = 0.4	n ′ = 0.07
			F = 0.077	F ′ = 0.084
	Dorofeev	eq. (	

eration and DDT, in: Proc. 20th ICDERS, 2005.

Existing model evaluation

NLM considers the influence of the most important