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Abstract This experimental work investigates the pos-

sibility to non-dimensionalize the limits and the dis-

tances of the Deflagration-to-Detonation-Transition pro-

cess (DDT). The deflagration was ignited using jets

of hot gases generated by the impact of a Chapman-

Jouguet detonation on a multi-perforated plate. Small

holes were uniformly distributed on the plate, over the

whole tube section. The tube was 1-m long with square

cross-section 40× 40 mm2. The reactive mixtures were

the stoichiometric compositions of hydrogen, methane

and oxygen (1-x )H2 + x CH4 + 1
2 (1 + 3 x )O2 with the

composition parameter x ranging from 0 to 1. The ini-

tial pressure p0 was varied from 12 to 35 kPa, and the

initial temperature was 294 K. The re-ignition condi-

tions and distances were obtained as functions of x, p0
and the plate properties. The mean widths of the det-

onation cells measured at the wall were used to non-

dimensionalize the DDT distances, the surface of the

perforations and the surface of the walls of the plate

holes. This non-dimensional DDT distance thus appears

to be a concave increasing function of the non-dimensional

perforated surface independent of the regularity of the

cellular structure. DDT processes are very dependent

on the system configuration and the ignition conditions

but our analysis suggests that the proper selection of

non-dimensional numbers built from the system char-

acteristics can help in anticipating the corresponding

DDT limits and distances to a reasonable approxima-

tion.
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1 Introduction

Understanding the onset of fast flame and deflagra-

tion, and their transition to detonation in tubes, is

one of the oldest motivations for studying quasi-sonic

and supersonic combustion waves. The main phenom-

ena that participate in the deflagration and detonation

processes, and the transitions from the former to the

latter, are well understood qualitatively today. How-

ever, each remains a numerical challenge and predicting

how they combine in complex reactive flows is currently

out of reach. The prevailing approach today is to ad-
dress and model the DDT processes jointly with simpli-

fied macroscopic analyses to bring out salient relevant

parameters.

Ciccarelli and Dorofeev [5] presented a review of

DDT processes that includes the pioneering works by

Shchelkin. The DDT phenomenological stages are now

agreed to depend on the roughness of the tube walls and

the transverse dimension of the tube relative to some

reference reaction thickness. Most laboratory DDT pro-

cesses are triggered using low-energy ignition techniques,

such as an automotive spark plug. In smooth tubes, for

large enough transverse dimensions, the dynamics of

the initial flame is then subjected to strong effects of

curvature and acceleration, a shock forms ahead of the

flame front, an overdriven detonation suddenly forms

between the flame and the shock, propagates in the

transverse and backward direction with respect to the

frontward-propagating leading shock, and this complex

eventually relaxes to the CJ detonation regime [11,12].

The overdriven detonation usually forms at the tube
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wall, and preferentially at the inner edges of square

or rectangular tubes. This indicates that the dissipa-

tion effects in boundary layers have also a strong in-

fluence on the flame acceleration. Obviously enough,

such effects are more effective at wall intersects than

at surfaces. For narrow enough tubes and low enough

energy of ignition, the transition process can include a

quasi-steady, slowly-accelerating, quasi-planar combus-

tion wave with velocity about one-half that of the CJ

detonation – the so-called “strange wave” – before sud-

den one-dimensional transition to the CJ detonation

regime, without precursor shock [13,14,15].

The DDT phenomenon is thus a set of individually

complex processes, and the objective of our work is to

conduct and analyze experiments to determine whether

a proper choice of dimensionless parameters could rep-

resent the transition limits and lengths. Our investi-

gation is restricted to the DDT process generated by

jets of hot gases uniformly distributed over most of the

cross section of a smooth-wall square tube. These hot

jets were obtained from the impact of a CJ detonation

on a perforated plate. This choice of surface ignition of

the initial subsonic flame front ensures a simpler hydro-

dynamic field ahead of the front and, therefore, a better

reproducibility of the transition limits and lengths. In

these conditions, our aim is to obtain macroscopic in-

formation on the transition limits and lengths rather

than the detailed dynamics of the re-ignition processes.

For similar conditions, the literature review brings

out that the main control parameters are the number

of holes in the plate, the width λCJ of the detonation

cell, as compared to both the transverse dimension of

the tube and the diameter of the holes, and the regu-

larity ∆λCJ/λCJ of the detonation cells (the standard

deviation of their mean width). A regularity criterion is

defined from the ZND model of the planar detonation

reaction zone by the ratio χ of the reaction thickness

to that of the induction [21,22], and this regularity in-

creases with decreasing χ. For example, χ = 350 for the

irregular CH4 + 2 O2 mixture and χ = 7 for the regular

2 H2 + O2 mixture at the initial pressure 20 kPa. Over-

all, the re-ignition distance R then seems to decrease

with decreasing λCJ and regularity, that is, re-ignition

seems easier with more irregular mixtures [3,19,10,16].

The two main re-ignition mechanisms after the incident

detonation has quenched through the plate are the in-

teractions of the diffracted shocks with themselves and

the walls of the tube [1,2,4]. In particular, Medvedev

et al. [17] identified (i) a direct detonation initiation in

the zone of turbulent mixing between the jets of the

combustion products and the fresh mixture and (ii) a

detonation initiation from localized explosions result-

ing from the interaction between the jets and the shock

waves reflected at the bounding walls.

Kuznetsov et al. [12] observed that R decreases with

decreasing λCJ for the stoichiometric H2 –O2 mixture,

and they noted the prominent effect of a turbulent bound-

ary layer before re-ignition. Chao et al. [3] observed

that R is shorter with irregular mixtures – H2/Air –

than with regular mixtures – H2/ O2. Sentanuhady et

al. [23] used plates with thickness 5 mm and diame-

ters d ranging from 1 mm to 5 mm. They found that

R is shorter with multiple-perforated plates than with

single-hole plates, but they did not detail the effects of

the plate thickness and the hole diameter. It should be

noted that their plates had hole diameters larger than

the cell widths. Grondin and Lee [6] proposed two onset

mechanisms based on schlieren visualizations. For reg-

ular cells, the reaction-zone regenerates within a thin

planar layer normal to the main propagation direction

without precursor shock. For irregular cells, the regen-

eration is three-dimensional with distributed burnt and

unburnt pockets that coalesce to achieve the CJ deto-

nation regime. Their experimental conditions were such

that re-ignition was very close to the plate – about two

to three λCJ –, so their results are more representative

of the last stage of the DDT process.

The open area ratio (OAR, ratio of the total area

of holes to the cross-section area) is often considered

for characterizing DDT. However, detonation has been

often observed to quench inside the perforated plates if

the cell width λCJ is bigger or equal to the diameter d of

the holes [7,8,9]. Therefore, the same OAR may result

or not in detonation quenching, so the OAR cannot be

the only parameter for characterizing DDT ignition.

We thus determined the transition distances R and

limits behind a multi-perforated plate using stoichio-

metric compositions of hydrogen, methane and oxygen

(1-x )H2 + x CH4 + 1
2 (1 + 3 x )O2. We varied the compo-

sition parameter x from 0 to 1 to generate detonation

cells ranging from regular (x = 0, H2 + 1
2 O2) to irreg-

ular (x = 1, CH4 + 2 O2), according the usual charac-

terization. We varied the initial pressure p0 from 12 to

35 kPa, and the initial temperature was ∼ 294 K. We

choose perforated plates with hole diameters d smaller

than the cell widths λCJ , so the detonation quenched

through the plate. Therefore, the possible re-ignition

behind our plates result from jets of burnt gases. In a

first series of experiments, we kept constant the prop-

erties of the perforated plates, namely their thickness

e, and the hole number N and diameter and d, and we

studied the effects of varying p0 and the composition

parameter x. In a second series of experiments, we se-

lected the more regular mixture, that is, x = 0 (H2 +
1
2 O2), and we studied the effects of varying the proper-
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ties of the perforated plate e, N and d. For both of the

series, we kept constant the open area ratio (OAR).

Section 2 describes the experimental set-up, section

3 is the analysis of the results that brings out a non-

dimensional representation of the DDT limits and dis-

tances based on the properties of the cellular structure

and the perforated plate, and section 4 discusses and

concludes this work.

2 Experimental methodology

The experimental set-up is a detonation tube that con-

sists of two main elements, namely the driver section

and the re-ignition section separated by the perforated

plate (Fig.2). The methodology is to generate deto-

nation at one end of the driver section, to quench it

through the plate, and to study the conditions for re-

ignition depending on the properties of the plate, the

composition of the mixture and the initial pressure p0.

The driver and re-ignition sections are 2.25 and 1-m

long, respectively, with square cross-section 40×40 mm2.

Figure 1 shows a schematic of the experimental set-

up, and table 1 gives the properties of the perforated

plates. The detonation in the driver section resulted

from the deflagration generated by the spark of an au-

tomotive plug, and transition to detonation was then

obtained by a 1-m long Shchelkin spiral positioned im-

mediately ahead of the plug. The set-up was vacuumed

before injecting the premixed composition prepared in a

separate tank using the partial-pressure method. Three

Kistler 603B pressure transducer (1 µs response time,

300 kHz natural frequency, each coupled with a Kistler

5018 A electrostatic charge amplifier with 200 kHz band
width) were used to check that the CJ detonation regime

was achieved before the plate. The transducer P3 is lo-

cated 125 mm before the plate, and the distance be-

tween each transducer (P1, P2 and P3) is 250 mm.

The reactive gases were the stoichiometric mixtures of

hydrogen-methane-oxygen initially at T0 ∼294 K:

(1-x)H2 +xCH4 +
1 + 3x

2
O2 −−→ xCO2 + (1 +x)H2O

(1)

Five compositions were studied, namely x = 0, 0.25,

0.5, 0.75 and 1 (Table 2). Soot-covered foils positioned

on the bottom faces of the driver and the re-ignition

sections were used to record the structure of the det-

onation cells upstream and downstream the plate, and

to obtain the cell widths.

Figure 3 shows soot-foil recordings upstream the

plate, at initial pressure p0 = 25 kPa. Depending on the

mixture, that is, on the value of the composition param-

eter x, the wall recordings show how the cell width and

irregularity increase with increasing x, that with de-

creasing amount of H2 and increasing amount of CH4.

Figure 4 shows a typical soot recording at the po-

sition of the final stage of the DDT. Here, the detona-

tion re-ignition occurs at the bottom wall. The cells are

first very small, which indicates that this initial deto-

nation is overdriven. They eventually become parallel

to the tube axis, with larger and essentially constant

width, which indicates that the detonation attains the

self-sustained regime.

3 Results

The premise of the analysis below is that the re-ignition

process results essentially of the interplay of two com-

peting phenomena, namely nonadiabatic surface dissi-

pation versus hot spots and chemical heat release, that

is, dissipation effects at the tube walls and inner edges

versus chemically-enhanced shock amplification. They

are described by means of a dimensional analysis that

involves chemical and geometrical lengths, namely the

cell mean width λCJ , and the thickness e and the di-

ameter d of the holes in the plate. The number of holes

N is also an important parameter. Table 1 shows the

values of e, d, and N . Surface dissipation take place at

the walls of the holes in the plate and at those of the re-

ignition section of the tube, between the plate and the

position of re-ignition. The total exchange surface in the

plates is Nπ d e, and the product N de is a measure of

these nonadiabatic exchanges. This dimensionless anal-

ysis includes only the contribution of the exchange sur-

face of the holes because it is much larger than that of

the tube, per unit length. Further, all experiments were

carried out in the same tube, so the results cannot be

used to anticipate the re-ignition distances in a tube

with a different cross-section or that would be made up

of another material, or with rough walls. Hot-gas jets

form when the flow exits the holes, and they interact

at a distance that depends on the mixture composition

and the initial pressure and temperature. The initial

total surface of the jets is Nπ d2/4, and the product

Nd2 is a measure of the surface formed by the inter-

action of the jets. The analysis considers dimensionless

ratios that use the cell mean width λCJ as the reference

length for representing the effect of heat production by

evolution of chemical composition. These ratios are (i)

Nd2/λ2CJ for the relative effects of surface re-ignition

resulting from the interaction of the jets coming out of

the holes, and (ii) Ned/λ2CJ for the relative effects of

the surface-dissipation phenomenon.
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Figure 5 shows the domains of re-ignition and non-re-

ignition in the λCJ -x plane. The data were obtained by

varying the initial pressure p0 at constant composition

x, so the figure also indicates the dependence of λCJ

on the composition parameter x and the initial pres-

sure p0. The cell width λCJ thus appears to be a linear

increasing function of x at fixed p0, and to increase with

decreasing p0 at fixed x. The values of λCJ that sepa-

rate the re-ignition and non-re-ignition domains form a

convex increasing function of x. The limiting pressures

at its intersects with the constant-p0 lines decrease with

increasing x, that is, with increasing λCJ . Therefore,

the less regular the cells (the larger x), the smaller

the limiting pressure. Figure 6 shows the domains of

re-ignition and non-re-ignition in the plane Nd2/λ2CJ -

Ned/λ2CJ . The data were obtained with the same com-

position x = 0 by varying the parameters N , d, e, and

p0. Each point in the graph corresponds to the change

of one parameter only (Table 1). The results suggest

that the value of Nd2/λ2CJ that separates re-ignition

and non-re-ignition is independent of the dimensionless

number Ned/λ2CJ . Therefore, to within a reasonable ac-

curacy, the limiting dimensionless number (full line) for

the surface re-ignition effects appears to be independent

of the dimensionless number for the surface-dissipation

effects in the plate. However, as discussed next, the re-

ignition distance depends on both effects of the surface

dissipation and the surface re-ignition.

For a given composition of the mixture, the prop-

erties of the plate, precisely its nonadiabatic inner pro-

cesses and the interaction effects at its exit, strongly in-

fluence the mechanisms of combustion re-ignition (hot-

gas jets, flame structure and development) and, there-

fore, the transition distance to detonation. In contrast,

the variations of the mixture composition, for the same

plate, result in a limited dispersion of the DDT limits

and length.

Figure 7 shows the re-ignition distance R as a func-

tion of the mean width of the detonation cell λCJ , with

the composition parameter x varying from 0 to 1 (the

tube length L was the same in all experiments, hence its

more convenient representation by the ratio R/L). The

slopes of the approximation curves through the points

associated to a same value of x increase with decreas-

ing x, that is, the transition distance is all the more

sensitive to the cell width as the mixture is more regu-

lar. Figure 9 also illustrates this trend as the re-ignition

distance R non-dimensionalized by λCJ and plotted as

a function of λCJ .

Figure 8 shows the non-dimensionalized re-ignition

distanceR/λCJ as a function of the non-dimensionalized

ratio d2/λ2CJ representing the relative effects of surface

re-ignition, for plate (A). A good alignment is observed

regardless the value of x from 0 to 1. Fig.10 shows this

interesting property extends to all the plates considered

in this study.

In our conditions, the thickness of the perforated

plate does not appear to significantly influence the re-

ignition distance R. Medvedev et al. [17] suggested that

this occurs for plate thicknesses e ranging in e/d=2 - 8

(d is the diameter of a hole), and indeed e/d=2.33 - 7

in our experiments.

4 Discussion and conclusions

This work reports on experiments on the deflagration-

to-detonation transition in a square cross-section chan-

nel. Our goal was to investigate the possibility of non-

dimensionalizing the DDT limits and distances using

simple observable characteristics parameters. Ignition

was achieved using jets of hot gases generated by quench-

ing CJ detonation through a perforated plate. Thus,

the parameters involved in our analysis are the CJ cell

width, the thickness of the plates, the number and di-

ameter of the holes in the plates, and the composition

parameter. In our conditions, analysis evidences that

the non-dimensional DDT limits, that is, the re-ignition

and non-re-ignition, are independent of the relative ef-

fects of the surface dissipation phenomena in the holes,

and that the non-dimensional DDT distances well cor-

relate with the non-dimensional number Nd2/λ2CJ rep-

resenting the relative effects of surface re-ignition re-

sulting from the interaction of the jets coming out of

the holes. Additionally, this non-dimensionalization ap-

pears to be independent of the regularity of the deto-

nation cell, as defined by soot recordings at walls. This

indicates that this regularity criterion may not always

be relevant for interpreting dynamical behaviours of de-

flagration and detonation [28].

In general, DDT dynamics depends on the ignition

mode, the set-up geometry and dimensions, and the

mixture composition, so only high-resolution numerical

simulations based on Navier-Stokes reactive equations

will be capable of predicting this complex phenomenon

when the necessary computations capacities are avail-

able. To date, given an industrial system, the DDT risk

must be assessed with large-scale model experiments. In

this respect, our analysis suggests that the proper selec-

tion of non-dimensional numbers built from the system

characteristics can help in anticipating the correspond-

ing DDT limits and distances.
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Table 1 Properties of the perforated plates used to generate the hot-gas jets.

plates thickness e (mm) hole number N hole diameter d (mm) OAR

A 7 64 3 28%
B 7 144 2 28%
C 14 64 3 28%
D 21 64 3 28%

Table 2 Composition of the stoichiometric hydrogen-methane-oxygen mixtures (1-x)H2 + xCH4 + 1
2

(1 + 3 x)O2.

no x composition for Φ = 1 %H2 %CH4 %O2

1 0 H2 + 0.5 O2 0.667 0 0.333
2 0.25 0.75 H2 + 0.25 CH4 + 0.875 O2 0.4 0.13 0.47
3 0.5 0.5 H2 + 0.5 CH4 + 1.25 O2 0.22 0.22 0.56
4 0.75 0.25 H2 + 0.75 CH4 + 1.625 O2 0.095 0.286 0.619
5 1 CH4 + 2 O2 0 0.333 0.667

Fig. 1 Schematic of the experimental set-up. Channel cross-section: 40 × 40 mm2, P1, P2 and P3: pressure gauges.

Fig. 2 Perforated plate (plate B, Table 1).
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Fig. 3 Upstream soot-foil recordings showing the detonation cellular structure depending on the composition x of the mixtures
(1-x)H2 + xCH4 + 1

2
(1 + 3 x)O2 at initial pressure p0 = 25 kPa.

Fig. 4 Downstream soot-foil recording showing detonation re-ignition. x = 1 (CH4 + 2 O2) at initial pressure p0 = 17.5 kPa.
R is the DDT distance from the perforated plate.
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Fig. 5 Re-ignition domain for the mixtures (1-x)H2 +
xCH4 + 1

2
(1 + 3 x)O2 in the plane Composition (x) - CJ cell

mean width (λCJ ) depending on the initial pressure (Plate
A, e = 7 mm, N = 64, d = 3 mm, Table 1).

Fig. 6 Non-dimensional re-ignition domain for the mixture
H2 + 1

2
O2 (x = 0) in the plane Surface dissipation - re-

ignition surface taking into account the properties of all plates
(Table 1).

Fig. 7 Non-dimensional re-ignition distance R/L as a func-
tion of the mean detonation cell size λCJ for the mixtures
(1-x)H2 + xCH4 + 1

2
(1 + 3 x)O2.

Fig. 8 Non-dimensional re-ignition distance as a function
of the re-ignition-surface non-dimensional parameter for the
mixtures (1-x)H2 + xCH4 + 1

2
(1 + 3 x)O2 with the values of

x=0, 0.25, 0.5, 0.75 and 1 (Plate A, e = 7 mm, N = 64, d = 3
mm, Table 1).
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Fig. 9 Non-dimensional re-ignition distance for the mixtures
(1-x)H2 +xCH4 + 1

2
(1+3 x)O2 as a function of the cell mean

width λCJ . (Plate A, e = 7 mm, N = 64, d = 3 mm, Table
1).

Fig. 10 Non-dimensional re-ignition distance as a function
of the re-ignition-surface non-dimensional parameter for the
mixtures (1-x)H2 +xCH4 + 1

2
(1+3 x)O2 for all plates (Table

1).


