
Shock Waves (2005) 14(3): 205–215
DOI 10.1007/s00193-005-0265-6

ORIGINAL ARTICLE

M. Kuznetsov · V. Alekseev · I. Matsukov ·
S. Dorofeev

DDT in a smooth tube filled with a hydrogen–oxygen mixture

Received: 20 January 2004 / Accepted: 15 December 2004 / Published online: 12 September 2005
C© Springer-Verlag 2005

Abstract Results of experimental study on DDT in a
smooth tube filled with sensitive mixtures having detona-
tion cell size from 1 to 3 orders of magnitude smaller than
the tube diameter are presented. Stoichiometric hydrogen–
oxygen mixtures were used in the tests with initial pressure
ranging from 0.2 to 8 bar. A dependence of the run-up dis-
tance to DDT on the initial pressure is studied. This depen-
dence is found to be close to the inverse proportionality. It
is suggested that the flow ahead of the flame results in for-
mation of the turbulent boundary layer. This boundary layer
controls the scale of turbulent motions in the flow. A simple
model to estimate the maximum scale of the turbulent pulsa-
tions (boundary layer thickness) at flame positions along the
tube is presented. The largest scale of the turbulent motions
at the location of the onset of detonation is shown to be 1
order of magnitude greater than the detonation cell widths,
λ, in all the tests. It is suggested that the onset of detonation
is triggered during flame acceleration as soon as the maxi-
mum scale of the turbulent pulsations increases up to about
10λ. The model to estimate the maximum size of turbulent
motions, δ, and the correlation δ ≈ 10λ, give a basis for
estimations of the run-up distances to DDT in tubes with in-
ternal diameter D > 20λ.
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1 Introduction

Many practical applications involve handling of extremely
sensitive gaseous combustibles in tubes with characteristic
sizes, which exceed considerably typical chemical length
scales of the mixture, such as detonation cell size, λ. If
these mixtures are ignited the combustion process can eas-
ily end up with the transition from deflagration to detonation
(DDT). In these cases, an important problem to be solved is
where can the onset of detonation occur, rather than can it be
expected or not. This problem is related to creation of con-
ditions that are necessary for the onset of detonation during
the process of flame propagation.

It has been shown by many investigators that a flame
should reach high, generally supersonic speed, to create con-
ditions necessary for the onset of detonations [1, 2, 3, 4].
The process of flame acceleration is affected significantly
by obstructions along the flame passage [2, 3, 4]. In many
situations with dense obstructions, the growth of the flame
surface can be the leading factor affecting the rate of flame
acceleration [5].

Different physical mechanisms are expected to play their
roles in relatively smooth tubes or channels. In particular,
flow turbulence generated ahead of the flame due to inter-
actions with tube walls may be important [1]. It has been
demonstrated by Schelkin [6] and Soloukhin [7] that flame
acceleration and transition to detonation in tubes both are
strongly affected by wall roughness. Generation of turbu-
lent boundary layer in the flow ahead of the flame pro-
motes flame acceleration. Moreover, during propagation in
a rough/smooth tube the flame shape often turns into a char-
acteristic “tulip” form with the leading edges near the tube
walls. It was also reported by Soloukhin [7] that the local
explosion, which finally results in the onset of detonation,
occurs near the tube wall in regions where the most intense
flow–wall interactions take place.

Thus, the processes of flame acceleration and DDT in
tubes without obstacles, which are filled with highly sensi-
tive mixtures, differ significantly from DDT in obstructed
tubes at nearly critical conditions. Present study addresses
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the situation with highly sensitive mixture and relatively
smooth tubes. The objective of this work was investigation
of DDT process for stoichiometric hydrogen–oxygen mix-
ture. Run-up distances for the onset of detonations were
studied in a series of tests as a function of the initial pres-
sure.

There are some experimental data on the effects of
tube diameter, initial pressure, and temperature on the run-
up distance to detonation, XD, for tubes without obstacles
[8, 9, 10, 11, 12, 13, 14, 15]. These data show a decrease of
the run-up distance with initial mixture pressure, p. If such
a dependence is expressed in a power form: X D ∝ p−m , the
exponent, m, depends on mixture properties and lies in the
range from 0.4 to 0.8 for various mixtures for the pressure
range from 0.1 to 6.5 bar. In particular, data points for mix-
ture 1.5H2 + O2 [14], can be approximated as X D ∝ p−m ,
with m = 0.76 ± 0.2.

In some of these studies, an increase of the run-up dis-
tance with tube diameter was reported, Lafitte [9], Bollinger
et al. [14, 15]. The ratio of the run-up distance to the tube
diameter XD/D was found to be in the range from 15 to 40.
On the contrary, Bollinger et al. [14, 15] noted that only for
rich mixtures of hydrogen fuel the run-up distance depends
on the tube diameter. Somewhat ambiguous data on the ef-
fect of the tube diameter may be due to the hidden influence
of other factors, such as tube roughness. It should be noted
that no reliable model is presently available to link the run-
up distance with parameters of mixture sensitivity (such as
the detonation cell size), tube diameter, wall roughness and
others. This situation is partially due to the fact that many
tests were performed in relatively short tubes. In these cases,
mixture pre-compression effects may be important, so it is
difficult to describe the mixture properties as that of the ini-
tial mixture. Also, as it was found by Salamandra et al. [16],
the transition to detonation in short tubes can be facilitated
by the flame interaction with the reflected pressure waves. In
addition, the tube roughness, which plays a role [6, 7], was
not always sufficiently characterized.

2 Experimental

Experiments were performed in a smooth detonation tube
of 105-mm inner diameter (wall thickness was 4.5 mm) and
24-m length. The relatively large length of the tube (the ra-
tio of tube length to tube diameter, L/D, was equal to 230)
provided conditions to reduce possible effects of the end-
wall reflections and global pre-compression on DDT pro-
cesses. Schematic sketch of the facility is shown in Fig. 1.
The tube was made of a steel pipe and consisted of four sec-
tions smoothly welded with each other. The roughness of the
internal tube walls was 50 µm as specified by the tube man-
ufacturer. The tube was equipped with 24 measuring ports
located at cylindrical surface and three ports at the ignition
end (axial one was for the ignition plug, and two parallel
were for photo-gauges). Tube was located horizontally with
small tilt to provide water drainage after each test.
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Fig. 1 Scheme of experimental facility

Stoichiometric H2–O2 mixture at initial pressures from
0.2 to 8 bar was used in the tests. Detonation cell sizes
of these mixtures vary from 8.5 mm (0.2 bar) to 0.17 mm
(8 bar) [17, 18]. This means that D � λ, and DDT can eas-
ily occur in 105-mm tube.

A glow plug was used for ignition to avoid possible di-
rect initiation of detonations by a spark plug. Collimated ger-
manium photodiodes FD-9 and FD-10 were used to record
flame front times-of-arrival and light intensity signals. One
of the photodiodes was installed in the tube axially to record
light signal from the combustion process continuously. With
this gauge it was possible to define the time of the on-
set of detonation by specific inflection of the signal curve.
Two types of pressure transducers were used to record pres-
sures. These were piezoelectric transducers PCB-H113A
and piezoresistive transducers D6 (R&D Institute “Teplopri-
bor”, Moscow, Russia). Both the pressure transducers and
the photodiodes were flush-mounted in the tube wall to min-
imize the flow disturbance. The effective roughness related
to the instrument ports, if weighted by the respective surface
areas, was much smaller than the original tube roughness
of 50 µm. The locations for the onset of detonations in the
tests were not correlated with the locations of the instrument
ports.

3 Properties of test mixtures

Detonation parameters and flame properties of the test mix-
tures were calculated for the following data analysis. These
data are presented in Table 1. Thermodynamic parameters
were calculated using STANJAN code [19]. Laminar burn-
ing velocities and flame thickness were calculated using FP
code [20] with check of some control points given by ex-
perimental data of Koroll et al. [21]. Experimental values of
the detonation cell sizes measured by Manzhalei et al. [17]
are presented in Table 1. A comparison of the experimental
data and the cell sizes calculated using model of Gavrikov
et al. [18] is presented in Fig. 2. The agreement within a fac-
tor of 2 is observed between the experimental and calculated
cell sizes. This should be considered as a good agreement
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Table 1 Flame properties and detonation parameters of test mixtures

Initial Adiabatic complete Expansion ratio Sonic Laminar Laminar Chapman– Chapman– Detonation
pressure combustion pressure (σ ) velocity in burning flame Jouguet Jouguet cell size
(p, bar) (Picc, bar) products velocity thickness velocity pressure (λ, mm)

(cp, m/s) (SL, m/s) (δT, mm) (DCJ, m/s) (PCJ, bar)

0.2 1.9 8.10 1,350 7.1 0.35 2,760 3.7 8.52
0.3 2.9 8.20 1,360 8.4 0.2 2,780 5.6 5.54
0.5 4.8 8.33 1,370 9.2 0.11 2,800 9.5 3.23
0.8 7.9 8.44 1,380 10.2 0.066 2,830 15 1.96
1 10 8.50 1,380 10.6 0.051 2,840 19 1.55
2 20 8.68 1,400 11.6 0.024 2,880 40 0.74
3 31 8.78 1,410 12.2 0.016 2,900 61 0.48
4 42 8.86 1,420 12.2 0.012 2,920 82 0.36
5 52 8.92 1,420 12.2 0.01 2,930 103 0.28
6 63 8.96 1,430 12.3 0.008 2,940 124 0.23
8 85 9.04 1,430 12.2 0.006 2,960 167 0.17
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Fig. 2 Detonation cell size as a function of initial pressure

for the detonation cell sizes, because the accuracy of the ex-
perimental values is usually estimated by a factor of 2, and
the same accuracy is suggested for the model by Gavrikov
et al. [18].

It is interesting to notice that the laminar burning veloc-
ities and sound speeds are very similar in all the mixtures
tested. The sound speed in reactants cr is 530 m/s indepen-
dent of the initial pressure. The speed of sound in products
cp varies in the range from 1,350 to 1,430 m/s. The laminar
burning velocity varies from about 7 to 12 m/s. The expan-
sion ratio (ratio of densities between reactants and products)
is also almost constant, so that the initial visible flame veloc-
ity is estimated to be in the range from 60 to 110 m/s for all
the initial pressures. The detonation velocity changes only
slightly with pressure. The detonation cell size, however, de-
creases by 2 orders of magnitude with the initial pressure
increase from 0.2 to 8 bar. The same is true for the laminar
flame thickness.

4 Results

In the tests over all the range of the initial pressures, ignition
was followed by flame acceleration and then the onset of
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Fig. 3 X–t diagram of explosion processes for 0.2 bar initial pres-
sure (data for initial 10 m are shown). FF, flame front trajectory; SW,
lead shock trajectory; DW, detonation front trajectory; RW, retonation
wave

detonation was observed. Characteristic X–t diagram of the
explosion process is shown in Fig. 3. This diagram shows
records of the pressure transducers and photodiodes as well
as the trajectories of the flame, shock, detonation, and re-
tonation waves. It is seen that detonation occurs at about
5 m from the ignition point in this particular test. Pressure
records show a compression wave ahead of the flame. The
head of the compression wave typically formed a shock. The
overpressures recorded in the lead shocks were about 1.4 of
the initial pressure, p, for tests with p from 0.2 to 1 bar (the
compression waves ahead of the flame were not resolved in
tests with p > 1 bar, because of short run-up distances). The
Mach numbers of the lead shocks were about 1.5. Detona-
tions occurred significantly behind the lead shock in a region
close to the flame as it is seen in Fig. 3. We should note once
more that such a good spatial resolution of all the waves in
X–t diagram was only achievable for relatively low initial
pressures.
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Due to the finite number of the photodiodes and pres-
sure transducers it is difficult to define precisely the location
of the onset of detonation along the tube just from the data
of X–t diagrams. To improve accuracy of determination of
the run-up distances to DDT, an additional wide-view pho-
todiode was used, which was mounted at the ignition end
of the tube. A typical signal of such a photodiode is shown
in Fig. 4. The light intensity recorded by the photodiode in-
creases sharply at the time of the onset of detonation. Such
records permitted to define precisely the time of the detona-
tion onset, tD . Knowing the value of tD , it is easy to define
the DDT run-up distance, X D , from X–t diagrams using the
intersection of the detonation trajectory with the vertical line
at tD, as shown in Fig. 3. This procedure allowed us to deter-
mine the run-up distance even in the tests when the onset of
detonation was observed prior to the first measuring station.

Dependencies of the flame velocities on distance for ini-
tial pressures of 0.3, 0.5, 1, and 8 bar are shown in Fig. 5.
The velocities were determined from the arrival times of a
pair of the photodiodes and the value was attributed to the
location of the second one from each pair. It is seen that
the flame velocities (respective to fixed observer) reached a
value of about 800 m/s before the transition to detonation
for all the tests. At the transition location, the detonation
speed was considerably overdriven (up to 4,000 m/s) drop-
ping then down to the Chapman–Jouguet (CJ) values, which
were from 2,760 to 2,960 m/s. Detonation speeds and over-
pressures approached CJ values in about 1 m from the tran-
sition location.

A comparison between calculated and experimentally
defined detonation velocities is shown in Fig. 6. It is seen
that the experimental and theoretical values agree within the
relative accuracy of ±3%. This indicates that detonations
were steady state and propagated without noticeable losses.
Experimental data on the maximum detonation pressures are
shown in Fig. 7 in comparison with calculated CJ values.
There is a good agreement between measured and calculated
pressures, suggesting that the von-Neumann spike was not
resolved in the tests, as follows from spatial and temporal
resolutions available.
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The distance from the ignition point to the transition lo-
cation X D was found to decrease with initial pressure (see
Fig. 8). The dependence of this run-up distance on initial
pressure was found to be close to inverse proportionality:
XD = (0.7 ± 0.04)p−(1.17±0.05), where uncertainties were
defined by the standard regression analysis. For the high-
est initial pressures, the run-up distances were as small as
one tube diameter. Although the run-up distances were de-
termined with a high accuracy in each particular test (relative
systematic error was ±2.5%), different values were obtained
in repeated tests. Generally, the scatter of data increased with
the increase of the initial pressure. The run-up distances for
the same initial pressure differed from the average values by
less than 10% for initial pressures from 0.2 to 1 bar, and by
up to 50% for initial pressures of 2 and 3 bar.

The pressure dependence of the run-up distance with ex-
ponent m = −1.17 ± 0.05 in the present tests was found to
be stronger than that for mixture of 1.5H2 + O2 [14] with
m = −0.76 ± 0.2. This difference can be attributed both
to different mixture properties and to different tubes used.
Generally, there are no arguments that pressure dependence
of the run-up distances can be considered as a universal
function.

5 Discussion

5.1 Role of mixture sensitivity parameters

It has been shown by many investigators that critical
conditions for DDT depend on parameters of mixture
sensitivity such as the detonation cell size. The minimum
tube diameter for DDT to be possible, e.g., should exceed
the detonation cell width λ [3]. The minimum size of a
detonation kernel, a region of mixture close to self-ignition
(or so-called hot spot) that is able to trigger detonation
through SWACER mechanism (Shock Wave Amplification
by Coherent Energy Release) [22, 23], was estimated to be

of the order of 10λ [24, 25, 26]. In the present tests, the
detonation cell sizes were very small compared to the tube
diameter. This means that there were practically no scale
limitations on the possibility of the onset of detonation.
The run-up distance was naturally decreasing with increase
of the mixture sensitivity (decrease of λ). Because both,
the run-up distance and the cell size are nearly inversely
proportional to the initial pressure, it can be easily found
that the run-up distance appeared to be proportional to the
cell size:

X D ≈ 550λ. (1)

This relation, however, does not have any generality
except of the obvious decrease of the run-up distance with
mixture sensitivity. It cannot be used to estimate the run-up
distances in different tubes or mixtures. Indeed, the run-up
distance does not characterize directly a possible size of the
pre-conditioned mixture that can lead to detonation forma-
tion. It does not correspond to any characteristic nonunifor-
mity size in the flow either. It might be possibly linked to
other parameters that are more relevant for the onset of det-
onation. Such a link will be a subject of the following dis-
cussion.

For the very sensitive mixtures used in the present tests,
the onset of detonation should easily occur once the neces-
sary mixture pre-conditioning is achieved. In this sense, the
run-up distance should be sufficient for the flame to generate
conditions, which allow a spontaneous explosion to occur
somewhere behind the precursor shock, near the turbulent
flame brush. Numerous experimental data indicate that the
flame velocity should achieve the value of about 1/2 of the
CJ detonation velocity for these conditions to be possibly
created. It was indeed observed in the present tests that the
flame speed before the onset of detonation reached a value
of about 800 m/s. Since the initial flame speed was similar
in all the mixtures, the difference in the run-up distances can
be related to ability of flames to accelerate from initial speed
of about 80 m/s to the speed of about 800 m/s. The rate of
flame acceleration should depend on the flame surface evo-
lution and on the local turbulent burning velocity. The latter
depends on the ratio of turbulent fluctuation velocity u′ and
laminar burning velocity SL and on the turbulent Reynolds
number, ReT . The Reynolds number can be expressed as:
ReT = (u′/SL)(LT /δT ), where LT is the integral scale of
turbulence, and δT is the laminar flame thickness. All the
tests were in the same tube; characteristic velocities were
also the same. Such a very general reasoning shows that the
laminar flame thickness, δT , is the only parameter, which
can be responsible for the difference in the rates of flame ac-
celeration and in characteristic flame acceleration distances.
Experimental data show that the run-up distances are pro-
portional to δT :

X D ≈ 13,000δT . (2)

Again, this relation between the run-up distances and lami-
nar flame thickness does not have any generality and is valid
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only for the present series of tests. Also, flame acceleration
to a speed of about 1/2 of the CJ detonation velocity can be
considered as necessary, but not as a sufficient condition for
DDT.

5.2 Turbulent boundary layer

As it was reported by Schelkin [6] and Soloukhin [7] and
other investigators, the tube wall roughness and formation of
the turbulent boundary layer are extremely important for the
flame acceleration and DDT. For the majority of the present
tests (initial pressures from 0.2 to 3 bar) the run-up distances
exceeded 5 tube radii and initial, nearly spherical, stage of
flame propagation can be assumed to be of relatively mi-
nor importance. For these range of initial conditions, Fig. 9
shows qualitatively the evolution of the flow ahead of the ac-
celerated flame. Initially, the flow may have smooth velocity
distribution V (x), as shown in Fig. 9a. The maximum flow

Table 2 Comparison of shock formation distance, flame position and detonation onset distance

Initial pressure Flame acceleration Shock formation Flame position at shock Shock formation Experimental DDT run-up
(p, bar) rate time formation distance distance

(a, ×105 m/s2) (tsh, ms) (Xfl, m) (Xsh, m) (XD, m)

0.2 1 4 0.8 2 5
1 5 0.8 0.16 0.4 0.75
8 40 0.1 0.02 0.05 0.08

speed can be estimated as (σ − 1)SL , that is about 100 m/s
for our tests. The velocity profile is expected to sharpen with
time (Fig. 9b) and at some stage a shock should be formed
ahead of the flame. Depending on details of the flame accel-
eration, the shock may be formed at the head of the com-
pression wave, which propagates with the sound speed, cr ,
as shown in Fig. 9c, or somewhere closer to the flame. At
the same time, the flow’s interaction with tube walls results
in formation of the turbulent boundary layer [27]. The thick-
ness of the layer grows with time of flow–boundary interac-
tions. The boundary layer starts to appear in the compression
wave and continues to grow after the lead shock is formed.
At a later stage, a situation shown in Fig. 9d is developed
with the lead shock and growing boundary layer behind it.
Interactions of the flame with boundary layer results in a sig-
nificant increase of the burning rate near the tube walls, and
a characteristic “tulip” flame shape is formed as reported by
Schelkin and Soloukhin.

It is useful to estimate the distances for formation of the
shocks ahead of the flame for conditions of the present tests.
Such an estimate was made using one-dimensional ‘simple
wave’ theory [27]. Assuming for simplicity that the rate of
flame acceleration, a, is constant for each given initial pres-
sure, the time, tsh, and distance, Xsh, for formation of the
shock can be calculated. The average rate of flame accel-
eration can be determined from the experimental data. The
results of these estimates are presented in Table 2 for three
different initial pressures. The flame positions at the time of
the shock formation, Xfl, and the experimental run-up dis-
tance to DDT, X D , are shown in Table 2 for comparison.
Estimates for initial pressure of 8 bar are also included in
Table 2. In this case, the shock is formed during initial spher-
ical stage of flame propagation before any reflection of the
acoustic waves from the tube walls takes place. We should
note that for intermediate cases, which cannot be considered
either as spherical or planar, such simple estimates for the
shock formation distances could not be provided.

Our estimates show that the shock is formed at a distance
of about 1/2 of the run-up distance to DDT. The flame po-
sition at the time of the shock formation is roughly in the
middle between the shock and the ignition point. Figure 9e
shows the flame positions and boundary layers at three dif-
ferent moments of time t1 < t2 < t3. While the flame prop-
agates along the tube it interacts with the boundary layer,
which becomes thicker and thicker along the flame path.
The thickness of the boundary layer grows with time while
the flow interacts with the wall. The origin of the bound-
ary layer (the head of the compression wave or the lead
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shock) generally propagates faster than the flame itself (see
Fig. 3 and Table 2) resulting in an increase of the boundary
layer thickness measured at flame positions along the tube,
as shown qualitatively by the curve δ(x) in Fig. 9e.

To have a firmer ground in discussing the boundary
layer, which was not actually registered in the tests, we took
shadow photos of the boundary layer ahead of an accel-
erated flame in a number of separate tests. The tests were
made in a square channel with the channel height and width
equal to 50 mm. Stoichiometric hydrogen–oxygen mixtures
at initial pressures below 1 bar were used. A sequence of the
photographs showing the growth of the boundary layer with
flame propagation is shown in Fig. 10. The lead shock was
formed ahead of the flame, but it cannot be seen in Fig. 10,
because it was far to the right outside the optical window.
These photographs support the qualitative picture presented
in Fig. 9.

A detailed evaluation of the thickness of the boundary
layer at flame positions along the tube would require an
appropriate solution for the flow ahead of the accelerated
flame. The history of flame acceleration, mutual positions
of the lead shock and the flame, and the flow speed, as a
function of distance and time, would be required for such a
detailed evaluation. At the same time, a simpler approximate
solution can be suggested.

According to the classical theory of the turbulent bound-
ary layer, its thickness does not depend significantly on the

Fig. 10 Sequence of shadow photographs (0.1 ms between frames)
showing boundary layers ahead of accelerated flame. Flame propagates
from left to right; speed of lead flame edges is about 320 m/s. Boundary
layers are seen as dark regions on the top wall and as lighter regions
in the bottom wall of the channel. Wall roughness is 1 mm; mixture is
stoichiometric H2–O2 at initial pressure of 0.6 bar

flow speed. If a constant speed flow along a wall with rough-
ness d is considered, the boundary layer thickness, δ, is de-
fined by the following two equations with logarithmic accu-
racy (see, e.g., Landau and Lifshitz [27]):

V

v∗ = 1

κ
ln

(
δ

d

)
+ K (3)

δ = C
xv∗
V

(4)

where V is the flow speed; v∗ is a turbulent pulsation veloc-
ity in the boundary layer; κ , K , and C are constants; x is the
distance along the flow. The ratio V/v∗ can be eliminated
from these equations and the thickness of the boundary layer
will then be just a function of distance, x . This function is
close to linear and engineering formulas are available [28],
such as:

δ

x
= constant

( x

d

)−1/7
(5)

We should note that in cases the tube roughness, d , is smaller
than the thickness of the viscous sub-layer, dν = ν/v∗ (ν
is viscous diffusivity), the value of dν instead of d should
be used in Eqs. (3) and (5). This would result in a weak
dependence of the boundary layer thickness on the flow
speed (it is, however, not applicable for the conditions of
the present tests, where d � dν for all the initial pres-
sures).

The ratio x/V in Eq. (4) serves as a characteristic in-
teraction time of the flow with the wall. The boundary layer
grows with time during this interaction. Having this in mind,
one can apply this theory to the situation of the boundary
layer ahead of the flame. The interaction time, which deter-
mines the thickness of the boundary layer (Fig. 9), would
be defined by a characteristic speed equal to the difference
between the lead shock and the flame speeds. This charac-
teristic value is close to the flow speed V , and because δ
does not depend on the flow speed, Eqs. (3) and (4) can be
used with their accuracy to estimate the function δ(x) in the
situation shown in Fig. 9e.

In more rigorous terms, an application of Eqs. (3) and (4)
for determination of δ(x) function shown in Fig. 9e assumes
that the flame travels in the middle point between the lead
shock and the ignition point. This is a reasonable assump-
tion for estimates with the accuracy of a factor of 2 (see,
e.g., Fig. 3 and Table 2). To give some more credit to such a
simple model, we should notice that the flame position itself
is not well defined, because of its complicated shape (see,
e.g., Fig. 10). Also the thickness of the boundary layer itself
is not well defined either. The value of δ, thus, should rather
be considered as a characteristic scale of turbulent pulsations
near the flame brush.

For the range of initial pressures between 4 and 8 bar, the
run-up distances determined in the present tests were from
2.5 to 1.3 times the tube radius. Under these conditions, the
fresh gas flow prior to the onset of detonation is essentially
three dimensional. The growth of the boundary layer cannot
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Fig. 11 Scale of turbulent pulsations (boundary layer thickness) at
DDT locations

be illustrated by the qualitative picture presented in Fig. 9
and the model described in this section is not directly appli-
cable.

5.3 Scale of turbulent pulsations at DDT location

Using the model described in the previous section, one can
estimate the scale of turbulent pulsations at the run-up dis-
tance (substituting x with X D in Eq. (4)). These turbulent
motions are mostly related to the boundary layer generated
by the flow ahead of the flame brush. A comparison of the
scale of these pulsations (or boundary layer thickness) at lo-
cations where the onset of detonation was observed with the
detonation cell width is presented in Fig. 11. The empirical
constants in Eqs. (3) and (4) were taken to be: κ = 0.4;
K = 5.5; and C = 0.3

√
2 as suggested by Landau and

Lifshitz [27]. It is seen that for all the initial pressures the
value of δ is 1 order of magnitude larger than λ with a rather
good accuracy:

δ(X D) ≈ 10λ. (6)

Although for initial pressure from 4 to 8 bar the model for
the boundary layer thickness is not directly applicable, the
high-pressure data correlate well in Fig. 11. Some expla-
nations for this behavior can be suggested. It may be ar-
gued that the gas flow ahead of the flame is also formed
under these initial conditions. Despite of generally three-
dimensional flow pattern, this flow is parallel to the wall
at locations close to it. Equations (3) and (4) may be ap-
plicable with their accuracy to this situation. Because the
flame position is not clearly defined in this case, one can de-
fine the maximum boundary layer thickness for the time of
transition, replacing the characteristic interaction time x/V
in Eq. (4) with tD . This would assume that the value of V in
Eq. (4) is given by the ratio X D/tD , while the value of V in
Eq. (3) is essentially the flow speed. It is interesting to note
that X D/tD is about 300 m/s, what is very close to the flow

speed. Thus, application of this model for high-pressure data
gives an estimate of the maximum boundary layer thickness
at the time of transition. This may be suggested as an ex-
planation for a good correlation of the high-pressure data in
Fig. 11. We should notice that this might not be the case for
other mixtures or tubes.

The detonation cell size of the original mixture was used
in the comparison shown in Fig. 11. The state of the mixture
near the flame brush, however, is different due to the mix-
ture pre-compression behind the lead shock. The lead shock
can approximately be characterized by the following typi-
cal parameters determined from the data for initial pressure
from 0.2 to 1 bar: Mach number ∼ 1.5; overpressure ratio
∼ 1.4; temperature ratio ∼ 0.32. The detonation cell sizes,
λ, of the initial mixture state and that for the mixture state
behind the shock, λps, were compared using the model of
Gavrikov et al. [18]. It showed that for the shock parameters
presented earlier, the post-shock cell size is 1.5 times smaller
than that in the initial mixture state with a very good accu-
racy over all the range of the initial pressures. Thus, the scal-
ing with the local cell size gives the same order of magni-
tude, and the following relation can be suggested instead of
Eq. (6):

δ(X D) ≈ 15λps. (7)

This looks as a very reasonable result. Indeed, the scale of
pulsations controls the characteristic nonuniformity size and
the mixing scale, or the size of the detonation kernel that can
trigger the onset of detonation. The latter was shown to be
greater than λ by about 1 order of magnitude [24, 25, 26] for
the onset of detonation to be possible. It is thus reasonable
to suggest that the onset of detonation in the present tests
was observed as soon as the scale of the turbulent pulsations,
which were mostly connected with the boundary layer, in-
creased during flame acceleration up to about 15 times the
local detonation cell sizes λps (or 10 times the detonation
cell sizes of the initial mixture).

The results available are not sufficient to describe de-
tails of the onset of detonations in the tests. It is not clear
where exactly the detonations were originated. One pos-
sibility is that the detonation kernels, or hot spots, were
formed ahead of the flame brush due to numerous inter-
actions of pressure waves and turbulent motions, as it was
observed in numerical simulations [29, 30]. Another option
is that the onset of detonations occurred within the flame
brush and the mixing of combustion products and reactants
played a key role in triggering the detonation. It can be
argued that a certain minimum size of the detonation ker-
nel should have been formed. In both these options, the
scale of turbulent motions controls the size of the detonation
kernels.

Taking the scale of the turbulent motions, δ, as an input,
one can estimate, whether the intensity of turbulence is
sufficient to break the laminar flamelets and to mix products
and reactants faster than the reaction occur, or not. The
maximum size of the mixed products/reactants pocket, �m ,
can be estimated following the model presented in [4]. The
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model defines the mixed pocket as an eddy with turnover
time, τν , which is shorter than characteristic chemical time,
τc. The values of τν and τc are given by: τν = Lν/u′

ν ;
and τc = δT /SL , where Lν is the eddy size and u′

ν is
the turbulent velocity at scale Lν . With assumption of the
Kolmogorov turbulence, this yields:

�m

δT
=

(
δT

LT

)1/2 (
u′

SL

)3/2

(8)

The integral scale of turbulence, LT , is controlled by the
scale of pulsations, δ, in our case. The turbulent velocity
scale u′ is defined by the flow speed V ∼ 300 m/s. Taking
into account that for the mixtures tested the laminar flame
thickness satisfies, δT ≈ λ/24, Eqs. (6) and (8) give the re-
quired estimate:

�m ≈ δ/20. (9)

This estimate suggests that efficient mixing of products and
reactants would be only possible at scales of about 1 or-
der of magnitude smaller than the integral turbulent scale,
or boundary layer thickness. Thus, the option that the deto-
nation kernel of a size comparable with the boundary layer
thickness, δ, could be formed in the flame brush as a mixed
pocket of reactants and products is not supported by this es-
timate.

5.4 Model predictions

It may be suggested that the link between the scale of turbu-
lent motions (boundary layer thickness) and the detonation
cell size (Eq. (6)) is useful for estimations of the run-up dis-
tances to DDT in various tubes and mixtures. Although the
data of the present study alone are not sufficient to prove the
generality of the correlation given by Eq. (6), some interest-
ing predictions can be suggested.

According to the present results, the onset of detona-
tions in relatively smooth tubes occurs when the maxi-
mum boundary layer thickness ahead of the flame grows
up to about 10λ. Since this maximum thickness is expected
to grow nearly linear with the flame propagation distance,
the run-up distance to DDT appeared to be proportional to
the cell size (X D/λ ≈ 550 in our case) and independent of
the tube diameter. The coefficient of proportionality is ex-
pected to decrease with the tube wall roughness, d , or more
rigorously with ln(d).

The model to estimate the run-up distances and inter-
pretation of the experimental results presented here may be
only valid for tubes with diameter D � λ. In particular,
if D is less or about 20λ (depending on tube roughness),
the turbulent boundary layer prior to the onset of detona-
tion may occupy all the tube cross section. In this case,
the scale of turbulent pulsations will be influenced by the
tube diameter, D, and the run-up distance will depend on
D. Thus, for relatively insensitive mixtures, a growth of
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Fig. 12 Comparison of boundary layer thickness at DDT locations in
two different tubes

the run-up distance with the tube diameter can be expected
as observed in some of the earlier studies. One should be
also cautious, if the model predicts that transition to deto-
nation may occur at distances comparable to tube diameter
(roughly, for D > 200λ), because of possible importance
of three-dimensional effects. Although the results of present
tests show good correlation with D/λ up to 600, this might
not be the case for other mixtures or tubes.

Independence of the run-up distance on the tube diam-
eter (at constant d) for relatively sensitive mixtures (D >
20λ) is a remarkable prediction, which can be evaluated
against available experimental data. Recently, a series of
tests with DDT in stoichiometric hydrogen–oxygen mix-
tures were performed in a tube with the internal diameter
of 15 mm and wall roughness of 10 µm [31]. Although the
main focus of tests [31] was different, the run-up distances
were extracted from the experimental data for the range
of initial pressures from 1 to 10 bar. The run-up distances
observed in 15-mm tube were close to those in 105-mm
tube for the same initial pressures. The maximum thickness
of boundary layer at DDT location for these two tubes is
shown in Fig. 12. Since most of the tests in [31] (2003) were
with λ < 1 mm, the plot in Fig. 12 is given in logarithmic
scale as different from Fig. 11. It is seen that the correlation
is rather good within the accuracy of the model presented
here.

6 Conclusions

We have presented results of experimental study on run-up
distances to DDT in a smooth 105-mm tube filled with sen-
sitive mixtures having detonation cell sizes up to 3 orders
of magnitude smaller than the tube diameter. Stoichiometric
hydrogen–oxygen mixtures were used in the tests with ini-
tial pressure ranging from 0.2 to 8 bar. The dependence of
the run-up distance on the initial pressure was found to be
close to the inverse proportionality. Experimental pressure
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records showed that a compression wave with a lead shock
was formed ahead of the flame at a certain stage of the flame
acceleration process.

It was suggested that the flow ahead of the flame results
in formation of the turbulent boundary layer. This boundary
layer plays an important role in the flame acceleration and
controls the scale of turbulent motions in the flow. A sim-
ple model was suggested to estimate the maximum scale of
the turbulent pulsations (boundary layer thickness) at flame
positions along the tube with an accuracy of about a fac-
tor of 2. The scale of turbulent motions controls the char-
acteristic nonuniformity size, or the size of pre-conditioned
regions of mixture that can trigger the onset of detonation.
The latter was previously shown to be greater than λ by 1
order of magnitude [24, 25, 26] for detonation onset to be
possible.

The onset of detonation in the present tests was observed
as soon as the scale of the turbulent pulsations, δ, increased
during flame acceleration up to about 15 times the local det-
onation cell size λps, or about 10 times the cell size of the ini-
tial mixture. It is remarkable that this observation is shown
to be valid over a wide range of the detonation cell widths
from 0.1 to 10 mm within the limits of accuracy of the cell
size data.

The model for approximate evaluation of the maximum
size of turbulent motions, δ, during flame acceleration and
the correlation with detonation cell size, δ ≈ 10λ, gives a
basis for estimation of the run-up distances to DDT in rela-
tively smooth tubes. This approach can only be applied for
very sensitive mixtures or for sufficiently large tube diame-
ters: δ < D/2 (roughly, D > 20λ). One should be also cau-
tious, if the model predicts that transition to detonation may
occur at distances comparable to tube diameter (roughly,
for D > 200λ), because of possible importance of three-
dimensional effects. A comparison with the data obtained
in a 15-mm tube was found to be in accord with the model
presented. Other fuels should be also tested to check the uni-
versality of the results presented here.
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