3. CRITERIA FOR FA AND DDT LIMITS’

3.1 Introduction

The processes following weak ignition in a combustible mixture can result in generation of a variety
of different combustion regimes ranging from slow flames to detonations. Different combustion
regimes occur because of the intrinsic ability of combustion waves to accelerate and to undergo
transition to detonation. Fast combustion modes that resulted from FA and DDT can be extremely
destructive. Thus from the practical point of view, it is important to predict the type of combustion
regimes that can be developed under certain initial and boundary conditions.

Detailed description of all processes following weak ignition in a combustible mixture is extremely
difficult at present. This is due to complicated interactions of compressible flow, turbulence, and
chemical reactions, which should be described at high spatial and temporal resolution. In this
situation, much effort has been focused on development of criteria for FA and DDT. These criteria are
aimed at description of initial and boundary conditions under which flame acceleration and DDT can
be expected. An overview of criteria that can be used to evaluate possibility of FA and DDT is
presented in this chapter.

3.2 Criteria for FA
3.2.1 Buoyancy Limits
3.2.1.1 Downward/upward flame propagation limits.

Buoyancy effects essentially limit the ability of flame acceleration for mixtures that are close to
flammability limits. If ignition occurs in a mixture, which is in between upward and downward
propagation limits (in hydrogen-air mixtures at normal initial conditions these are 4 vol % and 8 vol
%), incomplete combustion is observed. Buoyancy lifts the flame ball upward as it expands, and
hence only a fraction of the total volume of the mixture is burned. The turbulence is able to enhance
the completeness of combustion, but no chance exists for effective flame acceleration under these
conditions. Thus a comparison of the composition of the mixture with that for the download
propagation limit gives an indication of the possibility of flame acceleration.

3.2.1.2 Froude number

Froude number Fr is a dimensionless parameter, which determines the influence of natural convection
on flame shape and properties

Fr=v/2gR , (3.1)

where v is visible flame speed, g is gravitational acceleration, and R is flame radius. The critical value
of the Froude number is estimated to be Fr* = 0.11 [3.1]. For Fr < Fr* buoyancy dominates the
process of expansion of combustion products. Under these conditions, the most effective mechanism
of flame acceleration (feedback between the flame flow produced and the flame itself) does not work.
The critical Froude number may be used as a criterion for the possibility of flame acceleration.

" Dr. Sergei B. Dorofeev is the lead author for this chapter.
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For laminar H,-air flames of 1 m in radius, values of Froude number are 0.05 and 0.16 for mixtures of
9% and 10% H, in air, assuming v = oS, (where o is ratio of densities of reactants and products, and
Sy is laminar flame speed). This gives a reasonable estimate that flames with H, concentration of less
than 9.5% and R > 1 m should be significantly affected by buoyancy. It should be noted that estimates
of the buoyancy effect that make use of Froude number are not as direct and easy as it seems. Such
estimates are reliable only for small-enough flame kernels, which can be considered as laminar. In
other cases, values of visible flame speed, v, are required, which depend on the actual combustion
regime.

3.2.2 Effects of Mixture Reactivity and Scale (o - Criterion)

Unlike the buoyancy-driven flames, deflagrations dominated by the product expansion provide
favourable conditions for flame acceleration. If such a possibility exists, it is important to estimate
whether the flame is able to accelerate under given conditions resulting in fast turbulent combustion
regimes (such as ‘sonic’ or ‘choked’ flames) and, possibly, in the transition to detonation, or the
flame acceleration is inefficient ending at a benign combustion and even flame quenching.

An important fundamental problem that should be solved to provide a foundation for such predictions
is an adequate description of the mutual affect of scale and mixture properties on the resulting
combustion mode. The influence of various factors, including scale, on the turbulent flame
propagation and flame acceleration phenomenon was studied extensively (see e. g., [3.2-3.7]).
Turbulent velocity correlations have been suggested in References [3.5 to 3.7] and in other studies,
which include intrinsically the effect of scale. However, quantitative criteria for flame acceleration are
difficult to formulate on the basis of these correlations because they require that a current level of
turbulence to be known in all phases of the process.

A series of tests was recently conducted to systematically study the effects of scale and mixture
properties on the behaviour of turbulent flames in obstructed areas [3.8, 3.9]. A set of dimensionless
parameters was chosen that could influence the flame-flow-flame feedback in obstructed areas. These
parameters are defined by the intrinsic length, time and velocity scales of the combustion processes,
and by mixture properties:

L1/6, o, Si/cy, St/csp Y Le, and B, (3.2)

where Lz is the integral length scale of turbulence, 6 is the laminar flame thickness, o is the ratio of
densities of reactants and products (expansion ratio), S; is the laminar flame speed, c,- and c;, are the
sound speeds in reactants and products, 7 is the specific heat ratio in reactants, Le is the Lewis
number, 8 = E, (T, - T,)/(RT, ,*) is the Zeldovich number, E, is the effective activation energy, 7, is the
initial, and T} is the maximum flame temperature.

In obstructed areas, the integral length scale of turbulence is defined mainly by geometrical
configuration [3.10]. Other parameters in Equation (3.2) are defined by mixture properties. The
parameters in Equation (3.2), thus, can be considered as those defining a priori a potential for flame
acceleration.

The experiments described in References [3.8 and 3.9] were focused on the effect of these parameters.
Three tubes (174, 350, and 520 mm id) and explosion channel (80 mm x 80 mm cross-section) were
used in the tests. Different mixtures were chosen in order to provide (1) a wide range of the scaling
parameters and (2) combinations with similar values of the parameters at different scales.

It was found that under certain conditions the flame accelerates effectively in explosion channels,
resulting in fast supersonic (in a laboratory framework) regimes of propagation such as choked flames
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and detonations. Another option was ineffective flame acceleration resulting in relatively slow,
subsonic regimes of propagation. Some examples are presented in Figures. 3.2.2-1 to 3.2.2-3. For
slow combustion regimes, the maximum speed of flame propagation appeared to increase with scale.
Despite this effect, a very significant difference in the maximum propagation speeds and
corresponding levels of overpressures was observed between slow and fast regimes for all scales. This
significant difference allows us to define a criterion for flame acceleration that is based on the
corresponding critical conditions in channels with obstacles.

Experimental results [3.8, 3.9] showed that parameters L/6 and ¢ were the most important ones
among all the sets (3.2) in defining flame acceleration rate. At the same time, the type (slow or fast)
of final regime of flame propagation at sufficiently large scale was found to depend mainly on the
value of mixture expansion ratio o. In view of this observation, it was suggested that all mixtures may
be divided into “weak” and “strong”. Flame acceleration and development of fast combustion regimes
are possible in strong mixtures under favourable conditions at sufficiently large scale. Flame
acceleration in weak mixtures is inefficient, even under favourable conditions. A criterion for flame
acceleration was suggested in Reference [3.10] as a requirement of a large-enough value of ¢:

o> o*(p Le), (3.3)

where o* is the critical value, which is expected to be function of 8 and Le.
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Figure 3.2.2-1 Visible speeds of flame propagation versus reduced distance along tubes (D - tube
diameter) for lean hydrogen-air mixtures. Blockage ratio = 0.3; obstacle spacing is equal to D.
Solid points represent fast combustion regimes (choked flames and quasi-detonations); empty
points represent slow combustion regimes.
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Figure 3.2.2-2 Visible speeds of flame propagation versus reduced distance along for lean
hydrogen-air mixtures. Blockage ratio = 0.6. Solid points show fast combustion regimes (choked
flames); empty points show slow combustion regimes.
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Figure 3.2.2-3 Visible speeds of flame propagation versus reduced distance along the tube for
lean hydrogen-air mixtures (equivalence ratio ¢ = 0.5) diluted with CO,. Blockage ratio = 0.6.
Solid points show fast combustion regimes (choked flames); empty points show slow combustion
regimes.
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3.2.3 Experimental Correlations for FA Criterion

A large amount of experimental data on turbulent flame acceleration is available at conditions
representative of nuclear safety. In this section, these data are considered.

Experiments were conducted in the High-Temperature Combustion Facility (HTCF) facility at the
Brookhaven National Laboratory (BNL) to study flame acceleration and DDT in hydrogen-air and
hydrogen-air-steam mixtures with different hydrogen and steam concentrations. The experiments
were performed without venting and with 5.1% venting at initial mixture temperatures up to 650K
[3.11]. The HTCF is 21.3 m long and has an internal diameter of 27.3 cm. Periodic orifice plates were
installed down the length of the entire detonation tube. The orifice plates have an outer diameter of
27.3 cm, an inner diameter of 20.6 cm, and a spacing of 1 tube diameter.

Experiments were conducted at the Sandia National Laboratories (SNL) with hydrogen-air-steam and
hydrogen-air mixtures in the Heated Detonation Tube (HDT) to determine the region of benign
combustion (between the flammability limits and the DDT limits) [3.12]. The HDT is 12 m long and
has internal diameter of 43 cm. Obstacles were used with 30% blockage ratio annular rings, and
alternate rings and disks of 60% blockage ratio. The initial conditions were 383 K and 1 or 3 atm
pressure.

RUT facility tests were performed at Russian Research Centre “Kurchatov Institute” (RRC KI0 with
hydrogen-air mixtures with and without steam dilution in a complex geometry [3.13, 3.14]. The first
part of the facility was a channel of 2.5 x 2.3-m cross-section and 34.6 m long; the second part was a
canyon of 6 x 2.5-m cross-section and 10.5 m long, and the third one was a channel of 2.5 x 2.3-m
cross-section and 20 m long. Twelve concrete obstacles were placed along the first channel with a
spacing of 2.5 m (blockage ratios were 0.3 and 0.6). Initial temperature in tests with steam was close
to 375 K. Initial pressure in all the tests was 1 atm.

FLAME facility data were obtained at the Sandia National Laboratories in a study of FA and DDT of
hydrogen-air mixtures [3.15]. FLAME is a large (30.5 m long) rectangular channel that has an interior
width of 1.83 m and a height of 2.44 m. The blockage ratio was 0.0 (no obstacles) or 0.33 in the tests.
Initial conditions were normal in these tests.

FZK experiments [3.9] were performed in a 35-cm-diameter, 12-m-long length with equidistant rings
as obstacles (blockage ratio was 0.6 spacing was 35c¢m). Flame acceleration was studied in hydrogen-
air mixtures and in hydrogen-oxygen (2:1) mixture, diluted with nitrogen, argon, helium and CO,.
Experiments were conducted under normal initial conditions.

CHANNEL, DRIVER, and TORPEDO experiments provided data on turbulent flame propagation
regimes in obstructed areas at different scales [3.8, 3.9]. Blockage ratios ranged from 0.1 to 0.9.
Distances between obstacles were equal to the transverse size of each tube for all these facilities.
Mixture compositions were varied in the tests. Experiments were conducted under normal conditions.
The CHANNEL facility is a tube with a square cross-section of 80 mm x 80 mm and 5.28-m length.
Rectangular obstacles were mounted along upper and bottom plates. Different hydrogen-air mixtures
and stoichiometric hydrogen-oxygen, diluted by argon or helium were used in these tests. The
DRIVER facility is a detonation tube of 174 mm id and approximately 12-m length. Hydrogen-air
mixtures and stoichiometric hydrogen-oxygen mixtures diluted with nitrogen, argon, or helium were
used in this facility. The TORPEDO facility is a 520-mm tube of 30.3-m length. Hydrogen-air
mixtures and stoichiometric hydrogen-oxygen, diluted by helium were used in these tests.
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Results of the analyses [3.10] are presented in Figures 3.2.3-1 to 3.2.3-6. Data points are marked with
labels given in Table 3.2.3-1. Black points correspond to fast combustion regimes, and light gray
points to slow combustion regimes.

Table 3.2.3-1 Experimental data used in correlations for flame acceleration criterion

Data source Label Blockage Tube or Initial Mixture Equivalence

ratio channel temperatur type ratio

BR size e ¢

L, mm T, K

HTCF-BNL [3.11] bl 0.43 273 300 H/air <1

HTCF-BNL [3.11] b2 0.43 273 500 Hy/air <1

HTCF-BNL [3.11] b3 0.43 273 650 H,/air <1

HTCF-BNL [3.11] b4 0.43 273 400 H,/air/H,O <1

HTCF-BNL [3.11] b5 0.43 )73 500 H/air/H,0 <1

HTCF-BNL [3.11] b6 0.43 273 650 H,/air/H,O <1
CHANNEL-RRCKI[3.9] cl 0.1 80 293 H,/air <1;>1
CHANNEL-RRCKI [3.9] «¢2 0.3 80 293 H,/air <1;>1
CHANNEL-RRCKI[3.9] ¢3 0.6 80 293 Hy/air <1;>1
CHANNEL-RRCKI[3.9] ¢4 0.9 80 293 Hy/air <1;>1

CHANNEL-RRCKI [3.9] c¢5 0.6 80 293 H,/O,/He 1

CHANNEL-RRCKI [3.9] ¢6 0.6 80 293 H,/O,/Ar 1
DRIVER-RRCKI [3.9] dl 0.09 174 293 Hy/air <1;>1
DRIVER-RRCKI [3.9] d2 0.3 174 293 Hy/air <1;>1
DRIVER-RRCKI [3.9] d3 0.6 174 293 H,/air <1;>1
DRIVER-RRCKI [3.9] d4 0.9 174 293 H,/air <1;>1

DRIVER-RRCKI [3.9] ds 0.09 174 293 H,/0,/N, 1

DRIVER-RRCKI [3.9] dé 0.3 174 293 H,/0,/N, 1

DRIVER-RRCKI [3.9]  d7 0.6 174 293 H,/0,/N, 1

DRIVER-RRCKI[3.9]  d8 0.9 174 293 H,/04/N, 1

DRIVER-RRCKI [3.9] el 0.09 174 293 H,/O,/He 1

DRIVER-RRCKI [3.9] e2 0.3 174 293 H,/O,/He 1

DRIVER-RRCKI[3.9]  e3 0.6 174 293 H,/O,/He 1

DRIVER-RRCKI[3.9]  e5 0.09 174 293 H,/O,/Ar 1

DRIVER-RRCKI [3.9] ) 0.3 174 293 H,/O,/Ar 1

DRIVER-RRCKI [3.9] e7 0.6 174 293 H,/O,/Ar 1

FLAME-SNL [3.15] fl 0.33 1830 293 H/air <1

FLAME-SNL [3.15] 2 0 1830 293 Hy/air <1
FZK [3.9] gl 0.6 350 293 Ha/air <1;>1

FZK [3.9] g2 0.6 350 293 H,/O0,/N, 1

FZK [3.9] g3 0.6 350 293 H,/O,/He 1

FZK [3.9] o4 0.6 350 293 H,/O,/Ar 1

FZK [3.9] g5 0.6 350 293 H,/0,/CO, 1

FZK [3.9] g6 0.6 350 293 H,/air/CO, 5

FZK [3.9] g7 0.6 350 293 H,/air/CO, 1

FZK [3.9] g8 0.6 350 293 H/air/CO, 2

FZK [3.9] 29 0.6 350 293 H,/air/CO, 4

continued . . .
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Table 3.2.3-1 (concluded)

Data source Label Blockage Tube or Initial Mixture Equivalence
ratio channel temperatur type ratio
BR size e ()
L, mm T, K
RUT-RRCKI [3.13] rl 0.6 2250 293 H,/air <1
RUT-RRCKI [3.13] 2 0.3 2250 293 Hy/air <1
RUT-RRCKI [3.13] r3 0 2250 293 Hy/air <1
RUT-RRCKI [3.14] t4 0.3 2250 375 H,/air/H,0 <1
HDT-SNL [3.12] sl 0.6 406 383 H,/air >1
HDT-SNL [3.12] s2 0.3 406 383 Hy/air/H,0 >]
TORPEDO-RRCKI [3.9] tl 0.6 520 293 Hy/air <1;>1
TORPEDO-RRCKI [3.9] 2 0.6 520 293 H,/O,/He 1
TORPEDO-RRCKI [3.9] 3 0.3 520 293 Hy/air <1;>1
TORPEDO-RRCKI [3.9] t4 0.1 520 293 H/air <1;>1

The plot of o-values versus initial temperature is shown in Figure 3.2.3-1. It is seen that the border
between fast and slow flames in terms of ¢ goes down with initial temperature. In fact, such a
behaviour should be expected. The mixtures are characterized by the intrinsic temperature scale -
parameter Ea/R. In the dimensionless form, the rigorous parameter is the Zeldovich number 8 =
Ea(T, - T,)/RT,’. Qualitatively, the influence of initial temperature on effectiveness of the flame
acceleration is connected with the increase of the effect of local turbulent mixing on suppression of
burning rate at high S-values. Such a general effect, however, is expected to be influenced by a local
behaviour of a flame element that is stretched and curved by turbulent motions.

The Zeldovich number is known to play an important role in the stability of stretched flames in a
combination with the Lewis number [3.16]. Normal burning rate of stretched flames U, relative to
burned mixture may be expressed by

U /Uy-1 = - May, §/Uy-(1/A-dA/dY) (3.3)

where U] is the laminar flame speed relative to burned mixture, 4 is the elementary area of the flame
front, and Ma,, is the Markstein number defined relative to burned mixture.

The value of 1/4-dA/dt represents the flame stretch, which in highly turbulent flow is due to
turbulence. The value of the Markstein number, Ma,, determines the effect of stretch on variations of
local burning velocities. For two reactant mixtures with a single-step reaction the Ma,, is estimated as
[3.16]:

o Le—1 In(1+ x)d.

May= % (no+ P ))j s (3.4)
o-1 2(c -1

where x is dummy variable of integration. The combination f(Le-1) defines the value and even the

sign of Ma,. At large negative values of f(Le-1), Ma, < 0 and the flame stretch results in a local

increase of burning velocity. With Ma, > 0, the flame stretch tends to decrease the burning velocity
and can result in flame quench.
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The combination f(Le-1) is also the defining parameter for thermal-diffusion flame instability. The
stability boundary corresponds to f(Le-1) = -2. Flames are stable with B(Le-1) > -2, and unstable
with B(Le-1) < -2. These speculations show that parameter f(Le-1) is expected to be important in
correlations of experimental data.

Figure 3.2.3-2 shows combustion regimes in (o - B(Le-1)) plot. The value B(Le-1) = -2 indeed
appeared as a threshold value. With B(Le-1) < - 2 the borderline between slow and fast combustion
regimes changes with fB(Le-1) in the range o* = 2 - 3.75. With B(Le-1) > -2, which corresponds to
thermal-diffusely stable flames, an abrupt change of limiting values of o is observed. Values of o
ranges from 3.5 to 4.0 for fS(Le-1) > -2. A similar picture is seen in the (o - Ma,) plot presented in
Figure 3.2.3-3. Threshold value here corresponds to Ma, = 0.

Data of Figures 3.2.3-2 and 3.2.3-3 suggest that correlations with other parameters should be made
separately for mixtures with B(Le-1) < -2 and with B(Le-1) > -2. For stable flames with B(Le-1) > -2,
these correlations are presented in Figures 3.2.3-4 and 3.2.3-5. Critical o-values for effective flame
acceleration do not depend significantly on scale ratio L/6 (Figure 3.2.3-4 and on Zeldovich number 3
(Figure 3.2.3-5). For unstable flames with B(Le-1) < -2, critical o-values can be considered to be a
function of Zeldovich number 3 (Figure 3.2.3-6).

Experimental correlations presented in this section permit us to suggest the following necessary
conditions for development of fast combustion regimes [3.10].

0> (3.5+4), formixtures with B(Le-1)>-2; 3.5)
o> o*(P), for mixtures with B(Le - 1) <-2, (3.6)
where the function 6*(f) is given by the correlation shown in Figure 3.2.3-6. These conditions are
expressed in terms of mixture properties and give the possibility to divide mixtures into “strong” and

“weak”, depending on their ability to support effective flame acceleration under favourable
geometrical conditions.
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Figure 3.2.3-1 Resulting combustion regime as a function of expansion ratio ¢ and initial
temperature 7,. Black points show fast combustion regimes, and gray points show slow
combustion regimes.
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Figure 3.2.3-2 Resulting combustion regime as a function of expansion ratio g and B(Le - 1).
Black points represent fast combustion regimes, and gray points represent slow combustion
regimes.
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Figure 3.2.3-3 Resulting combustion regime as a function of expansion ratio ¢ and Ma,. Black
points represent fast combustion regimes, and gray points represent slow combustion regimes.
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Figure 3.2.3-4 Resulting combustion regime as a function of expansion ratio ¢ and scale ratio L/
6 for mixtures with B(Le - 1) > -2. Black points represent fast combustion regimes, and gray
points represent slow combustion regimes.
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Figure 3.2.3-5 Resulting combustion regime as a function of expansion ratio ¢ and Zeldovich
number B for mixtures with S(Le - 1) > -2. Black points represent fast combustion regimes. and
gray points represent slow combustion regimes.
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Figure 3.2.3-6 Resulting combustion regime as a function of expansion ratio o and Zeldovich
number B for mixtures with S(Le - 1) < -2. Black points represent fast combustion regimes, and
gray points represent slow combustion regimes. Groups of points are marked with values of
initial temperatures for hydrogen-air-steam mixtures.
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3.24 Applications of o - Criterion and Corresponding Uncertainties

To apply the criteria stated in Equations (3.5) and (3.6), values of 8 and Le are required for each
particular mixture. First of all, the value of B(Le-1) should be estimated. For mixtures typical of
containment atmospheres (hydrogen-air-steam) such estimates [3.10] suggest that Hp-lean mixtures
are characterized by B(Le - 1) < -2 and H,-rich and stoichiometric ones by fB(Le - 1) > -2. Mixtures
close to stoichiometry on the lean side with equivalence ratio ¢ from 0.7 to 1.0 (depending on initial
temperature and steam concentration) are at the border S(Le - 1) = -2.

Thus for H,-rich and stoichiometric hydrogen-air-steam mixtures, the condition expressed in Equation
(3.6) should be applied to estimate limits of effective flame acceleration. For H-lean hydrogen-air-
steam mixtures, limits for effective flame acceleration are expected to depend on S, and, hence, on
initial temperature.

To calculate B, the values of effective activation energy Ea and T, in addition to T, are required.
Thermodynamic calculations provide data on T, for each particular mixture (equilibrium temperature
of combustion products at constant pressure). Effective activation energy Ea can be estimated from
dependence of laminar flame speed on 7. For lean hydrogen-air-steam mixtures, such estimates give
an average value of Ea/R = 9800 K (for rich mixtures Ea/R = 17700 K) [3.10]. These estimates and a
correlation shown in Figure 3.2.3-6 provide data for determination of flame acceleration limits in
terms of mixture compositions.

There are some uncertainties connected with estimations of flame acceleration limits. First of all, it
should be stressed once more that the criteria expressed in Equations (3.5) and (3.6) represent
necessary but not sufficient conditions for effective flame acceleration. Other requirements should be
met as well so that the flame propagation can result in formation of fast combustion regimes. The
most important of them are the requirements of a large-enough scale (flame propagation distance) and
favourable geometry (obstructions) for effective flame acceleration.

Another type of uncertainty is connected with a spread of critical o-values. For rich mixtures, it is
given by the range from 3.5 to 4.0 for o*. It should also be noted that no experimental data are
available for rich hydrogen-air-steam mixtures at 7, > 383 K. Additional experiments are required to
evaluate the limit expressed in Equation (3.6) for rich mixtures at T, > 383 K.

A considerable spread in limiting o-values (3.5 + 4.0) may be connected with an influence of
additional parameters on effectiveness of flame acceleration. In particular, the laminar flame Mach
number S;/c,, may play a role. An accurate estimation of the possible influence of this parameter is
difficult because no reliable data on S; are available for some of mixture compositions. In view of
this, definition of critical conditions in terms of ¢ (even taking into account the spread of critical
values) should be considered as more reliable because o-values are only given by thermodynamic
mixture properties.

For lean mixtures, the error of limiting o-values (Figure 3.2.3-6) can be estimated as 4%, which
results, for example, in the o*-range from 2.7 to 2.9 for B = 5.5 (T, = 400 K). If hydrogen-air-steam
mixtures are considered without additional components or dilution (e. g., CO,, N,, CO, etc.), the
unavoidable uncertainty connected with determination of Ea (and, hence, ) can be eliminated by
using limiting 6*(7,)-values from Figure 3.2.3-1 instead of those from Figure 3.2.3-6. In other cases,
the critical condition in form of o*(f) is preferable, and uncertainty in -value should be taken into
account.
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A third type of uncertainty is connected with a border between stable and unstable flames f(Le - 1) =
-2. The exact location of this border (in terms of the mixture composition under given initial
conditions) is difficult to define because of inevitable errors in determination of Le and . What is
also unclear is how sharp the difference is in limiting conditions for mixtures that are close to this
stability boundary. No experimental data are available for mixtures with S(Le-1) from -2.2 to -1.3 in
Figures 3.2.4-1 to -6. Additional analysis and, probably, experiments are necessary to clarify the
critical conditions for mixtures with equivalence ratios ¢ in the range from 0.7 to 1.0.

Limits of flame acceleration for hydrogen-air-steam mixtures at T = 375 K and p = 1 atm and
corresponding uncertainties are shown as an example in Figure 3.2.4-1. The limits are presented using
hydrogen concentration in a dry mixture (H,(dry) = H,/(H,+air), vol %) and steam concentration (vol
%) as variables.
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Figure 3.2.4-1 Limits of flame acceleration for hydrogen-air-steam mixtures at T =375 K and p
=1 atm. Ranges of uncertainties are shown by shadow areas.

The uncertainties discussed above can be taken into account by using conservative estimates, that is,
by using the minimum o*-values for each set of initial conditions. Additional experiments and
analysis can help in narrowing the range of uncertainties in application of the o-criterion.
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3.3 Necessary Criteria for DDT

Useful practical information can be obtained if one addresses separately different phases of DDT,
namely the creation of conditions for DDT (Phase 1) and the onset of detonations (Phase 2). For each
of these phases, the necessary conditions may be formulated, which provide a number of DDT criteria
for practical applications. These criteria give necessary but not sufficient conditions. If some or all of
them are satisfied, it does not mean that detonation should certainly be initiated. There are probably
other requirements that should also be met. However, if one of the necessary criteria is not satisfied,
detonation should not be expected. This important point gives simple estimates from a conservative
side for accident analysis.

3.3.1 Detonability Limits

The detonability limits of a reactive mixture are the critical conditions for the propagation of self-
sustained detonation. The critical conditions denote both the initial and boundary conditions of the
explosive mixture. If a self-sustained detonation propagation is not possible, DDT cannot be
expected. In this view, the detonability limits can be considered as a “first level” of DDT criteria.

A detailed discussion of detonability limits can be found in several reviews (see e. g., [3.17-3.19]).
Here we will just mention some important values. The limit for stable detonation propagation in a
cylindrical smooth-walled tube (limiting tube diameter) is estimated to be D* = A/m. For wide planar
channels with height H# much smaller than the width W, the channel width should accommodate at
least one detonation cell for stable detonation propagation W* = A.

3.3.2 Criteria for Phase 1 of DDT

It is generally considered that processes of DDT can be divided into two main phases. Phase 1
involves a variety of processes that create conditions for the onset of detonations. Phase 2 is the actual
process of detonation formation — the onset of detonations. A number of requirements have been
found that are necessary to provide conditions for DDT (Phase 1 of the process).

3.3.2.1 Fast flame requirement

It was shown that turbulent flames should accelerate to result in ‘choked’ or ‘sonic’ combustion
regime to produce conditions for the onset of detonations [3.19, 3.20]. Flame speeds in laboratory
flame are close to isobaric sound speeds in combustion products (about 500 to 1000 m/s) in this
combustion regime. The results obtained recently show that no DDT was observed; indeed, in some
cases a flame did not accelerate to a nearly choking regime. The necessary criterion may be
formulated that the flame should be accelerated to result in a fast, nearly choking, combustion regime
to make DDT possible. Thus the o criterion for flame acceleration described in Section 3.2 can also
used as one of the necessary conditions for DDT.

3.3.2.2 Critical flame Mach numbers

Because different initial conditions — in terms of mixture composition, temperature, and pressure—
are relevant for nuclear safety, the definition of critical flame speeds in absolute values cannot be
satisfactory. The flame Mach number (flame speed normalized by sound speed in uncompressed
mixture) represents a parameter that is more relevant for a variety of initial conditions. The Mach
number of choked flames is about 2. Recently, a series of tests was conducted [3.21] to determine the
critical values of flame Mach numbers for DDT in a variety of hydrogen-air steam mixtures. The
minimum value of 1.5 was found for the most-sensitive mixture used in the tests [3.21].
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3.3.2.3 Minimum shock Mach numbers

The requirement of the development of a relatively fast combustion regime prior to DDT is connected
with the necessary creation of a local explosion somewhere in the flow that includes flame brush and
a system of shocks ahead of the flame. The faster the flame, the stronger the shocks generated, and
consequently the more effective is the turbulent mixing of products and reactants, thereby promoting
initiation of a localized explosion. One of the important mechanisms (but not the only one) that
causes localized explosions to occur is connected with shock reflections from obstacles. Although
mild ignitions in reflections are the intrinsic feature of propagating fast deflagration waves, strong
ignitions can lead to formation of detonation wavelets, which in certain conditions can result in fully
developed detonations.

To provide initiation of localized explosion in reflections, the flame should be able to generate a
shock wave with some critical Mach number. A number of tests were made [3.22, 3.23] to determine
the critical shock Mach numbers that are capable of giving strong ignition in reflections. The
composition of mixtures and the configuration of reflectors were varied. More recently, critical shock
Mach number experiments were conducted at a larger scale (FZK tube, 350 mm id) [3.24] compared
with studies described in References [3.22 and 3.23].

The following conclusions can be made, to summarize the results of critical Mach number
experiments in hydrogen-containing mixtures:

1. Shock (blast) waves with Mach numbers M < 1.2 cannot cause the secondary ignition being
reflected from focusing surfaces and obstacles.

2. Shock (blast) waves with 1.2 < M < 1.4 can cause secondary ignition in reflections from
focusing surfaces and obstacles, thus favouring escalation of the explosion.

3. Shock (blast) waves with M > 1.4 can cause initiation of detonations in the vicinity of
reflecting surfaces.

4. Scale affects the possibility of the initiation of detonation in shock-wave reflections. Usually,
the critical Mach numbers for initiation of local detonations decrease as the scale increases.

No model is currently available that is able to adequately describe the mutual influence of shock
strength, mixture properties, and scale on possibility of detonation initiation in reflections. The
experimental data on detonation initiation in shock-wave reflections should help to develop and verify
detailed models of DDT phenomena.

3.33 Criteria for Onset of Detonations
3.3.3.1 Minimum tube diameter criterion (d > 1)

A detailed study of DDT in tubes was conducted at McGill University [3.19, 3.20]. Flame
acceleration and transition to detonation were studied in tubes having an internal diameter of 5 to 30
cm, and with orifice plates installed inside the tubes. Blockage ratio (BR), fuel type, and mixture
composition were variables in these experiments. Detonation cell size, A, was used to characterize the
sensitivity of the mixture to detonation initiation. This means that different mixtures were compared
on the basis of the value of the cell size. It was found that, for an optimum blockage ratio of BR =
0.43, a size of the unobstructed passage, d, of more than 14 is necessary for transition to detonation.
This criterion can be used as the necessary condition for DDT in obstructed channels. However, it is
only applicable for very long channels, having a length of more than 10 to 20 times their width.

3.18



Long channels with or without obstacles are not typical of the geometry of containment buildings. A
chain of connected compartments could principally represent a similar geometry. However, even for
long channels, the critical value of d appeared to depend on obstacle configuration (see Table 3.3.3-
1). The critical ratio d/A increases with a decrease of obstacle spacing and with an increase of
blockage ratio, BR. DDT is easier to achieve for a smaller BR and for a greater distance between
obstacles. Variations of critical d/A can be quite large, ranging from 0.8 to 5.1. Despite the obvious
limitations of the criterion for long channels (d > A), it gives an important indication of the effect of
geometrical scale on the transition to detonation. The detonation cell size, A, increases with changes
of the mixture composition below and above stoichiometry. Consequently, the larger the scale the
wider is the composition range for DDT.

Table 3.3.3-1 Critical conditions for DDT in channels and tubes having different configuration
of obstacles

BR | Channel | Channel |Unobstructed| Obstacle | Maximum A | d/A | Reference
width W, | height H, passage spacing, for DDT,
mm mm d, mm mm min
0.43 16 57 31.6 50.56 8.8 3.6 [3.25]
0.43 16 57 31.6 101.12 11.7 2.7 [3.25]
0.43 50* 37.4 50 31 1.2 [3.26]
0.43 150* 114 150 100 1.1 [3.26]
0.43 300* 226 300 190 1.2 [3.26]
0.45 61.8 55.4 30 32.1 13 2.3 [3.27]
0.45 61.8 55.4 30 64.2 20 1.5 [3.27]
0.45 61.8 55.4 30 128.4 36 0.8 [3.27]
0.3 350%* 293 525 220 1.3 [3.9]
0.6 350%* 220 350 44 5.1 [3.9]

*) Tube diameter

3.3.3.2 Minimum scale requirement for onset of detonations

A number of studies focused on the analysis of the processes involved in the second phase of DDT —
the onset of detonations. It was assumed that necessary conditions for generation of localized
explosion (Phase 1) are met, and the process of the actual formation of a detonation wave was
studied. It was shown that several factors can influence the process of detonation formation. First, a
local distribution of mixture properties (auto-ignition delay time) in a sensitized region should
provide coupling of chemical and gas dynamic processes that result in the formation of an explosion
wave [3.28-3.30]. Second, this wave should survive propagating from a sensitized to an unpertubed
mixture [3.31-3.34]. Finally, the explosion wave should be adjusted for a chemical length scale of the
ambient mixture. The latter, naturally, gives a measure for the minimum size of the sensitized region,
which is necessary for the formation of detonation.

Numerical and analytical studies were conducted to determine the minimum size of the sensitized
region [3.31-3.35]. Critical conditions for detonation formation in a locally sensitized mixture were
studied. A sensitized region was modelled by temperature distributions [3.31-3.33], addition of a fast
reactive component [3.31-3.33], and mixed products and reactants [3.34]. The problem of the
propagation of an explosion wave through reactivity gradients was also studied analytically as a
separate problem [3.35].
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The main results of these studies are summarized here: the minimum size of a sensitized region is
required for the onset of a detonation; this size depends on the properties of the mixture surrounding
the sensitized region; and a characteristic length scale for this process is of the order of 104, in terms
of detonation cell width, A, of the unperturbed mixture. Some details of the detonation formation
process may influence the minimum size for detonation onset. A decrease of the volumetric energy
content in the sensitized region (e. g., for temperature non-uniformities), results in the minimum size
increase. In the opposite case of the detonation onset in a locally pre-compressed region (e. g., for
auto-ignition from shock reflections), detonation onset is facilitated. In cases of detonation formation
as an expanding wave (e. g., spherical symmetry), the minimum size was found to be increased
because of curvature effects. A combination of the above factors is typical for DDT events. It is
hardly possible, thus, to define a universal criterion for the onset of detonations. However, an
engineering estimate for practical applications has been suggested [3.13, 3.31-3.33], assuming that a
detonation is developed initially as a planar wave, volumetric energy content is uniform, and typical
fuel-air mixtures are considered. With these assumptions, the minimum macroscopic size of
sensitized mixture for detonation onset was estimated to be about 7A.

The results of numerical studies described above were obtained using some types of one-dimensional
(1D) models for detonation formation in nonuniform mixtures. Obvious limitations of 1D models
limit the reliability of their predictions, especially that of quantitative character. In view of this, it is
important to mention some recent experimental results, which confirm, generally, the main
conclusions of these calculations.

A series of experiments [3.36] was conducted to study critical conditions for propagation of explosion
waves through reactivity gradients. Propagation of a detonation wave from a donor mixture through a
gradient region to a less-reactive acceptor mixture was studied using hydrogen-air mixtures in a 174-
mm tube. The length of the donor mixture, the width of the gradient region Ax, and the reactivity of
acceptor mixture were varied in the tests. It was shown that a critical sensitivity gradient (AAZ/Ax)* (A
A is the difference in cell sizes between acceptor and donor mixtures) may be defined, which
determines a possibility of detonation decay in the gradient region. Detonations decayed in the
gradient region, in the cases of (AA/Ax) > (AA/Ax)*. Tt was also found that the critical value of (AL/A
x)* depends significantly on the difference in energy densities of donor and acceptor mixtures. The
more energetic the donor mixture was compared with the acceptor mixture, the sharper (greater (AA/A
x)*) was the critical gradient for detonation decay. Extrapolation of the experimental results to the
uniform energy density resulted in critical values of (Ax/AA)* = 10. These experimental data, thus,
appeared to be in accord, qualitatively, with the results of numerical calculations described earlier in
this section. The critical values of the gradient for hydrogen-air mixtures appeared also to be in a
reasonable quantitative agreement with the calculations.

Another aspect of the numerical and analytical predictions for the minimum size of a gradient region
for detonation initiation concerns the effect of symmetry (initiation of spherical detonations). Recent
results of turbulent jet initiation experiments [3.37] showed that the minimum requirement for
initiation of spherical detonations by turbulent jet (in the absence of confining structure effects) may
be expressed as Dy, > 24, where D, is the orifice size of the initiating jet. This is about 3 times as
much as what should be expected for initiation of a planar wave (10A) in accordance with results of
numerical and analytical models.

These data support the results of theoretical analyses of main features of spontaneous onset of
detonations in a sensitized mixture region. They show once more that some minimum size of the
sensitized (or gradient) region is required for the onset of detonation. These results show, also, that
the order of magnitude for the minimum size is about 10A (A corresponds to the surrounding mixture),
and that this size can vary from several A to several tenths of A depending on particular conditions. In
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such a situation, a detonation onset criterion, which is aimed at describing the effect of scale with an
accuracy better than an order of magnitude, should be primarily based on appropriate experimental
correlations.

In the discussion presented here, the detonation cell size was used as a measure of mixture sensitivity.
This allows scaling of DDT conditions found for different mixtures and compositions. The cell size
data themselves are available for conditions typical of severe accidents. The data and corresponding
interpolation methods are described in Appendix D. It should be noted, however, that the cell size
cannot be considered as a fundamental mixture property. Its application as a scaling parameter should
be validated experimentally. Fortunately, for mixtures typical of containment atmospheres (H,-air,
H,-air-H,0, H,-air-CO, at normal and elevated initial temperatures), the detonation cell size has
shown to be a reliable scaling parameter [3.38-3.42]. Corresponding details are given in Section 3.3.4.

3.3.3.3 L/A-correlation (7 A criterion)

In order to formulate a criterion for the onset of detonations that describes the effect of scale, a
definition of a characteristic geometrical size L of an enclosure is necessary. The size L should give a
measure of the possible macroscopic size of a sensitized mixture where detonations might originate
and develop. A requirement for this size to be large enough compared with the detonation cell size of
the mixture can form the necessary detonation onset criterion. Originally [3.13, 3.32, 3.42, 3.43], such
a criterion was formulated as L > 7A, where L was defined as a characteristic (average) size of a room
filled with combustible mixture (or the size of a mixture cloud). Experimental data generally showed
a good agreement with L > 7A criterion over a wide range of scales and mixture compositions.

Despite a general agreement of the L > 7A criterion with experimental data, definitions for the
characteristic size L used in References [3.13, 3.32, 3.42, and 3.43] were not always unambiguous,
especially for practical applications. It was more or less established that good correlations were
observed for rooms (or mixture clouds) with relatively small aspect ratios, where the size L could be
casily defined as a sort of average of the corresponding geometrical sizes. An appropriate and clear
definition of L for chains of connected rooms (or tubes with obstacles) was not derived in References
[3.13, 3.32, 3.42, and 3.43]. Practical analyses of containment buildings showed that a system of
connected rooms requires a special attention as the most typical geometry. In addition, a large amount
of new experimental data was obtained recently, especially for DDT in obstructed channels. All these
factors indicated that an additional analysis of the L/A-correlation is of interest for practical
applications.

The L/A-correlation was reconsidered in Reference 3.44, in terms of a system of connected rooms. It
was assumed that a characteristic size L; for a single room is the average size from two maximum
room sizes. Such a definition showed a good correlation in earlier analyses, and provides a certain
conservatism for rooms with large aspect ratios. We need to notice that the results of correlations are
not very sensitive to the definition of the characteristic size of a single room. The average size, or the
cubic root from the room volume, gives very close results for available experimental data.

Thus for single room it was assumed that

L,=(S+H)/2, (3.7
where H and S are room height and length respectively (which are greater than room width 7). It was
suggested that if room 1 is connected with room 2 through some opening, the characteristic size L of

the system of rooms 1 and 2 is defined by

L:L1+(XL2, (38)
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where L; and L, are characteristic sizes of room 1 and 2 respectively, and o is a parameter that
describes the size of the opening between rooms. A large database on DDT conditions in obstructed
channels and tubes can be used to find an appropriate definition for the parameter o. For long
channels with repeated obstacles (which can be considered as a chain of rooms, all with characteristic
sizes equal to L;) one can obtain instead of Equation (3.8) the following form:

L=L;+oal;+o(Ly+..))), (3.9)
or
L=L;,+al. (3.10)
Thus characteristic size for the channel with obstacles appeared to be given by
L=L/I-0) . (3.11)

A comparison with experimental data for DDT in channels and tubes was made assuming different
definitions for @, namely, o = (d/D)"?, a = d/D, and o = (d/D)’, where d is unobstructed passage, and
D is tube diameter (or channel height D = H). It was found that the best correlation was observed for
o defined as

oa=db. (3.12)

Such a definition (Equations (3.7), (3.11), and (3.12)) for the characteristic size L is qualitatively in
accord with observations that detonation onset is facilitated in obstructed channels with increase of
d/D (decrease of blockage ratio) and with increase of obstacle spacing. Indeed, for the same D, L
increases with increase of S and d/D. Moreover, the critical ratio L/A for DDT appeared to be nearly
constant for different configurations of obstacles and close to 7, as was suggested in the earlier studies
[3.13, 3.32, 3.42, 3.43].

The characteristic size L of obstructed channels has clear geometrical interpretation, especially for
cases of S = H. This observation is illustrated by Figure 3.3.3.3-1.

It should be noted that the definition for L (Equation (3.11)) has a singularity for ¢ = 1. This
singularity leads to large increase of L for « close to unity (small BR). Such a singularity can be
easily avoided by limiting the range of application of Equation (3.11) for the cases with large-enough
values of BR, for example, BR > 0.1. In cases BR < 0.1, the system of connected rooms can be
considered as a single room with L defined by Equation (3.7).

3.22



Figure 3.3.3.3-1 Graphical illustration of characteristic size L for channels with obstacles and its
changes with blockage ratio.

3.3.34 Comparison of d > A and L/A Criteria

Both the minimum tube diameter and the L/A criteria are based on comparison of characteristic
geometrical sizes of an enclosure with the characteristic chemical length scale A of the mixture.
Applications of these criteria are limited by reliability of A as a scaling parameter for a particular
range of mixtures and initial conditions. This aspect should be verified first against an appropriate set
of experimental data. The difference between these criteria is due to different definitions of
characteristic geometrical sizes. In the d > A criterion, the minimum transverse size of unobstructed
passage in a channel is required for onset of detonation. In the L/A criterion, the minimum distance for
detonation formation is required. These requirements, thus, do not contradict each other and may be
considered as complimentary. The first approach (d > A) is applicable to long channels with
obstacles. The second one (L/A), principally, allows us to address a wider range of typical geometrical
configurations should an appropriate correlation be obtained.

3.3.4 Experimental Correlations for Detonation Onset Criteria

A considerable database has been accumulated in literature on limiting conditions for DDT. This
database includes the McGill University small-scale tests on DDT [3.25-3.27], experiments in the
FLAME Facility [3.15], BNL tests [3.11] and Whiteshell Laboratories (AECL) data [3.21]. Recently,
large-scale DDT experiments with hydrogen-air, hydrogen-air-steam, and hydrogen-air-CO, mixtures
were conducted at Russian Research Centre ‘Kurchatov Institute’ [3.13, 3.14, 3.38-3.40, 3.44, 3.45]
in the RUT facility. Experiments were also made in MINIRUT experimental apparatus at scale 1:50
of RUT facility [3.45, 3.46]. New data on DDT conditions were also obtained in obstructed channels
with transverse sizes 80, 174, 350, 520 mm [3.8, 3.9] for a wide range of hydrogen mixtures.
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In this section, the detonation onset criteria are examined by comparison with this set of experimental
data on DDT conditions.

3.34.1 Cell size as scaling parameter

Reliability of detonation cell size as a scaling parameter for detonation onset conditions can be
estimated without any reference to DDT criteria. For that, critical values of A for the onset of
detonations should be compared in similar geometrical configurations and for different mixtures and
scales. For hydrogen-air mixtures at relatively small scales, this comparison has already been done in
the database [3.25-3.27] that summarizes a series of DDT experiments in tubes. It was also shown by
results of DDT tests at BNL [3.11] for hydrogen-air-steam mixtures at initial temperatures up to 650
K.

A comparison of the critical A values may be made also for a large range of scales and geometrical
configurations on the basis of the RUT and MINIRUT tests, including

- hydrogen-air, hydrogen-air-steam, hydrogen-air-CO, mixtures at large scale;
- two typical geometrical configurations (obstructed channel and room); and
- two 50 times different scales.

Data of Tables 3.3.4.1-1 and 3.3.4.1-2 and Figures 3.3.4.1-1 and 3.3.4.1-2 show that the critical
values of A are similar for different mixtures and initial conditions at the same scale and geometrical
configurations. The ratio of the critical A-values is indeed close to the ratio of scales for tests with
similar geometry.

It may be concluded that for the range of scales, mixtures, and initial conditions tested, detonation cell

sizes can be used as a reliable scaling parameter for characterization of the detonation onset
conditions.
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Table 3.3.4.1-1 Critical values of A for detonation onset at large scale (RUT facility)

Mixtures Channel geometry Room geometry
H,/air at 285 K - =l m

H,/air/H,O at 375 K =09 m =12 m
H,/air/CO, at 285 K 0.7-09m 09-12m

Table 3.3.4.1-2 Critical values of A for detonation onset at two different scales and similar
geometry

RUT MINIRUT Arut/AmiNiRUT
(scale 1:50)
A, mm
Channel 900 18 50
Room 1200 21-25 48-57
3.342 L/A-correlation (7 A criterion)

Characteristic geometrical sizes L and detonation cell widths of combustible mixtures are compared
here for each particular case of deflagration and DDT. The characteristic sizes, L, were calculated for
each case according to Equations (3.7), (3.8), (3.11), and (3.12). Detonation cell sizes were
determined using data presented in Appendix D. Experimental data used for the L/A-correlation are
listed in Table 3.3.4.2-1

The summary of experimental results is presented in Figure 3.3.4.2-1. Data are marked with labels
given in Table 3.3.4.2-1. Figure 3.3.4.2-1 shows combustion modes (DDT or deflagration) as a
function of characteristic geometrical size L, and detonation cell width A. A good correlation is
observed for L/A = 7 within the accuracy of the cell size data over a wide range of scales. The
minimum ratio of L/A = 5.6 for few cases of DDT can be found among the general borderline of L/A =
7 in the correlation presented in Figure 3.3.4.2-1. This is just a 20% deviation, which is much smaller
than inaccuracy of the cell size data.

It should be noted once more that such a correlation can be only considered as a necessary but not a
sufficient condition for DDT. If 7A criterion is not satisfied (over the 74 line in Figure 3.3.4.2-1),
detonation cannot be expected. In the opposite case (below the 74 line in Figure 3.3.4.2-1),
development of combustion process can result in both detonation and deflagration regimes. Data for
channels with BR = 0.1 (d1 and t4 data labels) show an example that 7A-criterion does not give a
sufficient condition for DDT. Onset of detonations was observed in this case for ratios L/A
considerably higher than 7. Flame acceleration was inefficient with BR = 0.1, flames accelerated until
the end of the channel, but did not reach a velocity high enough for DDT. For BR > 0.1, the necessary
requirement for development of fast flames was satisfied, and DDT was observed in cases where the
scale was large enough for onset of detonations (L > 74).

The data presented here show that quite a good L/A-correlation can be obtained for a variety of
different geometrical configurations. Probably, such a correlation can be further improved by using
better definitions for characteristic size L. We need to note, however, that the accuracy of the cell size
data for severe accident conditions is not as good as the agreement observed in Figure 3.3.4.2-1. As
shown in Appendix D, average uncertainty in the cell size estimation is given by a factor of 1.5, and
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the maximum one can be more than a factor of 2. This should be taken into account in practical
applications of the 7A-criterion.

Table 3.3.4.2-1 Experimental data used in L/A-correlation for onset of detonations

Data source Label Blockage Tube or Initial Mixture type Equiva-
ratio channel size temperature lence
BR D (H), mm T,K ratio ¢
AECL [3.21] al 0.31 280 373 H,/air/H,O
HTCF-BNL [3.11] bl 0.43 273 300 Hy/air <1
HTCF-BNL [3.11] b2 0.43 273 500 H,/air <1
HTCF-BNL [3.11] b3 0.43 273 650 H,/air <1
HTCF-BNL [3.11] b4 0.43 273 400 H,/air/H,O <1
HTCF-BNL [3.11] b5 0.43 273 500 H,/air/H,O <1
HTCF-BNL [3.11] b6 0.43 273 650 H,/air/H,O <1
CHANNEL-RRCKI[3.9] ¢l 0.1 80 293 H,/air <1;>1
CHANNEL-RRCKI [3.9] «¢2 0.3 80 293 Hy/air <1;>1
CHANNEL-RRCKI[3.9] ¢3 0.6 80 293 Hy/air <l;>1
DRIVER-RRCKI [3.9] dl 0.09 174 293 H,/air <1;>1
DRIVER-RRCKI [3.9] d2 0.3 174 293 Hy/air <1;>1
DRIVER-RRCKI [3.9] d3 0.6 174 293 H,/air <1;>1
DRIVER-RRCKI [3.9] d4 0.9 174 293 Hy/air <1
FLAME-SNL [3.15] fl 0.33 1830 293 H,/air <1
mini-FLAME-SNL [3.47] f3 0.33 150 293 H,/air <1
FZK [3.9] gl 0.6 350 293 H,/air <1;>1
FZK [3.9] g2 0.6 350 293 H,/0,/N, 1
FZK [3.9] 23 0.3 350 293 H,/air 1
FZK [3.9] 26 0.6 350 293 H,/air/CO, .5
FZK [3.9] g7 0.6 350 293 H,/air/CO, 1
FZK [3.9] g8 0.6 350 293 H,/air/CO, 2
FZK [3.9] 29 0.6 350 293 H,/air/CO, 4
McGill [3.25] ml 0.44 16 x 57 x 50 293 Hy/air <1
McGill [3.25] m2 0.44 16 x 57 x 100 293 Hy/air <1
McGill [3.26] m3 0.43 50 293 H,, CH-fuels/air <1
McGill [3.26] m4 0.43 150 293 H,, CH-fuels/air <1
McGill [3.26] m5 0.43 300 293 H,, CH-fuels/air <1
McGill [3.27] mé6 0.44 65x52x32 293 H,, CH-fuels/air <1
McGill [3.27] m7 0.44 65x52x 64 293 H,, CH-fuels/air <1
McGill [3.27] m8 0.44 65x52x 128 293 H,, CH-fuels/air <1
RUT-RRCKI [3.13] rl 0.6 2250 293 H,/air <1
RUT-RRCKI [3.13] r2 0.3 2250 293 Hy/air <1
RUT-RRCKI [3.13] 3 room 10.5x6x23m 293 Hy/air <1
RUT-RRCKI [3.14] 4 room 10.5x6%x23m 375 H,/air/H,0 <1
RUT-RRCKI [3.14] 5 0.3 2250 375 H,/air/H,O <1
RUT-RRCKI [3.40] 6 0.3 2250 293 H,/air/CO, <1
RUT-RRCKI [3.40] r7 room 10.5x6x23m 293 H,/air/CO, <1
RUT-RRCKI [3.45] ri room 15x6%x23m 293 H, -injection <1
continued . . .
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Table 3.3.4.2-1 (concluded)

Data source Label Blockage Tube or Initial Mixture type Equiva-
ratio channel size temperature lence
BR D (H), mm T,K ratio ¢
HDT-SNL [3.12] sl 0.6 406 383 H,/air >1
HDT-SNL [3.12] s2 0.3 406 383 H,/air/H,O >1
TORPEDO-RRCKI [3.9] tl 0.6 520 293 Hy/air <1;>1
TORPEDO-RRCKI [3.9] 13 0.3 520 293 Hy/air <1;>1
TORPEDO-RRCKI[3.9] t4 0.1 520 293 H/air <1;>1
mini-RUT-RRCKI [3.44] vl 0.3 46 293 H,/air <1
mini-RUT-RRCKI [3.44] V2 room 210x 120 x 50 293 Hy/air <1
3 | T T |
2r No DDT, BR<0.5 |3 I is2
s2
No DDT, BR>0.5 ég gy
1000 I & rooms A
— d3
— @  DDT,BR<0.5
5+ 4 DDT,BR>0.5 |d3
B & rooms 43
3 —— L=m
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Figure 3.3.4.2-1 L/A-correlation for onset of detonations
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3.34.3 Correlations for turbulent jet initiation

The initiation of detonations by a turbulent jet of combustion products represents one type of DDT
phenomena. This initiation mode can occur when combustion of a gaseous mixture in a confined
chamber with a venting orifice results in the injection of combustion products’ jet through the orifice
into another mixture volume outside the chamber (see Figure 3.3.4.3-1). It was shown first by
Knystautas et al. in 1979 [3.48] that such a jet is able to initiate detonation in the surrounding mixture
in cases the jet gas velocity and the jet size are large enough. Since that time, a number of studies
were conducted to determine critical conditions for turbulent jet initiation of detonation [3.37, 3.48-
3.56]. Correlations of the jet orifice size dy and detonation cell size A of the surrounding mixture were
usually used to characterize the critical conditions. A considerable spread of the critical dy/A values
from about 10 to more than 60 can be found in these studies.

It has been indicated in many studies [3.37, 3.49-3.51, 3.53-3.56] that the onset of detonation is
usually induced or influenced by confining structures. A limited number of observations have been
made that show direct initiation of detonation in the turbulent jet of combustion products [3.37, 3.51,
3.55, 3.56]. As suggested in Reference [3.37], the cases when initiation process is dominated by
interaction with confining structures are rather cases of DDT but not true cases of the turbulent jet
initiation. The turbulent jet plays a role of a strong ignition source, and detonation occurs at a later
stage of combustion. The jet orifice size is not a single characteristic scale in these cases, and
correlations in terms of dy/A are not appropriate to characterize the critical conditions.

To extract experimental data that correspond to true cases of turbulent jet initiation, one can consider
the results of the tests under nearly unconfined conditions. These are tests where the combustible
mixture was confined with only a thin plastic bag [3.37, 3.51, 3.54, 3.55] and tests where the size of
the experimental chamber was large enough compared with the jet orifice size d, [3.55]. A correlation
for critical conditions of the turbulent jet initiation, based on these data is presented in Figure 3.3.4.3-
2. Figure 3.3.4.3-2 shows that minimum jet orifice size d, for onset of detonations in the jet can be
estimated in the range from 14A to 24\.

As mentioned in Section 3.3.3, the minimum scale requirement for the onset of detonation in the
spherical initiation mode is more severe than that in the planar case, and the difference can be
described approximately by a factor of 3. If detonation onset is observed near the rigid wall or near
the ground surface, it is possible to assume that an explosion wave develops initially as a planar wave.
In the truly unconfined conditions (far from physical boundaries), only a spherical wave can be
initially formed. This is the case for detonation formation directly in the turbulent jet. It may be
suggested that the difference in experimental correlations L/A > 7 and do/A > (14 + 24) can be
attributed mainly to the different (planar or spherical) initiation modes.

If one considers combustion processes in a system of connected rooms, the scenario of jet initiation is,
principally, possible. An initiating jet can be formed in the connection between two compartments
with the size dy. Because dy is always smaller than the characteristic room size L, the requirement for
direct initiation in the jet dy > (14 + 24)\ appears to be much less demanding than that for DDT (L > 7
A). In this situation, DDT should be considered as a more probable event. However, if condition dy >
(14 + 24)\ is satisfied, there is a high probability that detonation will be initiated next to the
connection. Such an estimate of DDT location can be important for safety analysis because very high
local loads are typical of DDT events.
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Figure 3.3.4.3-1 Schematic illustration of turbulent jet initiation of detonation. Jet of
combustion products enters from the left chamber through an orifice to the right chamber. A
detonation wave (DW) can be originated in the products and reactants mixing region.
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Figure 3.3.4.3-2 Correlation for initiation of spherical detonations by a turbulent jet of
combustion products. Data are taken from References [3.37, 3.51, and 3.54-3.56].
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3.3.5 Applications of DDT Criteria and Corresponding Uncertainties

First of all, we need to emphasize once more that all DDT criteria considered in this report may be
used as necessary conditions only. They give a sign that DDT can principally be expected under
certain conditions and scale. They do not show, however, that DDT will necessarily occur, if these
criteria are satisfied. The most important point for practical application is that DDT should not be
expected, if one of these criteria is not satisfied. The necessary DDT criteria, thus, are appropriate for
conservative estimates of the possibility of DDT. The term “conservative” here means that an analysis
based on necessary but not sufficient conditions is conservative since it can indicate a possibility that
DDT can occur in some cases when DDT cannot actually occur because of factors that are not
considered in the analysis. The level of such a conservatism can be reduced if several DDT criteria
are used simultaneously. At the same time, it should be emphasized that these are empirical criteria.
They are based on the currently available set of data, and it is possible that they will be revised in
future as more information becomes available.

DDT criteria impose limitations on different phases and aspects of the combustion process. Among
the criteria considered in this report, o, d/A, L/A, and dy/A correlations are the most readily available
for nuclear safety applications. Application and uncertainties of o-criterion for flame acceleration
were discussed in Section 3.2.4. Here, the detonation onset criteria will be discussed.

3.35.1 d/A correlation (minimum tube diameter criterion)

Application of this criterion is appropriate for relatively long channels. In the case of rooms, or
connected compartments with large blockage ratios, the d/A-criterion can result in significantly
overconservative estimates. Inaccuracy of the cell size data should be taken into account in practical
applications.

3.3.5.2 L/A correlation (7 A criterion)

This criterion was formulated in order to address different geometrical configurations typical of a
containment building. For each compartment of a containment, a characteristic size L should be
determined. In most cases of particular geometrical configurations, Equations (3.7) to (3.12) give a
guideline for determination of L.

It should be noted, however, that actual geometry of a containment does not always permit a clear
definition of L as it was used in Equations (3.7) to (3.12). Some necessary amendments are given
below. In cases of some difficulties with determination of L, the general approach should be to use
the maximum L value from a number of choices.

In a typical situation of a system of connected rooms, some rooms can be connected to several others.
Characteristic size L of the room 1 connected to rooms 2 , . . , n can be calculated according to an
extended version of Equation (3.8):

L:L1+052L2 +...+ OCnL,,, (313)

where ,...c, are parameters that describe sizes of connections between rooms. Such a way to
account for neighbouring rooms is only important for large-enough open connections between rooms.

In some situations, parameter o cannot be defined directly as o = d/D. Several possible ways to
replace Equation (3.12) can be suggested:

a=(Lis/V)"; (3.14)

3.31



o= (s/6/®)"”, (3.15)

where s is the area of connection to a neighbouring room, V; is total volume of the room, and @
is total area of all room walls, including open connections. Equations (3.14) and (3.15) are written
using parameters that can be easily defined in a containment.

Inaccuracies of determination of L for some cases define the first type of uncertainty in application of
L/A correlation. The range of this uncertainty can be estimated using difference in L values calculated
using different available options for each particular case. Generally, this is certainly lower by a factor
of 2, which defines the accuracy of the cell size data.

A second type of uncertainty is defined by the accuracy of the cell size data. As shown in Appendix
D, average uncertainty in the cell size estimation for nuclear safety applications is given by a factor of
1.5, and the maximum one can be more than a factor of 2. This inaccuracy should be taken into
account by using a correction factor for A values for L/Acorrelation. If A is determined using
interpolation methods presented in Appendix D, the cell size values reduced by a factor of 1.5 to 2
should be used in L/A correlations. This is necessary because far interpolations and even
extrapolations of the cell size data are unavoidable in applications. A possibility to use directly the
cell size values can be considered on case-by-case basis if mixture compositions and initial conditions
are close to the range of reliable experimental data (see Appendix D).

A third type of uncertainty is connected with applications of L/A correlation for volumes with
characteristic size exceeding 10 to 15 m (the range given is due to inaccuracy of A). The problem is
that no detonations were observed in experiments with a cell size of more than 2 m. This is the
maximum reported A-value, which was estimated in HDT Facility tests at the Sandia National
Laboratories from spacing of a transverse wave for a single-spin detonation. Thus any extrapolation
of the cell size values beyond A = 2 m is questionable. It does not mean, however, that L/A correlation
is useless for large compartments with L > 10 to 15 m (e.g., dome part of a containment). Application
of this correlation gives a conclusion that DDT is possible in such compartments for all mixtures with
A <2m. Possibility of DDT in mixtures less sensitive than those with A = 2m is uncertain.

In view of this uncertainty, it may be suggested that the possibility of effective flame acceleration
should be the main interest for large compartments. Namely, o-correlations can be applied. If
effective flame acceleration is impossible (weak mixture), fast flames cannot be developed and DDT
is impossible as well, disregarding the value of A. In the opposite case, development of fast explosion
regimes, including detonations, cannot be excluded.

3.3.5.3 dy/A-correlation (turbulent jet initiation)

As mentioned in the previous section, DDT in a given compartment is a much more probable event
compared with the turbulent jet initiation. Thus, d/A and L/A should be used first. Critical conditions
for turbulent jet initiation can be useful to identify locations where the onset of detonation can be
expected.
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3.3.54

An example of the combined application of ¢ and L/A correlations is presented in Figure 3.3.5.4-1 for
hydrogen-air steam mixtures at 375 K and 1 atm initial pressure. Conservative estimates were used
for limits of flame acceleration (the minimum oc*-values). The DDT border is shown as A = 2 m
curve. This means that inside this border, DDT is possible in rooms with L > 7*2/1.5 =10 m. It should
be emphasized that DDT limits depend on scale, whereas flame acceleration limits (o criterion) do

not.
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3.3.5.5 Application of L/A correlation in non-uniform mixtures

Concentration gradients can be expected in a containment as a result of the processes of hydrogen
injection and mixing. In the case that a concentration gradient exists in a compartment or combustible
cloud, it is difficult to directly apply the criteria for detonation onset that are based on detonation cell
size A. It is necessary, at least, to define what A value from the range defined by the concentration
distribution should be used as the representative chemical length scale.

The most conservative assumption is to use the minimum A, which corresponds to the most-sensitive
mixture composition. At the same time, it is a highest probability that a detonation is originated in the
most-sensitive part of the mixture (minimum cell size). To classify a detonation as a global event for
the given compartment or cloud, the detonation should be transmitted then to the less-sensitive part.
This possibility, as explained in Section 3.3.3, depends mainly on the value of A in the insensitive part
of mixture surrounding the detonation origin.

To resolve this conflict an approximation can be suggested that some average cell size should be
compared with characteristic size L of the compartment (cloud) to estimate wheter a detonation is
possible as a global event. Because of non-linear behaviour of the cell size function on concentration
(see Appendix D), A of average composition <C> is usually smaller than the average cell size <A>.
Thus the use of A(<C>) gives more conservative estimates for L/A criterion. In many cases, the
average composition is the only information available from distribution calculations (e. g., from
lumped-parameter codes).

It should be emphasized that the use of A(<C>) for L/A criterion gives only a global estimate. If L
appears to be less than 7A(<C>), it does not mean that detonation cannot be expected locally,
somewhere inside the compartment (cloud), where mixture is more sensitive. To make more detailed
estimations, information on composition distribution is required.

If such information is available, one can consider the following logical scheme. Assuming that
detonation is formed already inside a small volume with a characteristic size X; with a sensitive
composition C;, one can test whether the detonation survives propagation to the distance X, with less-
sensitive composition C,. A schematic of such a problem for planar case, which will be considered
first, is shown in Figure 3.3.5.5-1

According to the results [3.35], the possibility of detonation transition to location X, is defined
dominantly by the length of the gradient L = X,, and the value of cell size at location X>: L > AA(C,).
Factor 4 depends on the energy density difference between mixtures C; and C,. For constant energy
density it is close to 7 used in the L/A correlation. If this difference is described through CJ detonation
velocities D; and D, experimental data for lean hydrogen air mixtures [3.36] suggest that

log(A) o< -D;*/D,*, (3.16)

If one assumes for simplicity that C; and C, represent concentrations of a limiting component, then
D;/D;’ = C;/C5. According to Equation (3.16), for a given C», log(L) decreases linearly with C; as
shown in Figure 3.3.5.5-1. Point C in Figure 3.3.5.5-1 corresponds to the critical value of Lc for
detonation formation at location X.

Point E in Figure 3.3.5.5-1 gives an estimation of critical L from the cell size of the least-sensitive
mixture (Lr = 7A4(C,)), without taking into account the energy density difference (underconservative
estimate). Point A corresponds to the critical L4 defined by the minimum A (L, = 7A(C})) and gives an
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overconservative estimate. Point A should be always lower than point C since the minimum L,
defined by this point is a fraction of L¢ value for point C.

Point B is defined as Lz = 7A4(<C>). If the function log(A) = f{C) is concave, what is generally true
for hydrogen-air-steam mixtures, point B is lower than C, giving a conservative estimate for L/A
correlation. The same is not always true for point D (Lp = 7(<A>)). Thus the above consideration
gives an explanation of why the use of A(<C>) for L/A correlation should give a conservative
estimate.

Log(Lcrit)
A
E max A
Critical L with
account for
overdrive
D 7<)
e \ C
7MC) B 7M<C>)
A min A
» C
C2 Cl
cletonation //__
< C,
C,
Xz Xl

Figure 3.3.5.5-1 Schematic illustration of different options to estimate minimum cloud size
(critical gradient) for the possibility of detonation in a location X, in that cloud.
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In the non-planar cases of detonation wave formation, the above speculations can be also applicable,
but factor 4 is expected to be greater than 7, as mentioned in Section 3.2.3.2. This value gives an
additional conservatism in applications of the criterion L > 7(<A>).

Thus two possible approximate solutions can be suggested for application of L/A correlation for non-
uniform cases. The first one makes use of the characteristic size L of a compartment (mixture cloud)
and the cell size of the average composition. The criterion L > 7A(<C>) should give an estimate of
the possibility of global detonations in the compartment. If detailed distribution of components is
unknown and significant gradients can be expected, the possibility of local detonations in a part of the
compartment (cloud) cannot be estimated with this criterion.

This approach was applied in large-scale experiments on dynamic hydrogen injection and ignition in
the RUT Facility [3.45] and showed good results. Corresponding data (labelled “ri”’) are shown in
Figure 3.3.4.2-1.

The second solution implies that concentration distribution is known. One can start from the cloud
boundary with determination of L (=V"”) and <A>, and test the criterion L/A(<C>) for the cloud. If it
is not satisfied, a more sensitive part of the cloud can be enveloped, new values of L and A(<C>) can
be determined, and the criterion can be tested again. This procedure can be repeated going into
smaller and more sensitive cloud parts. If at a certain stage the 74 criterion appears to be satisfied, this
means that detonation is principally possible, locally, inside this part of the mixture. Such a procedure
that gives indications of the possibility of local detonations should be considered, thus, as more
conservative compared with the first solution.

It should be noted that these solutions for non-uniform mixtures can be applied only as estimates.
Although they are based on the DDT correlations for uniform cases and on experimental data on
detonation behaviour in non-uniform mixtures (lean hydrogen-air at normal initial temperature and
pressure), no direct experiments are available to verify them in detail.

34 Summary

An overview of criteria for FA and DDT has been presented in this chapter. These criteria address one
of the important practical problems, namely, what type of combustion might be expected: slow
flames, fast flames, or detonations. It was shown that boundaries separating various flame regimes
depend not only on the composition of the mixture, but also on thermodynamic state, geometrical
configuration, and on the physical size or scale of an enclosure.

It is important to note that only a number of empirical necessary conditions for FA and DDT have
been formulated up to the present. They are based on the currently available set of data, and are the
subject of ongoing research.

One of these conditions states that FA is only possible in mixtures having large-enough expansion
ratio 0 > o* (see details in Section 3.2). The requirement of large-enough ¢ is the necessary but not a
sufficient condition for development of fast combustion regimes. A sufficiently long flame path
and/or favourable geometrical configuration promoting flame folding and stretching should be present
in order that the flame can actually accelerate to high velocities. If the flame has accelerated to
velocities of about the speed of sound in combustion products, the conditions for spontaneous
formation of detonation can be reached.

The second important set of the necessary conditions states that detonation may only occur if the

physical size L the compartment containing mixture is sufficiently large compared to the chemical
length scale that characterizes the sensitivity of the mixture. The usual choice of the chemical length
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scale is the detonation cell size A. The necessary criteria for DDT described in Section 3.3 are
expressed in a form of L > aA. The value of the constant o depends on the particular geometrical
configuration and on the definition of the characteristic geometrical size L (see details in Section 3.3).

Combined application of FA and DDT criteria enable a more refined evaluation of possible
combustion regimes than was previously possible for severe accidents in nuclear power plants. At the
same time there are uncertainties, which are described in Sections 3.2.4 and 3.3.4. These uncertainties
should be taken into account in practical applications of the criteria for FA and DDT.
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