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The Flow and Combustion Engineering Division at the Forschungszentrum Karlsruhe (FZK) carried out
the explosion experiments of hydrogen-oxygen mixtures in a smooth tube made of stainless stee] after two
radiolysis gas (2Hy+0,) explosion accidents occurred in Japanese and German BWRs. In these 7
experiments, stoichiometric hydrogen-oxygen mixtures with different initial pressures were used. The
pressure in the tube and the strain of the tube were measured, and then the structural response during the
detonation and the Deflagration-to-Detonation Transition (DDT) process were investigated.

~ In the present study, a numerical analysis was performed to simulate one of the experiments by the use of
the 3-dimensional turbulent combustion analysis code COM3D, which has been developed in FZK, and a
DDT process was calculated. The COM3D code contains a reaction rate constant, which must be obtained
empirically from experimental résults. It is necessary to improve the reaction rate constant for the
simulation of the DDT process. In the present calculation, the reaction rate constant was assumed to be an
exponential function. As a result, it was found that the COM3D code can simulate the DDT process.
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1. Introduction

Two radiolysis gas explosion accidents occurred in the Japanese BWR (Hamaoka-1 at November 7,
2001) ¥ and the German BWR (Brunsbuettel KKB at December 14, 2001). The investigation of
these two accidents showed that an extraordinary large pressure rise due to the high-speed combustion
of the radiolysis gas inside the pipes caused ductile material failure.

A tube is heavily damaged if a detonation occurs in the tube, and the system suffers a great loss.
Therefore, it is important for safety engineering to investigate the process of the formation of the
detonation. The initiation of detonation can be divided into two methods: (a) the indirect initiation
of detonation by flame acceleration and Deflagration-to-Detonation Transition (DDT), and (b) the
direct initiation of detonation by a. strong source. An important parameter for the indirect initiation
of the -detonation in a smooth tube and unconfined volume is the run-up-distance, which is the
distance from ah ignition position to a DDT occurrence point.. There are only few experimental
investigations into the effects of tube diameter, initial pressure and temperature on the run-up-distance

in smooth tubes @ W6,

Combustion waves are classified into subsonic deflagration waves and
supersonic detonation waves in the premixed gas of fuel and oxidant. The deflagration waves
develop into the detonation waves by flame acceleration via 2 DDT process. One of the general
causes of the transition to detonation of a flame is the turbulence generatéd by the tube wall. The
effect of the boundary layer becomes important in the tube because of the effective turbulent
generation inside turbulent boundary layer.- The interaction between the wall and the flow behind
the leading shock wave generates turbulence in the whole flow field, starting at the wall and
propagating toward the centerline of the tube. Correspondingly, the leading point of the turbulent
flame is in the vicinity of the wall and this determines the flame velocity. The important effect of
the turbulent boundary layer on DDT was shown experimentally ®. The effect of the boundary layer
on flame acceleration and DDT was studied numerically M®_ However, numerical approach of
DDT is very di_fficult bécause the scales of the phenomena are so different between deflagration, DDT
and detonation.

The Flow and Combustion Engineering Division at the Forschungszentrum Karlsruhe (FZK)
carried out radiolysis gas (2H,+0O,) explosion experiments in a smooth tube © after the two radiolysis
gas explosion accidents. Radiolysis gas is generated due to the enhanced water dissociation in a
radiation field, which takes place mainly in the cores of operating BWRs. The hydrogen to oxygen
ratio for radiolysis gas is usually close to the stoichiometric value. The objectives of the
experiments are as follows: (1) Investigation of the effect of radiolysis gas detonation pressures on the
structural response of a U-shape stainless steel tube, (2) Combined pressure and strain measurements
during the detonation of a stoichiometric hydrogen-oxygen mixture at different initial pressures up to
70 bar, (3) Investigation of the DDT process in a smooth tube for a stoichiometric hydrogen-oxygen
mixture at elevated initial pressures from 1 to 70 bar and ambient temperatures from 290 to 300 K.

In the present study, aiming at the third objective of the experiments, a numerical analysis is
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performed to simulate one of the experiments described above by the use of the 3-dimensional
turbulent combustion analysis code COM3D, which has been developed in FZK. In order to
simulate a DDT process, an improvement is added to the reaction rate constant of the COM3D code,
and then the DDT process is calculated and the numerical result is compared with the experimental

result.
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2. Outline of Radiolysis Gas Explosion Experiments ©

This chapter describes the outline of the radiolysis gas explosion experiments.

The details of the transient combustion behavior of radiolysis gas under the typical conditions of
BWRs are uncertain. In the experiments, run-up-distances, DDT processes and detonation
characteristics in radiolysis gas explosions at various initial pressures were investigated.

The experiments on the radiolysis gas (2H,+0,) explosion were carried out using a smooth DN-15
stainless steel tube of 6 m in length with standard U-shape geometry. The tube is 21.3 mm in outer
diameter and 2.9 mm in thickness. The schematic drawing of the tube used in the experiments are
shown in Fig. 1. The actual dimensions of the tube and its U-shape configuration were chosen in
such a way as to be representative of tubes available in BWR plants. DN-15 tubes are installed
frequently in German BWRs for instrumentation purposes. The tube was equipped with five ports
for pressure measurements located on the cylindrical tube surface (P1-P5), one port for the ignition
plug at the tube cover and one port for the gas mixture inlet aﬁd the combustion products outlet at the
cylindrical surface.

The conditions for the DDT in stoichiometric hydrogen-oxygen mixtures were studied
experimentally in the DN-15 tube for a wide range of initial pressures from 0.5 to 70 bar (0.05 to 7
MPa) at an ambient temperature-of about 300 K. The stoichiometric hydrogen-oxygen mixtures are
the most energetic gas composition. ,

As a result of the experiments, a strong effect of the initial radiolysis gas pressure on the DDT
proéess was observed, and it was found that the run-up-distance from the ignition position to the DDT
occurrence point is inversely proportional to the initial pressure to the power of two thirds. The
run-up~distance was evaluated from the experimental results as follows:

r, =042p. % | 1)

where 7, is the run-up-distance (m) and p, is the initial pressure of the gas mixture (bar).
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Fig. 1 Schematic drawing of the U-shape DN-15 tube used in the experiments.
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3. Outline of COM3D Code

The COM3D code is a 3-dimensional turbulent combustion and explosion analysis code, and the
code is applicable for the wide range of hydrogen combustion regimes from slow deflagrations to
detonations. The development of the COM3D code has been continued in FZK @9 @D This
chapter describes the outline of the COM3D code.

3.1 Gas Dynamic Model

The gas dynamic model includes the Favre-averaged conservation laws of total mass, momentum,

energy and species mass as follows:

dp 9
—++—(pu;)=0 2
at  ox, (p ’) ' @
9 d p 9T, :
—(pu, }+ —|puu.)=pg, - —+—=, i=1,2,3 3
o'?t(p ) ox; (o) =g, ox, ox, 3
d d it;, 9 |u, 9 1 p
—(pe)+—-:lpe+plu.i=pgu, +u —-+—3 —_le——puu +~|r+B+pe 4
o’ft(p ) dx; {(oe+p) ’} PEH; dx, c?ch{C,l 6xj( 2 p)} P ®)
] d — 9 (um, of
A + —| oU. =q +—| "l _Ja 5
—e1.) s (ou,1.) =, ax,.( C | (5)
where
2 . ou du ou, '
T, =—=0,|pk+u, —=|+ —L+—L 6
i 3 12 (p Au!ur dxk) :ulur( axj 0xi ' v ( )
e=§—f-"‘-(h +Ah°—RT)+lu u ' 7
U ] a 2 3%
a=1 a
k2
P =H+C, = , ®)
B=ﬁty.r__1?_@.a_p 9)
C, p° ox, dx, . : :
fa=%‘_ ' : , , . (10)
®,=C,xF (11)

In the above equations, ¢ is the time, x is the axial coordinate, p is the density, ; is the velocity in

coordinate direction i, g is the gravitational acceleration, p is the static pressure, T, is the stress

.
tensor given by Eq. (6), e is the total energy given by Eq. (7), u,, is turbulent viscosity given by Eq.
@®), C, C, and C, are the constants, f is the mass fraction, @, is the mean reaction rate, 6,
is the Kronecker’s delta, £ is the turbulent kinetic energy, ¢ is the turbulent kinetic energy dissipation
rate, u is the viscosity, 4 is the enthalpy, R is the gas constant, T is the temperature, C, is the specific

heat at constant pressure, C, is the reaction rate constant, F is the reaction rate modeled by the
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CREBCOM code ?, and « is the gas component. -
3.2 Turbulence Model

The standard k~& model is available to solve turbulent flow as follows:

] 9 o (u, ok : ,
— —(pu.k)=5- — | B 77

a,(pk)+ . (ouk) =5~ pe+ &xj(Ck ax,.) (12)
J J £ Jd (um, de .
2 2 (oue)=<(cs-C A "

07t(p8)+(9xj (p1s2) 'k(C1 2p8)+axj C, axj) )

" where
, o ,
5T, g 14

J

In the above equations, C, C,, C, and C, are the turbulence model constants. In the present
numerical simulation, the turbulence model was not used because the CREBCOM code, which is

explained in section 3.4, was used as a turbulent combustion model.
3.3 Thermodynamic Model

The thermodynamic model offers the thermophysical properties of four gas components (Hz, O, N3,
H,0). The thermophysical properties of these gases are calculated with polynomial fitting functions:
dependent on temperature based on the JANAF data.

3.4 Chemistry Model

The CREBCOM code '? is used as a combustion model. The CREBCOM code can be applied to
simulate all possible ranges of hydrogen combustion regimes from slow deﬂagrationé to detonations,
and it gives a conservative estimation of loads from hydrogen combustion based on a combination of
empirical criteria and correlations. It has already been verified that the code can give reliable

estimations of maximum flame speeds and the maximum level of overpressure.
3.5 Numerical Scheme

In order to solve the previous equations, a first-order windward scheme is used instead of a TVD
(Total Variation Diminishing) scheme in terms of the stability of DDT and detonation calculations.
The TVD scheme is a standard 'solution method in the COM3D cdde,-and the scheme is adequate for
the calculations of deflagrations. The windward scheme is adequate for the calculations of
detonations. Comparing the calculation results of the windward scheme and the TVD scheme in the

case of the present numerical simulation, the authors confirmed that the windward scheme had a
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better accuracy. The equations are solved on a 3-dimensional Eulerian Cartesian grid.
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4. Numerical Analysis

A numerical analysis is performed to simulate one of the radiolysis gas explosion experiments by
the use of the COM3D code. In this chapter, the analytical model, the results and the discussion of '

the numerical analysis are described.
4.1 Analytical Model’

Fig. 2 shows the analytical domain for the present calculation. A shdrt part of the experimental
tube shown in Fig. 1 was modeled by a rectangular cylinder composed of rectangular cells. The
range of the analytical domain is 15.5 mm (20 cells) in the x-direction, 15.5 mm (20 cells) in the
y-direction and 387.5 mm (500 cells) in the z-direction, and so the length of the one cell is 0.775 mm.
The geometry model of the numerical analysis uses a three-dimensional Cartesian grid with a total of
0.2 million computational cells to model the domain. The analytical domain is divided into two
parts: a gas region and a solid region. Slip boundary conditions are applied to all the boundaries.
Fifty-one pressure gauges and light gauges to record pressure and flame propagation velocity are
installed on the inner surface of the tube at every 10 cells in the z-direction. - The explosion
experiment of a stoichiometric hydrogen-oxygen mixture at an initial pressure of 5 bar (0.5 MPa) and
an initial temperéture of 36°C in the tube is simulated with the COM3D code. A length of 387.5 mm
(500 cells) in the z-direction is long enough to reach the DDT point from the ignition position when
the léngth is compared with the mn-up-distaﬁce 145.2 mm (187.3 cells) evaluated from Eq. (1). For
the stoichiometric hydrogen-oxygen mixture with an initial pressure of 5 bar and an initial
temperature of ambient temperature, the Chapman-Jouguet pressure (CJ-pressure) is 98.9 bar, the
Chapman-Jouguet velocity (CJ-velocity) is 2932 m/s and the Chapman-Jouguet temperature
(CJ-temperature) is 4000 K.

4.2 Modeling of C; Value

The CREBCOM combustion model of the COM3D code contains a- reaction rate constant C,,

. 'which must be obtained empirically from experimental results. A large series of calculations for

turbulent combustion experiments with different hydrogen concentrations and blockage ratios
confirmed a value of C,=6x1 for a great variety of deflagration experiments. However, DDT

doesn’t occur if C; is a constant value. The COM3D code with the constant value of C; can not

calculate the rapidly flame acceleration in a DDT process. The appropriate modeling of C, is

needed for the simulation of the DDT process.
In the present study, C; is assumed to be an exponential function, and C, is changed every time

step until C, reaches C The

f,max *

After reaching C

f,max ?

C ;is a constant value of C -,

max *

functional expression of C, is assumed as follows:
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C,=C 1n(Cp /) C,=C, . after reaching C 15

5o 70CXP __[——t ( 7= Cromax @LICr réacning f,max) (15)
cJ

where C,, is the value at =0, C, is a constant value, f is the onset time of DDT, and C,

is a maximum value of C,. 1, is evaluated from Eq. (1) and the CJ-velocity. C,, C, ., and

t,, must be adjusted in accordance with the experimental results. For the calculation of an initial
pressure of 5 bar, C,,=6, C,, =200, C, =120 and 7, =5 x4.952x10”° were used. The time
history diagram of the C, value expressed by Eq. (14) is shown in Fig. 3.

f.max

- 4,3 Results and Discussion

A numerical simulation was performed with the COM3D code under the same conditions as the

experiment previously described above.

Fig. 4 shows the time history diagram of the pressures at thirteen different positions recorded by the
pressure gauges along the tube. The peak pressure at each position increases with time as the
pressure wave moves to the downstream. ~After the pressure reaches the maximum at the position of
280 cell (217 mm away from the ignition position), it gradually decreases. The maximum peak
pressure is 18.3 MPa, which is 85.4% higher than the theoretical Cl-pressure of 9.89 MPa. It is
inferred from the pressure rise that DDT occufs.

The maximum peak pressure observed at a DDT process is higher than the theoretical CJ-pressure
since, just after the onset of DDT, the detonation wave propagates in a pre-compressed gas mixture
with a pressure much higher than the initial gas bressure (%) The CJ-pressure is achieved only at the
later stage of detonation wave propagation. '

Fig. 5 shows the position-time diagram of the pressure waves. This figure shows the calculated
pressure-time histories as the function of the position along the tube. It is found in this figure that
- the DDT occurs at around the position of 200 cell (155 mm away from the ignition position) because
the pressure wave moves at a constant velocity after the position of 200 cell. The run-up-distance
evaluated from Eq. (1) is 145.2 mm (187.3 cells) from the ignition position. It can be said that the
numerical result of the DDT point is in good agreement with the value evaluated from Eq. (1).

Fig. 6 shows the flame propagation velocity distribution in the, tube evaluated from the data
recorded by the light gauges. The flame propagation velocity is accelerated with the pressure wave
until a detonation occurs. After the onset of the detonation, the flame propagates at a cohstant
velocity of about 2908 m/s, which is just a ﬁttle smaller than the theoretical CJ-velocity of 2932 m/s.
It can be said that the numerical resuit of the CJ-velocity is in good agreement with the theoretical
Cl-velocity.

Fig. 7 shows the comparison of numerical and experimental pressure transients at the same pressure

recorded point (180 cell and P1). The peak pressure of the calculation is 42.3% higher than the

experimental peak pressure. The maximum value of C, (C, ., =120) may be large. However,

,max
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the pressure change shows a similar tendency between the calculation and the experiment.

Figs. 8-12 show the 2-dimensional pressure distributions, temperature distributions, H,
concentration distributions, schlieren images and z-velocity distributions at each time as the reference
of the calculation results. In these figures, the white parts show the highest values, and the black
parts show the lowest values. As shown in Figs. 8~12, a high-pressure region exists in front of the
reaction zone with a high temperature region and a 0% H, concentration region after 2.3480x10™ sec.
It is the characteristics of a detonation wave. It can be found from the maximum velocity shown in
Fig. 12 that the z-velocity of the shock wave front reaches a constant velocity of about 2500 m/s after
the vz-velocity rapidly accelerates until 2.3480x10™ sec, and | the DDT may occur at around
2.3480x10™ sec.

As shown in these calculation results, the COM3D code with the C ; value of the exponential

function can simulate the DDT process.
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Fig. 2 Schematic drawing of the analytical domain.
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Fig. 4 Time history diagram of the pressures at different positions along the tube.
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Fig. 5 Position-time diagram of the pressure waves.
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5. Concluding Summary

In the present study, the numerical analysis, which simulated one of the radiolysis gas explosion
experiments using a smooth tube, was performed with the COM3D code, and the DDT process was
calculated. The calculated DDT point was in good agreement with the experimental one, and the

flame propagation velocity in detonation was in good agreement with the theoretical CJ-velocity.
As a result, it was shown that the COM3D code with the appropriate model of C, value can

simulate the DDT process in the tube.

As a future task, it is necessary to compare numerical results with the other experimental results in
order to derive the more general form of the C, value.
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