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The flame speed correlation considering thermal-hydraulic phenomena under severe acci-
dents is proposed and correction coefficients are defined. This correlation modifies the press-
ure dependency in lijima-Takeno correlation and adds the steam suppression effects to it in
the anticipated hydrogen and steam concentration ranges under severe accidents. The existing
models of flame speed due to hydrogen combustion under severe accidents are based on the
experiments which were performed merely at room temperature and atmospheric pressure.
They have difficulty in predicting a accurate flame speed in a case of high temperature and
pressure during severe accidents.

Thus the flame structure is assumed as a prerequisite to the reliable determination of flame
speed and theoretical model is developed. To examine the validity, flame speeds in various
conditions calculated by this model are compared with those obtained by the calculation of the
existing correlations of the codes such as improved HECTR and MAAP. Also the steam sup-
pression ratio is quantified and the steam suppression coefficient is defined as a composition of
mixture. Initial temperature and pressure dependencies are investigated and correction coeffi-
cents are determined. More experimental studies can be recommended to improve this cor-
relation to its further works.
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1. Introduction

The behavior of the potentially large quantity of
hydrogen generation during severe accidents has
been recognized as an important issue that might
pose threats to containment integrity since the
accident at Three Mile Island.

The TMI accident resulted in the generation of
an estimated 150 to 600 kg of hydrogen, some of
which burmed inside the containment building,
causing a transient pressure rise of roughly
200kPa. For large dry PWR containments, even
100 zirconium oxidation is expected to lead hyd-
rogen mole fraction to be in the range from 10 to
14 in the absence of steam concentration.

The combustion is a rapid chemical reaction
accompanied by release of heat and emission of
light. The main concemns with hydrogen combus-
tion during severe accidents are the thermal load
and pressure load to the containment. One of the
important characteristic parameters that have a
great influence on pressure load is flame speed,
which is required to calculate pressure and
temperature transients due to combustion. Faster
burning process will produce higher combustion
gas pressure and temperature because there will
be less amount of heat lost to surfaces. On the
contrary, slower flame speed will result in a lower
peak combustion pressure and temperature be-
cause more heat is lost to surfaces.

The existing models of flame speed are based
on experiments, which were performed merely at
room temperature and atmospheric pressure.
They have difficulty in predicting a accurate flame
speed in a case of high temperature and pressure
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in which severe accidents proceed.

From this point of view, the objectives of this
paper are to develop the model of flame speed
due to hydrogen combustion by theoretical analy-
sis and compare these results with those obtained
by calculation of existing codes such as improved
HECTR and MAAP in order to examine the valid-
ity. And the effects of steam in the unbumed gas
on the flame speed is quantified and the steam
suppression ratio (or steam suppression coeffi-
cient) is defined in terms of a composition of
mixture.

Finally the flame speed correlation considering
high temperature dependency, high pressure de-
pendency and steam effect is proposed and cor-

rection coefficients are determined.
2. Theoretical Analysis
2.1. Burning Velocity

The flame is the result of a self-sustaining che-
mical reaction usually made visible by luminosity
of the burning gases. Combustion occurs in a gas
mixture composed of fuel and oxidant(oxygen in
the air) uniformly. In ordinary deflagration, flame
speed is sufficiently subsonic that spatial gradients
may be neglected. One-dimensional energy ba-
lance equation in steady state is described as fol-
low assuming that radiation, viscous effect, and
buoyant effect are disregarded and that Le, Lewis
number is unity.
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where A :thermal conductivity
C, : specific heat capacity
£ : hydrogen density
S, : burning velocity
QO : heat of combustion
@ ; reaction rate

As a prerequisite to the reliable determination of
flame speed, it is necessary to have some assump-
tions in flame structure. The flame structure is
assumed to be divided into three regions, referred
to asthe preheat zone, reaction zone and burned gas
zone. Figure 2.1 illustrates the flame structure reg-
ime for a premixed hydrogen laminar flame wave.
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Fig. 2.1. Temperature Regimes in a Laminar Flame

where T, ; initial temperature
T;; ignition temperature
T;; flame temperature

The combustion reaction is considered to occur
in an interface, which is called flame front, be-
tween preheat zone and bumed gas zone. In
flame front, which is taken as an indication of the
progress of the flame, the unbumed gas is con-
verted into the products. The reaction rate is ex-
pressed in the Arrhenius form to vield the first
order reaction, which is one step kinetics. The
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unbumed gas is heated to ignition temperature in
a preheat zone in which the conduction and con-
vection heat transfers are dominant and the reac-
tion process can be negligible.

Thus in the preheat zone 1 in figure 2.1 the
energy equation is written as

dz T dT

dx2 CPS,,dx=0 (2)

with boundary conditions :
T(=2)=Ty; TIO)=T; 3

The reaction zone Il extends to a small distance
8, so that in this zone the energy balance equa-
tion is written as

dz

dxz +wQ =0 (4)

with the boundary conditions :
TO)=T;; T(8)=T; )

The additional condition, which permits the de-
termination of the burning velocity, is the require-
ment of the continuity of heat flow at the interface
between preheat zone and reaction zone.

ar dT

'1( )x 0.1 'l( )x o.1r (6)

Thus we can derive burming velocity, S

_L 220 Ty * 1/2
[ ZT-TF f dT)
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2.2. Flame Speed

Conventionally, the term is used “burning veloc-
ity” when referring to the rate of buming with
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respect to the flame front, i.e., the propagating
velocity relative to the moving unburned gas
ahead of the flame front. And the term “flame
speed” is used when referring to bum rates as
measured in the laboratory coordinate system.

The relation between burning velocity and
flame speed in an one dimensional premixed
laminar flame is illustrated in figure 2.2.

Fig. 2.2 Relation Between Burning Velocity and

Flame Speed

where S,=U,—U,
S, : burning velocity
U, : flame speed
U, : unbumed gas mixture speed ahead of
flame

By equating the mass flux of unbumed gas in
front of the flame front to that of bumed gas
behind the flame front, the following is obtained :

SuAf, =UpAP, 8)

where
A : cross-sectional area of flame front
£, :unbumed gas density
P, :burned gas density
Hence, the flame speed is given as:

Ly
=8, 9
Ly )

Therefore the flame speed is larger than burning

U,

velocity by the product of the ratio of unburned to
burned gas densities, which, at stoichiometric, is
about 7.

2.3. Adiabatic Flame Temperature
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The combustion process is assumed to take
place adiabatically and with no work or changes
in kinetic or potential energy. For such a process
the temperature of the products is referred to as
the “adiabatic flame temperature”. This is the max-
imum temperature with no heat transfer that can
be achieved for given reactants, because any heat
transfer from reacting substances would tend to
lower the temperature of the products. Measure-
ments of flame temperature have shown that the
translational gas temperature rises linearly and
eventually reaches a value comparable to the
isenthalpic values calculated using thermodyna-
mics. The flame temperature is found by equating
the end state enthalpy to the sum of the initial
enthalpy and combustion energy release. New-
ton’s rule is employed to solve for adiabatic flame
temperature based on the following equation.

Heot Qp= LéM’C”"] Tes

+ Msthst( Tg,ﬂ» P, 0) (10)

where,
H

&
Cp.i : specific heat capacity at constant pressure

Ty ;1 : adiabatic flame temperature

M, : steam mass

o . initial gas enthalpy

hy, : steam enthalpy
i:HZ) 02) N2

2.4. Steam Suppression Effects and Tempera-
ture-Pressure Dependency

As steam provides an additional heat sink
capacity which helps to quench of the flame, it
suppresses the flame speed and then affects the
final pressure. The steam suppression ratio is de-
fined as a function of hydrogen concentration to
quantify its effects on the flame speed. The ratio is
one of the characteristic parameters affecting
flame speed. It is given as follows :
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Up(x120)
T (xpppp) =—7—— 11
(x120) Un(dry) 1)
where
Up(dry) ; flame speed for steam concentration

0%

Also effects of initial temperature-pressure on
flame speed are of great importance because se-
vere accidents resuit in high temperature and
pressure. The higher temperature and pressure
would tend to increase flame speed. This is mainly
due to preheat effect.

From this point of view, the effects on flame
speed are quantified and the flame speed correla-
tion over limited ranges of temperature, pressure
and steam concentration is proposed.

3. Models of Codes used for Analyzing
Severe Accidents

3.1. HECTR(Hydrogen Event ; Containment

Transient Responses)

The HECTR code was developed by SNL(San-
dia National Laboratory) under the auspieces of
the US.NRC to evaluate the hydrogen behavior
of a containment during severe accidents. The
existing correlation in HECTR version 1.5 has dif-
ficulty in predicting the flame speed accurately.
Thus the new and improved flame speed correla-
tion[4] which is dependent on combustible gas
and diluent gas composition is recommended.
This correlation has been based on the combined
data of NTS (Nevada Test Site), FITS (Fully In-
strumented Tests), and VGES (Varible Geometry
Experimental System) experiments. It is given as
follows.

(1) For 0<X,<10%

V;=L'>X(23.70 X};,~0.862)

Xexp [ Xpzo(a+bX )] (12)

where a=-4.877 and b=-3.008

(2) For 10< X><18%

Vi=L"3X(1724 X};,7~267.28 X,;,+10.996 )
Xexp[Xnaola+bXy0)] (13)
where a=-4.877 and b=-3.008
{3) For 18< X,;,<25%

For all cases, use interpolation.

(4) For 25< X};,<35%
V/=L"3x(289.73 X,,~33.769)
Xexp [ Xp(a+bXyp))
(14)
where a=-0.641 and b=-18.38
(5) For 35< X;;;,<45%

For all cases, use interpolation.

{6) For 45< X, <80%

Vi=L'3X(145.07-199.62 Xy;,)

Xexp [ Xpzola+bX0)l (15}

where

a=-17.279 and b=18.07
V¢ flame speed

L : characteristic length

x: mole fraction

3.2. MAAP(Modular Accident Analysis Program)

MAAP code was developed as part of the
IDCOR (Industry Degraded Core Rulemaking)
program to predict the thermal-hydraulic behavior
of a containment during severe accidents. The
laminar buming velocity is assumed to be uniform
since beginning of the burning. The laminar bum-
ing of MAAP has been correlated by Liu and
MacFarlane[1,5]. This correlation includes initial
temperature and steam effects.

Su(m/s)=[A,;+A0.42—X,;,) + A;(0.42)— X,,,)*]

X T+ AL s b4 X 20)16)
4. Results and Conclusion

The model of flame speed is developed by



Table 2.2. Constants for the Liu-MacFarlane Laminar

Burning Velocity
constant Xy2<042 X;20.42

A, 4.644x107 4.644x107%
A, -2.119%x1073 9.898%1073
A, 2.344x1073 -1.264%X1073
A, 1.571 1.571

As 3.839%x107! -2.476%x107!
Ag -2.21 -2.24

theoretical analysis and in order to examine the
adaptibility its result is compared to those calcu-
lated with correlations of improved HECTR and
MAAP under the conditions of FITS(Fully In-
strumented Tests). For hydrogen in dry air, the
ignition temperature is assumed to lie linearly be-
tween 800 and 1000K. In Fig.4.1, the results imp-
ly that the flame temperature increases linearly
from 780 to 1400K with increasing hydrogen con-
centration and decreases linearly with increasing
steam concentration. Then the flame speed is
calculated with the obtained flame temperature.
According to the Fig. 4.2, Fig. 4.3 and Fig. 4.4 the
flame speed increases with increasing hydrogen
concentration and in Fig. 4.5 the speed decreases
exponentially with the addition of steam regardless
of hydrogen concentration, as radioactive isotopes

700-+—
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Fig. 4.1. Flam Temperature
(Steam Concentration 0,10,20,30,40%)
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Fig. 4.2. Flame Speed for Steam Concentration 0%
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Fig. 4.3. Flame Speed for Steam Concentration 20%
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Fig. 4.4. Flame Speed for Steam Concentration 30%
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Fig. 4.5. Steam Suppression Ratio for Steam Concen-
tration

decay in a given time. If the flame speed is initial-
ly U9 in dry air, then at any other vol%. steam
(xp120) the flame speed Up(xp;0) can be given by
an exponential law :

Us(x1120)=Up eXP(—a1,0) (17)

Here 7 is defined as “steam suppression coeffi-
cient” which indicates the characteristic of flame
speed of hydrogen-air-steam mixtures.

At low steam concentration present work makes
a lower prediction than any other calculation of
codes. As the steam concentration increases, the
present work predicts reasonably.

Usually severe accidents result in high tempera-
ture and pressure. However the existing experi-
ments were performed and correlations were de-
veloped at room temperature and atmospheric
pressure. The higher temperature and pressure
would tend to produce higher flame speed.

Thus the effects of temperature and pressure on
flame speed are investigated and plotted on the
logarithmic scale for hydrogen concentration from
8 to 12%. As examples the presented Fig. 4.6 and
Fig. 4.7 represent the effects of temperature and
pressure for 12% hydrogen-dry air, respectively.
Then flame speed correlation is suggested which
can consider high temperature and pressure de-

Flame Speed (m/sec)

1 . T i + v
300 320 340 360 380 400 420 440 460 480 500
Temperature (K)

Fig. 4.6. Effects of Temperature for 12% Hydrogen-
Dry Air

Flame Speed (m/sec)

[— 298K 400K - 500K

1 12 14 16 18 2 22 24
Pressure (atm)

Fig. 4.7.Effects of Pressure for 12% Hydrogen-Dry Air

pendencies, and the correction coefficients are de-
termined on the bases of obtained results. The
procedures regarding the temperature, pressure
and steam concentration dependencies on flame
speed for hydrogen-steam-air mixtures are
evidently cumbersome and require more calcula-
tion from the theoretical viewpoints.

The suggested flame speed correlation consider-
ing initial temperature, initial pressure, and steam
effects is given in a simpler form which modifies
the pressure dependency in lijima-Takeno correla-
tion[6] and adds the steam suppression effect to
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Up(xpz Xt20, T, P)
:w,(tz, Ts’ PS)(?)“
5

10p
)

[ Bin ] exp(—7x50) (18)
where

U : flame speed in dry air

@ : temperature correction coefficient

B : pressure correction coefficient

7 : steam suppression coefficient

T, : standard temperature (298K)

P, : standard pressure (latmj)

x : mole fraction

The hydrogen- steam- air mixture temperature
is varied from 298 to 500 K, the pressure from 1

to 3 atm, and steam concentration up to 40 vol%.

In these thermal-hydraulic ranges each coefficient
is determined in terms of a range value from the
obtained results by method of least squares be-
cause the flame speed is dependent on various
thermal-hydraulic conditions and has a large un-
certainty. Each coefficient ranges in about [1.45,
1.55], [0.40, 0.45], and [2.5, 3.0], respectively.
More experimental studies can be recommended
to improve this mode!l and to quantify coefficients
fully to its further works. Also the improved model
which can consider complex characteristics of hyd-
rogen combustion such as geometrical effect,
buoyant effect, gravity force, and acceleration will
be studied.
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