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Abstract

The nuclear power plant is provided with features to insure safety. The
engineered safety features (ESFs) are devoted to set operating conditions
under accident conditions. If ESFs fail to apply in some accidents, this
would lead to what called severe accident and core damage. In this case
hydrogen will be generated from different sources particularly from metal-
water reactions. Since the containment is the final barrier to protect the
environment from the release of radioactive materials; its integrity should
not be threatened. In recent years, hydrogen concentration represents a real
problem if it exceeds the combustibility limits. This work is devoted to
calculate the amount of hydrogen to be generated, indicate its combustibility
and bow to inertize the containment using different gases to maintain its
integrity and protect the environment from the release of radioactive
materials.
Key words: severe accident, hydrogen generation; combustion; mitigation
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Introduction

The large net free volume inside a PWR dry containment and

structural strength of the containment building are designed to accept

the internal pressure resulting from design basis accidents (DBAs).

However, the containment may be exposed to pressure and

temperature loads associated with some low frequency core meltdown

accidents which are potentially more severe than DBAs. In accidents

which exhibit a prolonged overheating of fuel and core components,

metal-steam reactions are major sources of hydrogen. The amount of

hydrogen produced by these reactions can be high. These large

quantities can be released into the containment in a relatively short

period of time. The assessment of the total hydrogen source for a

given reactor are quantified in section 21, Containment atmosphere

combustibility is governed by equations in sec. 22 and containment

response is governed by equations in sec.2.3.

Hydrogen combustion in the containment building could

produce pressure and temperature levels that threaten the integrity of

the containment boundary. A threat to containment integrity arises for

peak pressures that exceed the failure limit of the containment and

high gas temperatures associated with deflagrations would be a threat

to equipment survivability in the event of combustion. Final pressure

and temperature of containment are evaluated in section 32.

Post-inerting involves injection of noncombustible or

combustion-inhibiting gases into the containment atmosphere

following the onset of an accident (but before release of significant

quantities of hydrogen). The amount and concentration of diluent

required to completely suppress combustion is determined by the

flammability limits. Mitigation by inerting, and in particular post-
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inerting is quantified in section 33. Different inerting diluents are

chosen (N2, C02, steam) and their effectiveness are compared. In this

paper, the following parameters are quantified:

1. The amount of the hydrogen expected to be generated in the

containment atmosphere, from metal- water reactions, i.eZr, Fe,

etc

2. The expected pressure and temperature after H2 combustion dry

containment.

I The selection of inert gases to be used for inertization and the

advantages and disadvantages of these gases comparison to be

concluded), and finally the proper gas to be used in inertization. A

computer program 4G has been made for all different

calculations aiming to hydrogen problem mitigation.

2- Hydrogen Generation and Containment Response

2.1 Hydrogen Generation

2.1.1 Zirconium- Steam Reaction

The reaction between Zirconium and steam is exothermic and

can be represented by the equation:

Zr + 2H20 - Z02 2H2 Z

Where 0 = the heat of reaction which varies from 6300 to 6530

J/g-Zrj3j. Thus for every mole of Zr reacted, two moles of H2 are

produced.

'Me mass of hydrogen generated from Zr oxidation

mass of Z (oxidized) 491.22 2

and the maximum fraction of the Zr to be oxidized is 75 2

The rate at which hydrogen is produced from the steam-

zirconium reaction depends upon the accident scenario, and in

particular, upon the clad temperature and availability of steam.
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Assuming that steam is present in sufficient quantities, the amount of

zirconium reacted as a function of time (t) and temperature (T) can be

calculated from the following expression f 1 :
W. [ KT) t 2 (k g/M2) (3

WZr the mass of metal reacted per unit surface area, kg/m).

K(T)= an experimentally determined parabolic rate constant, kg2

/M4.S). t= the time, s.

K(T) = is usually expressed in the following form:

K(T = A exp [- B / R-T) 4

Where 

A= 294 Kg 2 / m.4s

B= 1672 10 J / kg-mol

R= 831429 10 3J/kg-mol.OK,

As in The Cathcart-Pawel KI) formulation.

Knowing that the reaction of 1.0 kg of zirconium with steam

will produce 004385 kg of hydrogen 4/91.22) as in Eq.2 , we can

combine the previous equations in order to determine the amount of

hydrogen produced per unit surface area as a function of time:

WH2=0.04385[294. exp f-1.672-10 /8.31429. 10'.T].t]"' kg/m2 ( 5

Where: WH2 = the mass of hydrogen produced per unit surface area.

It is generally accepted that the Cathcart-Pawel formulation

describes the process well for temperature up to 1850 k 141. The

results show that for all temperatures and complete Zr reaction, the

mass of H2 generated is the same even the rate varies as shown in

Fig.( 
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Fig 1: H2 generation from H20: Zr for different times and clad

temperatures
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2.1.2 Steam- Steel Reaction

The iron reaction is:

3Fe + 4H20 - Fe3O4 4H2 QF (6)

In the above reaction every 3 moles of Fe reacted would produce

4. moles of H2- QF i the heat of reaction which varies from about 500

to 1000 J/g-steel and, therefore, is considerably less than that for the

zircaloys 3 By using the Eq.( 6 :

H2 generated from Fe oxidation =mass of Fe (oxidized)* 4* 2 (7)
3 55.84

The steel-steam reactions should depend upon the local steam-

hydrogen ratio because of thermodynamic considerations. And the

results calculated for a sphere diameter of 300,um agreed with

experimental results, for the following parabolic rate law f 51:
WF = A exp[-B /RT] t]"2 (Mg/CM2) ( 8

Where WF = mass of metal reacted per unit surface area,(mg/cm2)
A (constant) = 3. 107 Mg2 /CM2.S

B (is activation energy) = 50,000 kcal/mg-mol

t= time, s

R= universal gas constant = 198583 cal/mole-K

T= temperature, K

Eq.(8) can be expressed in k g/M2 as follows:
WR =[3.. 107. exp( 50,000/RT).t )1112.101/106 (k g/M2) 9)

Fig.(2 sows the hydrogen generated for different temperatures of

steel from 1620 to 18200K (molten range for the same time of Zrl.

'This assumption is quite reasonable since the reaction is ighly exothermic which

encourage Fe oxidation. Even the Fe oxidation is exothermic but it needs heat to rise

the temperature of steam to the oxidation temperature.
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Fig. 2: Hydrogen Generation from H20: steel reactions

Knowing that the reaction of 1.0 kg of Fe with steam will

produce 00476 kg of hydrogen as in Eq.(7), we can combine the

previous equation in order to determine the amount of hydrogen

produced per unit surface area as a function of time:

WH2=0.0476[[3.- 107.eXp( -50,000/RT) t )] "2 .104/106 1 kg/M2 1 )

Where: WH2 = the mass of hydrogen produced per unit surface area.

Note: the amount of hydrogen calculated from equation 7 = 415.4 kg

from 8700 kg steel oxidized. According to Eq.(10 and Fig. 2 we
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will take the maximum expected mass of H2 generation from Fe = 415

Kg. ( for accurate melting point of Fe, 1720 OK, and t= 5 min).

2.2 Containment Atmosphere Combustibility

Flammability data exists for many temary mixtures of fuel,

oxidant, and a single inertant; those of importance here include

hydrogen as fuel, air as the oxidant, and steam, nitrogen, and carbon

dioxide as inertants A simple flammability curve, Fig. 3 shows the

flammability limits with the addition of excess nitrogen or carbon
0.8 

0.6 -

0.4

for H2 or C02

0.2 - - - - - - for 2

0 -T
0 0.2 0.4 0.6 0.8

Inertant Fraction

Fig. 3 Flarnability Limits of R2 with Air and Inertant

dioxide, where the inert gas concentration is the abscissa and the

fuel concentration is the ordinate.

The flammable mixtures lie inside the limit curve, and the

nonflammable mixtures lie outside the curve. A correlation for

generalized hydrogen- air - steam - carbon dioxide- nitrogen

flammability limits from standard temperature conditions to the
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autoignition temperature has been developed by Plys et alf6j. For a

ternary system, the flammability relation between the fuel

concentration X and inertant concentration Y in mole fraction is

given by:

a a a

Y=b + 1 1

- Y, Y,

where :

Y = Ml. X- xi)

Y = MT (X- XT)

xi, y coordinates of inerting point

xi, x,, lean and rich flammability limits for zero inertant

rn slope of asymptote

MI xi lean asymptote intercept

Mr Xr rich asymptote intercept

Value of parameters b, a, ml, MT, xi, x, for ternary systems are shown

in Table 1, 161. The values of x x, xi, y are temperature dependent

and are given for nominal conditions.

Table 1: Parameters for combustibility limits

Xi Xi X, Ml M, Y a B

(%) i0y)

1-12-air searn(or 4.5 2 78 22.5 9452 52 2,057 1.041

C02)

H2- air-N2 4.5 6 78 1000 1.0 70 1.420 1.023

2.3 Containment Response

Gases in containment free volume include: Steam, Air, N2- It is

assumed that each constituent has mass, mass produced, and mass
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consumed in the containment.

Conservation of mass of certain constituent may be stated as:

M2 = Ml [Madd - Mcon 12)

Where:

Ml = initial mass of the containment atmosphere kg

M, = mass of the containment atmosphere after any gas addition or

consumption kg

Madd = Added mass produced to the containment, kg

Mcon = consumed masses inside the containment, kg

For steam: MH20 (t2 = MH20 tl + Madd.

For N2: MN2(t2)add = 0.768/.23) * M02 n 13)

For Air: Mai, con= M02 con MN2 add 14 

M.i, (t2 = Mai, (h) - M,j, con (15

By considering the lumped parameter approach which here

mean: dealing with the containment atmosphere as one compartment

or free volume, and homogeneous hydrogen-distribution in the

containment. Te mass and energy conservation are analyzed for a

closed system to determine the pressure and temperature after

combustion. Conservation of energy for the containment atmosphere

may be stated as:

AU = Q 16

where AU = change in internal energy, kJ

Q = energy addition from chemical reaction (combustion of H2), kJ

Since :

AU= U - Ul (17

Where U1,U2 are the containment atmosphere internal energy before

and after H2 combustion respectively. Substitute in Eq.(16)

ZU2 = Y-Ul + Q (18

and according to the tables of ideal gases internal energy 1111, and by
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curve fitting their polynomials have been obtained as shown:

Ui�T)=3.5934+0.6682.T+8.77468E-05.T**2- kJ/kg) (19)

UH2(T)=776.954+17.9974*T+0.00202193.T**2. KJ/kg mol) (20)

UN2('I)=277.772+19.0983.T+0.0025089.T**2. (kJ/kg mol) (21)

UC02('I)=-3965.14+32.2965*T+0.0062332.T**2. ((KJ/Kg mol) 22)

Where Uair(T), UH2(T), UN2(T), and Uco2(T) are internal energy of

Air, H2, N2 and C02 respectively. And the internal energy of steam

UH20 can be obtained according the equation:

UH,)o= HH20 - MH20*RH20 *T (23)

Where RH20 is steam gas constant� and HH20 is the steam enthalpy and

can be obtained by the polynomial 171:

HH20 (T, P) =1.7524* (T-273.16) + 1.2468E-04* (T**2.0-

273.16**2.0) 1.0326E-07*(T**3.0-273.16**3.0) 0.4619*(-5.3391

*(P-0.006113)-7.4961E+01 * (P**2.0/T - 3.7368769E- 05/273.16) +

0.127735 * (P**2.0- 3.7368769E-05 - 2.967E 03*(P**3.0-

2.2843528 E07) + 41231333 * (P**3/T-8.3626915E-010) -1.4715E

+03*(P**3.0/T**2.0-3.0614627E-012))+2501.3 (24)

Since Eq.(18) is a nonlinear equation in temperature UT), it has

been solved numerically by simple iteration method. T2 is fmal

temperature that makes the two sides of equation are equal.

And the final pressure is calculated according the equation:

P = N* Ru. * T2 /V2 (25

Where:. N, and Run are sum of mixture moles and universal gas

constant, respectively, and the containment volume is constant.

2.4 Inert Gas Addition

A protective measure based on post inertization should not

incorporate the presence of steam but should be, based on the presence

of H2 onlyf 81. Applying the energy conservation law for steady state
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open system to address the effect of inert gase addition, we may state:

U1 + Uli = U2 ( 26 

Where 1 = the total internal energy of containment atmosphere

before adding te inertant-A = the total internal energy of

containment atmosphere after adding the inertantUl = the total

internal energy of inertant gas added.

U1 Ul.i, + 1H2 (27)

u1i Mi* uji (28)

Where Mi is the inert mass added, and uji is specific internal energy of

inert gas at inert gas temperature ji.

U2 = U2i + U26T U2H2 (29)

WhereU2 = total internal energy of inertant gas after addition at T2.

Substitute 27), 28),(29) in equation 26):

U2air + U2H2 + U2i = Ulair + UIH2 + Uli (30)

Iterative procedure is made for Mi (assumed inertant mass added) to

determine the smallest amount of inert gas needed to inertize the

containment from flammability curves. After that another iterative

procedure was made until we obtain value of T2 that makes U2 =1.

And the final pressure is calculated according the Eq. 25

3. Results and Results Analysis

3.1 Assessment of calculation program MITIG

The result of the hydrogen combustion program MITIG has

been compared with: STANJAN model' 110 .

Test facility experiment measured pressures described in 91.

Multiple runs have been performed using the same initial condition

1STANJAN is chemical equilibrium solver, IBM-PC D Standford University, 1987.
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and the same volume fractions. The output calculated pressures in

MMG and STANJAN are presented in Fig-(4) and tabulated in a

comparison in table 2 Pressure as being calculated by NIMG is in

good agreement with their correspondents in the STANJAN.

As expected, the calculated pressures are higher than measured in (test

facility) for hydrogen fraction smaller than 35%, the pressure deficit is

mainly due to radiation and conduction heat losses from burnt gases to

walls. Beyond 37% hydrogen, however, the measured (test facility 

pressures are higher than calculated, and the difference increases as

hydrogen concentration increases, and this is because the measured

pressures in detonable mixtures are expected to be higher tan
40 -

30 

20 -

10 Tesffacility
Stanjan
Mitig

0

0.1 0.2 0.3 0.4 0.5

Timesec

Fig.(4) MITIG validation with STANJAN & Testfacility
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adiabatic iscichoric complete combustion, and this is due to pressure

spikes in the system

Table 2 The utput Pressures ar), Comparison

H2 Vol. % Measured STANJAN MMG

18.87 18.2 23.8 23-55

22.22 21 25.7 25.29

28.57 24.5 28 27-82

37.03 29 28 26.98

47.61 35 1 26 1 25.22

16.00 

H20 % Fnal Tmp.
4�)_ H2 % Initial Temp.

1200

800

400
(:3 4E)-

0

0.1 0-2 0.3 0.4 0.5 0.6

H20 Concentration

Fig. 5: Effect of steam concentration on inal temper
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3.2 Post Inerting Analysis

Figs.5,6 show the effect of steam on final temperatures and pressures

respectively. It is clear that the mass capacity (mass*Cp dominates

this process and addition of more steam decreases the final

temperature. It is important here to note that the slight increase

ininitial temperature is due to the increase in saturation temperature

correspondent to the addition of steam. As the steam concentration

increases, the final pressure decreases in the direction of iner-ting

concentration of steam. The decrease of final pressure is expected

since the steam drives the atmosphere to be inert, or in another words,

the amount of H2 available for combustion becomes smaller. Finally

the atmosphere has become inert at the point of intersection (final
SOO 

400 

200 - -AC

-Ac
Ar

Initial pressure H20 %

Final pressure H20 %

U-
0.1 0.2 0.3 0.4 0.5 0.6

H20 Volurrm fraction

Fig. 6 Effect of steam concentration on rinal Pressure

pressure equals to initial and no combustion occurred). Mis means

that no value and no credit to add more steam after that.
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Fig. 7 shows the effect of inertant addition on combustibility situation

for containment. The minimum N2 concentration required to inert the

mixture is 70% and the inerting mass is nearly 262770 kg.

Ile minimum C02 concentration required to inert the mixture is 51.9

%, and the inerting mass required is 175560 kg.

Fig. shows the effect of inertant addition on the mixture

temperature. The containment atmosphere temperature has dropped to

287 OK 14 C) in case of N2 addition and in case Of C02 addition the

containment atmosphere tmperature as dropped to 245. K 28 C).

0.8 -
H2 fraction In case of (air N2)
Flamability limits of (Air N2 + 1-12)
Flamability Limits of (Air C02 + 1-12)
H2 Fraction In case of (Air C02)

0.6

0.4

0.2

0 -J

0 0.2 0.4 0.6 0.8
Inertant Fraction

Fig.7: Effect of inertant gas on combustibility
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Fig. 8: Effect of Inertant addition on Temperature

3.3 Comparison between the Inertant Gases

Steam is considered as the primary inerting agent. Since it will

condense on all containment internal surfaces, initially at ambient

temperature, and after termination of blowdown phase and under

conditions of moderate subsequent steam release from the primary

system, the partial pressure of steam finally may decrease below the

minimum threshold for complete suppression of flammability. So a

post-inertization system should be able to replace condensing steam.

Carbon dioxide is more effective as diluent than nitrogen for

its least final temperature and pressure in spite of the effect resulting

from dropping the temperature to 28 C) as in Fig-(8). Table 3 shows

the comparison between different post-inerting methods.
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Table 3 Post- Inert g Methods Compan'son

Inert gas Temperature K) Pressure kPa) Mass (kg) Vol. %

Steam 396 311 70784. 52.1

N2 287. 1400. 262770 709

C02 7A5 201 175560 51.

4. Conclusions

The response of a large dry PWR ontainment for a typical

station 1121 is predicted and compared with Stanjan, and

experimental data (Test facility), and it has been found

reasonable and explainable results.

• Total amount of ydrogen expected to be generated is 1312

kg.

• It is found that the final temperature is 1487 OK, final pressure is

552 kPa., and these results are representing real threat to the

containment integrity compared to design pressure and

temperature 340 kPa, 423 'Kf 12 ).

• C02 is more effective as inertants than N2 for its least final

temperature and pressure in spite of the effect resulting from

dropping the temperature to 28 Q.

List of Symbols and Abbreviations

Cp Specific heat at constant pressure kJ/kg-OK

H, h Total enthalpy and specific enthalpy kJkJ kg

Uu Internal energy and specific internal energy kJ, kJ/kg

P = Pressure kPa

Q = Heat addition from chemical reaction(cornbustion of hydrogen) M

Run = Universal gas constant kJ/ kg-OK

T = Temperature OK
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Ti Temperature of inert gas. OK

V Containment volume M3

N Number of moles moles

Hmc = Hydrogen mass consumption kg

MH2 = Rate of hydrogen generated, kg /sec:
M,, Molecular weight

WZr Mass of zirconium per unit surface area, (kg/M2).

WFe Mass of steel reacted per unit surface area, (kg/M2)

WH2 Mass of hydrogen per unit surface area, (kg/M2)

B Activation energy J/kg-mol

t Time sec

P Density kg /M3

XH H2 volume Fraction.

XA Air volume Fraction.

Xs Steam volume fraction.
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