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ABSTRACT

The Korean Next Generation Reactor ( KNGR ) is an ALWR of 1,400 MWe and the standard design is being
developed at this time. KNGR adopts many advanced design features such as IRWST, site envelope characteristics
design, and common basemat etc., which have not been considered in the existing NPPs in Korea. Among the new
advanced design features of KNGR, the most important design feature is that the containment structure is designed to
maintain the structural integrity even though the severe accident may occur in the containment structure. The severe
accident is defined as an accident which highly exceeds the design basis accident such as LOCA and MSLB etc. and is
typically classified into hydrogen combustion, direct containment heating, and large break LOCA, etc. Also,
regulatory requirements related to the design of ALWR enforce to consider the severe accidents at the design of
containment structure.

Therefore, based on the 10CFR50.34 which is related to the severe accident and ASME Code and SRP 3.8.1
which are related to the design of containment structure, the pressure capacity of KNGR containment structure has
been evaluated to verify the structural integrity of containment under the severe accidents. As a result of the
numerical analysis, the strain of containment liner has reached to an allowable limit at internal pressure higher than the
severe accident pressure and KNGR containment structure has been confirmed to maintain a reliable leaktight barrier

under the severe accidents.
INTRODUCTION

The primary function of containment structure in NPPs is to provide a leak - tight barrier around the reactor
system to prevent from any inadvertent release of radioactive or hazardous effluents into the environments. The
containment structures of NPPs in commercial operation had been designed by design basis accidents such as MSLB
and LOCA, etc. without considering the severe accidents. However, since 1979 of TMI # 2 accident where core
melted and radioactive effluents leaked, advanced nations have devoted substantial efforts to maintain the performance
of containment structure under severe accidents. The severe accident is defined as an accident which highly exceeds
the design basis accident such as LOCA and MSLB etc. and is typically classified into hydrogen combustion, direct
containment heating, and large break LOCA, etc. Especially, US NRC enacted 10CFR52 for ALWR and this



regulatory requirement has enforced to consider severe accidents at the design of ALWR. EPR which Germany and
France are jointly developing, is known also to consider severe accidents at the design.

KEPCO developed the basic design of ALWR which is called KNGR from 1995 to 1999 and it is now on the
process of optimization. KNGR adopts many advanced design features such as IRWST, site envelope characteristics
design, and common basemat etc., which have not been considered in the existing NPPs in Korea. Among the new
advanced design features of KNGR, the most important design feature is that the containment structure is designed to
maintain the structural integrity even though the severe accidents may occur in the containment structure.

In this paper, the severe accident pressure capacity of KNGR containment structure is evaluated to verify the
structural integrity of containment under the severe accidents, based on the I0CFR50.34 which is related to the severe

accidents and ASME Code and SRP 3.8.1 which are related to the design of containment structure

SEVERE ACCIDENTS

According to EPRI URD and EUR, severe accident is defined as an accident which highly exceeds the design
basis accidents such as LOCA and MSLB etc. and is typically classified into hydrogen combustion, direct containment

heating, and large break LOCA, etc.

Regulatory Requirements

When the severe accidents are applied to design the containment structure of ALWR, regulatory requirements

which should be considered, are as follows.

[1] 10CFRS50.34(f)

Containment integrity should be maintained during an accident that releases hydrogen generated from 100 % fuel
clad metal — water reaction accompanied by either hydrogen burning or the added pressure from post — accident
inerting assuming carbon dioxide is the inerting agent. In order to satisfy the above goal, concrete containments
should be met the requirements of the ASME Boiler Pressure Vessel Code, Section III, Division 2 Subsubarticle CC-
3720, Factored Load Category, considering pressure and dead load alone. As a minimum, the specific code
requirements set forth above appropriate for each type of containment will be met for a combination of dead load and
an internal pressure of 45 psig.

The containment structure should be designed against the loadings produced by the inadvertent full actuation of a
post - accident inerting hydrogen control system ( assuming carbon dioxide ), excluding seismic or design basis
accident loadings. Under these conditions, the loads should not produce strains in the containment liner in excess of
the limits established in Subarticle CC-3720 of the ASME Code. Table 1 is shown the allowable stress and strain of

containment liner for each loading conditions.



Table 1. Containment liner allowables

Stress — Strain Allowable

Category Membrane Combined membrane and bending

COHStTUCtiOH fst = fsc = % fpy fsl = f_yc = A fpy

Service g, =€, =0.002in/in e, =¢€,=0.004in/in
g,. =0.005in/in £,.=0.014in/in
Factored . ..
g, =0.003in/in g, =0.010in/in

[2] SRP 3.8.1
Based on 10CFR50.34(f), the requirements of Subarticle CC-3720 of the ASME Code shall be met when the

containment structure is exposed to the following loading conditions :

( a) For the Factored Load Category
D+ P, +[P,,0rP,;]
(b ) For the Service Load Category, the strains in the containment liner shall not exceed the limits set forth in

Subarticle CC-3720 when exposed to pressure Pg3

(¢ ) As a minimum design condition for either condition 1 or 2 above, the following loading combination must be

satisfied :
D +45psig
where

D =Dead load
Pg1 = Pressure resulting from an accident that releases hydrogen generated from 100 % fuel clad metal — water
reaction

sz = Pressure resulting uncontrolled hydrogen burning

Pg3 = Pressure resulting from post — accident inerting assuming carbon dioxide is the inerting agent



Severe Accidents of KNGR

KNGR considers the various type of severe accidents such as hydrogen combustion, direct containment heating,
steam explosions, and large break LOCA, etc. and the analyses had been performed to determine the severe accident
pressures of KNGR for above severe accident scenarios.  As a result, the analyses estimated 102.8 psig for hydrogen
combustion, 97.3 psig for direct containment heating, 98.3 psig for steam maximum spike load, and 103 psig for a
large break LOCA. Therefore, among them, maximum pressure, 103 psig was selected as the severe accident

pressure for this study.

NUMERICAL ANALYSIS

According to 10CFR50.34(f), the procedure of considering the severe accidents at the design of containment
structure, is to evaluate if strain of containment liner satisfies the requirements of ASME Code, Subsubarticle CC-3720
against the severe accident loading conditions. Therefore, in order to verify that KNGR containment satisfies the
requirements related to the severe accidents, this study employed the procedure comparing the calculated internal
pressure with severe accident pressure, 103 psig determined in the above section. The calculated internal pressure is
defined as pressure when containment liner reaches to the allowable strain of ASME Code, Subsubarticle CC-3720 for

the first time.

Analytical Model

KNGR containment is a post — tensioned concrete structure with cylindrical shell capped by a hemispherical dome.
The entire interior face of containment structure including the basemat is lined with a 1/4 in thick carbon steel plate to
ensure leak — tightness as shown in figure 1.

The computer program ABAQUS is used to evaluate the severe accident pressure capacity of KNGR containment.
Axisymmetric finite element model is generated to model the containment structure as shown in figure 2 and this
model is consisted of 2064 elements and 1773 nodes. In detail, the containment liner is modeled with two — noded
axisymmetric composite shell elements and the concrete shell, dome and basemat are modeled with four - noded
axisymmetric solid elements. Also, reinforcing bar embedded in containment structure is modeled with isotropic
rebar sub — elements. Liner anchor in meridional direction is modeled as beam element similar to real state and post
tensioning system is modeled with isotropic rebar sub - elements like reinforcing bars and this modeling technique
implies that post tensioning system is bonded to the concrete and slippage between tendon and tendon sheath does not
occur. In order to represent the nonlinear concrete behavior, modified Drucker — Prager Model is adopted and the Von

- Mises failure criteria is used for all steel materials such as containment liner, reinforcing bar, and tendon.



Fig.1 Cross section of KNGR containment Fig.2 Axisymmetric finite element model

The Newton - Raphson technique which is characterized by nonlinear iterative process, is used to solve the

nonlinear system equations.

Analytical Results

In order to evaluate the severe accident pressure capacity of containment structure on a basis of 10CFR50.34(f)

and SRP 3.8.1, nonlinear structural analysis is carried out using loading combination of Eq. (1).

1.0D +1.0F +1.0P (1)

where, D : Dead load including the equipments loads
F : Effective prestressed load of post tensioning system considering short and long - term stress losses
P : Internal pressure load
In the analysis, the internal pressure load, P is increased gradually until the strain of containment liner reaches to the
requirements of ASME Code, Subsubarticle CC-3720.
As a result of nonlinear numerical analysis under the pressure loading history, the meridional strain of
containment liner has reached to —0.014 in./in. for the first time at the junction of containment wall and basemat when

the internal pressure load is 119.82 psig as shown in figure 3. At this pressure, concrete cracks have been developed
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Fig. 3 The meridional strain of containment liner

through the whole thickness over the approximately entire cylindrical wall and dome, but all the tendons and the

reinforcing bars have still been in the range of the elastic state as shown in figures 4 and 5.
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Fig. 4 The strain of reinforcing bar
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Fig. 5 The strain of tendon

The calculated internal pressure capacity of KNGR containment structure is 119.82 psig and severe accident
pressure of KNGR is 103 psig. Therefore, KNGR containment structure is confirmed to maintain the structural

integrity under severe accidents, and Table 2 shows the behavior characteristics of main structural members at this

pressure.

Table 2. Structural behavior characteristics at cylindrical wall and basemat junction

Structural members
Internal pressure | Liner strain
( psig) (in/in.)
Concrete Liner Reinforcing bar Tendon
119.82 0.014 Crack Plastic Elastic Elastic
CONCLUSION

Based on the 10CFR50.34 which is related to the severe accidents and ASME Code and SRP 3.8.1 which are
related to the design of containment structure, the severe accident pressure capacity of KNGR containment structure is

evaluated to verify the structural integrity of containment under the severe accidents. As a result of nonlinear



numerical analysis under the pressure loading history, the meridional strain of containment liner has reached to an
allowable strain for the first time at the internal pressure load of 119.82 psig. Compared to the severe accident
pressure, 103 psig, KNGR containment structure has been confirmed to maintain the structural integrity under severe

accidents.
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