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Abstract. This paper describes the FOREVER (Failure Of REactor VEssel Retention) 
experimental program, which is currently underway at the Division of Nuclear Power Safety, 
Royal Institute of Technology (RIT /NPS). The objectives of the FOREVER experiments are to 
obtain data and develop validated models (i) on the melt coolability process inside the vessel, 
in the presence of water (in particular, on the efficacy of the postulated gap cooling to preclude 
vessel failure); and (ii) on the lower head failure due to the creep process in the absence of water 
inside and/or outside the lower head. 

The facility employs 1/10th-scale carbon steel vessels of OAm diameter, 15mm thickness and 
600mm height. Up to 20 liters of binary-oxide melts with 100-300 K superheat are employed, as 
a simulant for the prototypic corium melt, and internal heating is provided by electrical heaters 
of up to 20 kW power in order to maintain the vessel wall temperatures at 1l00-1200K. Auxiliary 
systems are designed to provide an overpressure up to 4 MPa in the test vessel. Thus, severe 
accident scenarios with RCS depressurization are modeled. 

Creep behavior of the three-dimensional vessel, formation of the gap between the melt pool 
crust and the creeping vessel, and mechanisms of the gap cooling by water ingression will be the 
subjects of study and measurements in the FOREVER experimental program. Scaling rationale 
as well as pre-test analyses of the thermal and mechanical behavior of the FO REVER test vessels 
are presented. 

1 Introduction and background 

The present study is concerned with the phenomena of melt-vessel interactions during a pos
tulated severe accident in a light water reactor. The study is focused, in particular, on the 
thermal and mechanical response of the reactor pressure vessel (RPV) during the late phase 
of in-vessel core melt progression when coolability and in-vessel molten core retention issues 
become important. 

Previously, analytical research on RPV creep deformation and rupture has been performed 
at EPRI (Anderson et al.), SNL (Chambers, 1987; Dosanjh and Pilch, 1991), INEL (Shah, 1986, 
Thinnes et al., 1988-1989, Rempe et al., 1993-1994, Chavez and Rempe, 1994), GRS (Gruner 
and Schulz, 1989), ORNL (Hodge and Ott, 1989, Hodge et al., 1991), UWM (Witt, 1994), UCSB 
(Theofanous et al., 1996), PSI (Duijvestijn et al., 1997), SNUK (Kwang et al., 1997) and, in the 
EU-funded REVISA and RPVSA projects. 

On the experimental side, uniaxial tensile tests were conducted at KfK (Miiller and Kuhn 
et al., 1991), INEL (Thinnes et al., 1994), CEA (Sainte, 1995) and RRC-KI (Degaltsev et al., 
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1997) to obtain data on the creep properties and rupture of the vessel steel. In RUPTHER 
experiments (France), multiaxial creep rupture tests are performed using pressurized thin shell 
carbon steel cylinders in the temperature range up to lOOO°C. Recently, experiments have been 
performed at SNL on creep failure of relatively large vessels, held at a pressure of 100 bars, while 
the vessel bottom head is heated to temperatures of 1000K (Chu et al., 1997). Experiments have 
also been conducted at JAERI (Maruyama et al., 1996), KAERI (Kim et al., 1997), RRC-KI 
(Asmolov et a1., 1997), FAI (Henry and Hammersley, 1996) and TUM/LAT (Zeisberger et al., 
1997) on the gap-cooling phenomenon. No conclusions about the feasibility of the gap-cooling 
mechanism have been reached, so far. 

The present study aims to enlarge the current data base and to improve the knowledge base 
in order to address the the following questions: 

• can the creep-induced gap opening between the core debris and the vessel wall, and the 
water ingression into the gap, together, serve as an inherent cooling mechanism to prevent 
vessel failure? 

• if no cooling occurs, what is the mode of failure and how long it will take to fail the RPV 
lower head? 

2 Experimental program and test facility 

2.1 FOREVER experimental program 

The current FOREVER program includes three major test series. In the first series FOR
EVER/C, we will investigate the vessel deformation and creep behavior under thermal attack 
by an oxidic-melt pool, Fig.1a. The focus is placed on physical mechanisms which govern the 
debris-vessel gap formation. In addition, data will be obtained on the creep rate at severalloca
tions on the lower head, which could be employed for validation of creep models and codes. In 
the contrast to SNL LHF experiments (which simulate theTMI-2 scenario with 10 MPa pressure 
loading), depressurized scenarios are experimentally simulated in the FOREVER tests. 

The second series FOREVER/G is devoted to the gap cooling phenomenology. Water will 
be supplied to the top of the melt pool after the vessel creep has occurred to a certain extent. 
Water ingression into the gap between the melt pool crust and the creeping vessel is detected 
by thermocouples, mounted on the inner surface of the vessel wall, Fig.1b. 

In the third series FOREVER/P, effects of penetrations on the vessel deformation and creep 
will be investigated, Fig.1c. In particular, data will be obtained on two possible vessel failure 
modes related to penetrations: (i) weld failure and drop-off of a penetration tube in a Swedish 
BWR, (ii) weld failure and opening of a hole around a penetration during the vessel creep 
process. Vessels with typical LWR penetrations will be manufactured and subjected to thermo
mechanical loadings. 

The present paper is devoted to the design, pre-test analysis, and scaling rationale of the 
FOREVER/C tests, scheduled to be performed in the first half of 1998. 
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Figure 1: Schematic of the FOREVERjC (a), FOREVERjG (b) and FOREVERjP (c) tests. 
Design of the pressure vessel (d). 

2.2 FOREVER test facility 

The facility employs 1/10th-scale carbon-steel vessels 400mm diameter, 15mm thick and 600mm 
high, Fig.1d. The auxiliary systems are designed to provide an overpressurization up to 4 MPa 
in the test vessel. Thus, severe accident scenarios with RCS depressurization are modeled. Up 
to 20 liters of binary-oxidic melts with 100-300 K superheat are employed, as simulant for the 
prototypic corium melt. The temperature difference between the melt liquidus and solidus is 
about 50K and the liquidus point ranges from 1300K to 1400K. 

The high-temperature (up to 1700K) oxide melt is prepared in the Si-C-crucible of a 50kW 
induction furnace and is, then, poured into the test section. The pressure vessel may be heated to 
a designated temperature, prior to the melt delivery. Melt injection equipment is then removed 
by a remotely-controlled arm and the test section is closed by a motor-driven pneumatic ball 
valve. Specified overpressurization is then supplied with an .inert gas supply. In order to assure 
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safe test performance all the test equipment are installed inside a concrete containment with 40 
em thick walls; Fig.2. 
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Figure 2: Schematic of the FOREVER/C experimental set-up. 

Table 1: Parameters chosen for the FOREVER/C-l test 

Parameter Unit Va lu. e 
Initial temperature of the melt °C 125()' 
Initial temperature of the vessel °C 400 
Power input kW 20 
Volumetric power input MW/m3 1 
Heat flux on the wall (MAX/MIN), (calc., 5 h) MW/m2 '" 0,1/0.03 
Max, vessel temperature (INNER/OUTER) (calc., after 5 h) K '" 1222/1193 
Max. melt pool temperature (calc., after 5 h) K 1487 

A number of B-type and K-type thermocouples are used to measure the temperature of 
the melt (debris) at different locations in the hemispherical pool and to determine the thermal 
response of the pressure vessel. The vessel deformation and creep are measured by position 
transducers. Up to 20 linear displacement transducers (LDT) are mounted at five latitude 
locations of the hemispherical lower head and used to measure the creep behavior of the three
dimensional vessel. Typically, at each level, three LDTs are deployed. Two of these measure 
local (vertical/horizontal) displacements, and another monitors an integral (longitude-around) 
displacement. 
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3 Design calculations and scaling rationale 

3.1 Thermal loadings prediction by the MVITA code 
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Figure 3: Evolution of crust formation and melt pool temperature, calculated by the MVITA 
code, 

The MVITA model developed at RIT /NPS is employed to calculate the thermal processes in the 
FOREVER test vessel; [1] [2] [3]. Initial melt and vessel temperatures, vessel cooling boundary 
conditions and internal heating rate were varied in a parametric study, while taking into account 
capabilities of of the facilities at the RIT /NPS laboratory. As a result, test conditions were 
optimized and chosen for the FOREVER/C-1 test. These are shown in Table 1. 

Typical calculated temperature fields are depicted in Fig.3. The heat flux distributions along 
the inner surface of the pressure vessel (PV) are shown in FigA. Fig.5 presents the development 
of temperature profiles along the inner and outer surface of the vessel wall. As can be seen, very 
soon after the melt-vessel contact both the inner and outer surfaces of the vessel wall are in the 
temperature range where a drastic reduction of the mechanical strength of the vessel carbon 
steel occurs. 
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Figure 4: History of heat flux distribution along the inner surface of the pressure vessel. 

3.2 Mechanical loadings prediction by the ANSYS code 

For the FOREVER vessel structural analysis, the ANSYS code [4] is employed. ANSYS is a 
commercial finite-element (FEM)-structural mechanics code. The code is able to perform linear 
and non-linear static or transient structural analyses, coupled with thermal analyses, in a two
or three-dimensional formulation. Both small- and large-strain evaluations are allowed. 

The method of initial strains, modified for strain hardening creep (Kraus, 1980 [5]); is em
ployed for creep calculations. Although several creep laws and creep-data-fitting-correlations 
have been reported in the literature, the following Bailey-Norton creep law (with exponential 
multiplier to represent temperature dependence) is used here: 

4 72 0 37200 
[creep = 6.055.10- 26 . (j' . t .85. e--T- (1) 

where T is given in K, (j in Pa and t in sec. The coefficients in eq.(1) are adopted from Milella 
et aI., (1995) [6]. This creep fitting was obtained for reactor vessel steel (20MnMoNi55), in the 
temperature range from 600°C to 1000°C. 

In this work, temperature distributions, obtained from the MVITA calculations, for different 
time instants, are interpolated to the ANSYS computational nodes. A number of calculations 
were performed to assess the vessel thermal strain, the vessel elastic, plastic deformations and 
the vessel creep under different pressure and thermal loading conditions. It was found that under 
the chosen conditions (Table 1) the FOREVER vessel may experience a displacement of 3-6mm 
at 2 MPa internal pressure after 4-5 hours. A similar displacement may be obtained at ~ 0.75 
hours if the vessel internal pressure is 4 MPa (Fig. 6). It can be seen that the vessel expands 
both sidewards and downwards. The maximum strains in the lower head are observed in the 
angle 45-60° of the hemisphere. Mainly, this is caused by the highest heat fluxes in the melt pool 
corner, and, therefore, the high vessel temperatures and the largest reduction in vessel strength 
in this region. The calculated results help to determine parameters for displacement-measuring 
devices (LDTs) in the FOREVER/C-1 test. 
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Figure 5: History of the temperature distribution along the inner and outer surfaces of the 
FOREVER pressure vessel 

3.3 Scaling rationale 

Table 2 summarizes scaling ratios of the values of the most important geometrical, thermal and 
mechanical loading parameters for a prototypic reactor case and for the FOREVER/C test. 
Since the vessel creep deformation and gap opening are the focus in the FOREVER/C test 
series, the current scaling considerations are limited to the effective stresses, their components 
and distributions, as well as the vessel strain and gap format jon. The scaling methodology of 
the gap cooling and the penetration failure have yet to be developed for the future test series, 
FOREVER/G and FOREVER/P. 

From Table 2 it can be seen that, with the vessel geometry and test conditions chosen, 
membrane stresses are modeled exactly, while the thermal stresses are not. More importantly, 
however, in the FOREVER/C test the stress distribution is dominated by the thermal stresses, 
having a maximum value in the region of 45-60°, as in the prototypic reactor accident. This is 
the major difference between the FOREVER and Sandia LHF experiments (Chu et al., 1997). 
The internal pressure-induced membrane stresses dominate the creep and rupture processes in 
the LHF experiments, while thermal stresses dominate these processes in the FOREVERjC 
experiments. 
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Table 2: Scaling consideration of the FOREVERjC tests 

% Scaling Pa.rameter I FOREVER/C Exp I Reactor case Ratio 

Geometry 
1 Shape Hemispherical lower head + Cylindrical part 
2 Inner diam.eter, m ~ 0.4 ~4 1:10 
3 Wall thickness, m 0.015 ~ 0.15 1:10 
4 Volume of the lower head, I ~ 17 ~ 1.7·10' 1:1000 

Thermal loading 
5 Vessel wall temperature, K 1000 ... 1250 1000 ... 1700 -
6 Heat flux, MW/m" 0.03 ... 0.1 0.03 ... 0.1 1:1 
7 Vessel wall temp._drop, K 15 ... 50 150 ... 500 1:10 

Mechanical loading 
8 Internal pressure, MPa 2 2 1:1 
9 Deadweight pressure, MPa negligible 
10 Membrane stresses Up, MPa ~ 13 ~ 13 1:1 
11 Effective thermal stresses 30 ... 100 300 ... 1000 1:10 

(max) u;naz, MPa 
12 Stress ratio: up/u,;"az 1:2 ... 1:10 1:20 ... 1:100 10:1 

Vessel deformation and creep 
13 Maximum strain (rupture), % 16 ... 20 16 ... 27 ~ 1:1 
14 Maximum displacement, mm o ... 15(rupture) o ... 150(rupture) 1:10 
15 Angle of maximum strain, 0 45 ... 60 45 ... 60 1:1 

4 Summary 

An ambitious experimental program on the reactor pressure vessel creep and gap cooling has been 
launched at the Division of-Nuclear Power Safety, Royal Institute of Technology (RIT /NPS). 
Interactions between a high-temperature oxidic melt and the hemispherical carbon steel vessel 
will be experimentally investigated in the 1:10 scale FOREVER facility. The vessel long-term 
creep, gap formation between the oxidic crust and the creeping vessel, and gap cooling are 
investigated in an integral fashion, in the FOREVER experiments. 

Pre-test calculations are performed by using the MVITA and ANSYS codes to determine the 
thermal and mechanical loadings. Parametric investigations allow identification of the impor
tant factors to consider in the test procedure and test conditions. A scaling rationale is being 
developed for each test series to ensure the relevance of the data obtained to reactor prototypic 
accident conditions. 

The design and construction of the FOREVER test vessels, of the auxilary systems as well as 
the design and testing of instrumentation has been completed. The first test in the FOREVER/ C 
series is scheduled for early 1998. We believe that the FOREVER tests will provide crucial 
data and knowledge base to advance the current understanding of (i) the in-vessel coolability 
phenomenology, and (ii) the vessel creep behavior. 
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