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The response of an LMFBR roof structure to slug impact loads is investigated 

using a combined 2D and 3D approach based on the containment code SEURBNUK 

and the finite element structure code ADINA. A specimen roof design of box-

type construction with concrete infill is adopted for the study, with dimen

sions appropriate to a commercial-sized fast reactor of the "pool" type. Pro

vision is made in the model for the location of the major roof penetrations, 

and the roof annulus is closed in the central section by a rigid, but movable 

plug concentric with the axis of symmetry. 

An interface between the codes SEUHBNUK and ADINA is made possible by defining 

a 2D substitute roof model with material properties chosen to match the prin

cipal response characteristics of the detailed model. The substitute roof is 

constructed from axisymmetric elements from the ADINA library, and its mecha

nical equivalence to the 3D model checked using specimen dynamic loads. 

The SEURBNUK code, recently extended to account for coupling of roof loading 

and roof response, uses the 2D model, incorporated in an appropriate reactor 

geometry, to examine the fluid-structure interactions and to supply roof pres

sure loadings for the ADINA runs. A strategy for cross-checking the structural 

equivalence of the 2D and 3D roof models is developed, and this operates in pa

rallel with the loading and response computations. 

We describe in this article the first exploratory SEURBNUK calculations in 

which the roof is represented by a simple homogeneous plate. A discussion of 

the detailed responses of the 3D roof model to the loads calculated here are 

described in a companion paper referenced in the text. 

Me comment on the usefulness of 2D modelling in the present context, and give 

guidance on the important criteria for constructing substitute structure systems. 
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1. Introduction 

The roof of a pool-type LMFBR performs an essential component support function 

as well as forming part of the primary containment closure. As a consequence 

of an HCDA the structure may receive direct impact loading from a rising coo

lant slug and its mechanical response must be consistent with the design ob

jectives, in particular to remain an effective barrier between internal radio

active products and the environment. 

A number of computer codes have been developed /l/, to help in the assessment 

of overall containment strength, and to estimate the impact loads. Most codes 

have the capacity to simultaneously compute the coolant and structure motions, 

this being necessary because of recognized interaction effects /2/, but comple

xity of design and its basic three dimensional character make a fully coupled 

fluid-structure analysis for the roof particularly difficult. This has led to 

the use of decoupled methods in roof loading-response studies, although the 

beginnings of a 3D coupled approach are reported by Kulak /3/, based on exten

sions to the Neptune code. 

The decoupled approach generally proceeds in two stages. First, impact loads 

are derived using models which ignore the structural behaviour, usually by 

treating the roof as fixed /4, 5/. Then, in a separate calculation, these loads 

are applied to a detailed model of the roof to determine its response. A varia

tion, aimed at introducing more realism into the approach, is to replace the 

real roof by a simpler structure, usually a homogeneous plate, and perform the 

loading calculation with this model. The pressure loadings recorded on the 

simple roof structure are expected to reflect, in an average sense, any fluid-

structure interaction effects, and these loads can later be applied to a true 

3D roof model to obtain the detailed responses. 

The development, and particularly the validation, of 3D fluid-structure codes 

will entail considerable effort. This is justifiable provided that important 3D 

fluid-structure effects occur. It is argued that for pool reactors the ring of 

IHX's and pumps is a source of three dimensionality that may require explicit 

consideration in the analysis. In present reactor designs typically 12 such com-
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ponents are located at more or less even spacing in an annular ring concentric 

with the core. It has been confirmed in recent experiments /6/, that this con

figuration does not result in strong asymmetries. In fact, the component layout 

of the reactor fits in reasonably well with a 2D axisymmetric description, with 

the possible exception of the reactor roof. 

In most roof designs, radial shear webs and the extra strengthening around the 

major roof penetrations produce a structure of high azimuthal stiffness. This 

suggests that the principal deflection mode would be one involving radial ben-

din? of more or less axisymmetric character, with genuine 3D response modes such 

as fluting, of lesser importance. If this is true it may be possible to examine 

fluid-structure interactions strictly within a 2D axisymmetric framework, whilst 

retaining 3D structure modelling capability to check on asymmetries. This has 

the advantage of being able to utilize a well developed and validated 2D con

tainment code, but does require the construction of two notionally equivalent 

roof models, one 2D and one 3D, together with some means of verifying their struc

tural compatibility. 

We formulate in the p.esent article a combined 2D/3D solution strategy of the 

type needed, based on the 2D containment code SEURBNUK-2 /7, 8, 9/, and the 3D 

finite element structure code ADINA /10/. The method is applied to a represen

tative roof model of box-type construction and dimensions appropriate to a com

mercial-sized fast reactor. Preliminary results are discussed. 

This article has been accepted for 

presentation as Paper El/10 at the 

7 Internationctl Conference on Structural 

Mechanics in Reactor Technology (SMIRT) 

Chicago, August 22-26, 1983. 
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2. Overall Strategy 

Before giving details of the roof and reactor models adopted for this study, 

it will be appropriate to outline the overall method of approach and indicate 

how the exchange of information between the SEURBNUK and ADINA calculations 

takes place. The flow diagram in Figure 1 illustrates the solution strategy: 

From a given reactor configuration (h\, a 2D axisymmetric hydrodynamic model 

is assembled ( B ) , together with a 3D detailed structure model for the roof (c). 

By matching basic structure response properties, a preliminary 2D substitute 

roof model may be defined Qy, which is notionally equivalent to the detailed 

3D model. The substitute model in combination with the hydrodynamic model (B) 

enables a coupled loading/response calculation to be undertaken @ , using the 

code SEURBNUK. 

This computation produces as output: 

\Tj - roof pressure histories, and 

uH - 2D roof displacement histories, 

the former to be applied to the detailed roof model to determine its response, 

(5). By averaging over the azimuthal angle the displacements so obtained, we 

may partition the structure responses into 2D and 3D component parts. These we 

represent in the Figure by boxes Q and w). The 2D responses, if these match 

those produced by SEURBNUK, box (5Y confirm the assumed structural equivalence 

of the real and substitute roof models in the context of the dynamic loads ac

tually experienced during the HCDA event. In this case, a comparison between (i) 

and (jj comments upon the degree of asymmetry in the problem. A mismatch of tne 

2D responses indicates structural inconsistencies, and the roof pressure calcu

lated in (?) are likely to be inappropriate for determining structure response 

for the model adopted. In that case the 2D roof model will require refinement 

(E), and the SEURBNUK calculation repeated. 

Since one of the objectives of the investigation is to gauge the importance of 

the fluid-structure and structure-structure interactions which take place during 

roof loading, a supplementary calculation is carried out using the reactor model 

(B) in a fixed roof configuration. These and other results are presented in Sec

tion 5. 
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3. Roof Model 

Figure 2(a) shows a sector from the roof model adopted for the initial phase 

of the study. The construction typifies current design thinking for pool-type 

plants, being a composite of steel to provide strength and concrete in-fill 

for shielding purposes. The structure is arranged in a series of radial shear 

webs, upper and lower face plates, with further strengthening provided by the 

cylinder defining the perimeter of the IHX/pump penetration, and the inner 

ring supporting the rotating plugs. 

All the steel structures are represented in the model using triangular plate 

elements - Figure 2(b) depicts a typical face plate element/node configura

tion. The concrete, which in this model fills completely the available sector 

volume, adds mass to the structure, and may contribute to its strength, this 

being dependent on the mode of attachment to the steel. In the present phase, 

only the mass contribution is taken into account, but work is underway to ex

tend the modelling to deal with the structure effects. 

The sector is supported near its outer edge by means of a cylindrical skirt 

and provision is made for the application of a pull-down force to simulate the 

stresses experienced by the roof at the line of attachment of the primary tank. 

The steel mass is enhanced at the penetration cylinder to simulate the attach

ment of the pump or IHX, and again at the inner ring to represent the weight of 

the inner plug assembly. The mass of a safety vessel, exterior to the main tank, 

is similarly taken into account. Further details of the roof model are reported 

in a companion article /ll/, which deals explicitly with the 3D structure model

ling aspect of this work. 
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4. Reactor Model 

The reactor reference configuration is shown in Figure 3 and corresponds in 

size to a plant of 1300 MW(e) capacity. The primary tank is cylindrical with 

a torospherical base enclosing the core and support structures, an inner tank 

separating the hot and cold pools, the pumps and IHX's, and some 3500 tonnes 

of sodium filled to a level 1 m below the roof. The core support assembly bears 

on the base of the main vessel, to which it transmits loads resulting from the 

pressure drop across the diagrid during the accident transient. The vessel in 

turn transmits the loads to the roof structure to which it is attached at the 

upper edge. 

Many of the simplified structures seen in the Figure are composites of the ac

tual components featured in the reactor design. Thus for example, the diagrid 

assembly includes a mass contribution arising from the core remnants, princi

pally the radial and axial breeders. The diagrid support section includes the 

mass of the outer diagrid section and is appropriately strengthened due to the 

assumed presence of radial stiffeners. The neutron shield assembly, here repre

sented simply by a thin cylinder, has mass corresponding to the outer radial 

shield reflectors of the core configuration but strength compatible with a thin 

outer restraining barrel. The main tank too is not a simple vessel but has modi

fied material properties to take account of the presence of nearby structures. 

For the upper cylindrical section, the mass and hoop strength are enhanced due 

to the close proximity of the upper part of the inner tank, the upper internal 

baffles and the sodium between. The torospherical section above the junction 

with the diagrid support includes the mass and strength of the lower internal 

baffles, and the section below the junction incorporates the structural effects 

of a core-catcher device. The combined masses of all the structures supported 

by the main vessel is 2750 tonnes. 

In this model we ignore effects due to above core structures, and the ring of 

IHX's and pumps is here represented in a simplified way in which the blockage 

effect is taken into account by use of an annulus of porous material, and the 

weights by lumped masses attached to the roof. 
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The equation of state for the sodium is derived from standard properties given 

by Foust /12/, for temperatures appropriate to reactor conditions, and the 

argon blanket is considered as a perfect gas with y = 5/3, conforming to its 

monatomic state. All pressures, internal and external, are normalized to zero 

at the start of the transient. The energy source is provided by an expanding 

bubble of initial volume matching that of the inner fissile region of the core 

and represents a work capacity of 1/2 GJ for an expansion to the cover gas vo

lume. The P-V relationship is given in Figure 4 and typifies HCDA kinetics with 

a peak pressure of 26 MPa, but with a large proportion of the work potential 

existing in the low pressure, large volume configuration. At time t = 0 the 

bubble pressure is raised from zero to 26 MPa and the transient begins. 
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5. Results and Analysis 

The results from the first of the flexible roof reactor calculations performed 

using SEURBNUK are given in this Section and, for comparison purposes, these 

are presented alongside those obtained in a similar geometry but with the roof 

assumed fixed. 

For this initial phase of the study, it is intended to examine and qualify the 

use of linear methods for deriving simplified roof models. Consequently, we en

deavour to keep roof deflections within the elastic range by adopting a roof 

model of high radial strength. A rigid boundary condition, allowing transfer 

of bending moments, is chosen for the coupling between the central plug and 

the inner ring of the roof annulus to enable the plug to supply extra stiff

ness to the roof and limit differential movement. In this configuration it is 

possible to model the roof as a simple continuous structure. 

Roof material properties are derived using simple linear techniques, as already 

hinted in Section 2. A homogeneous plate of givon radius has elastic deflection 

properties which depend on the three parameters 

3 2 
ph, Eh , Eh / p (1) 

which characterize the mass, flexural rigidity and transverse vibrational fre

quency, respectively. The parameters are not independent, the third is simply 

the inverse ratio of the first two, so that just two criteria are necessary to 

define the properties. In our case, we match the mass and frequency of the plate 

to those of the detailed 3D structure model. A benchmark calculation has been 

performed with 

3 4 
p « 2620 Kg/m , h = 3.0 m, E = 1.25 x 10 MPa (2) 

this model having been derived on the basis of the criteria discussed in /ll/. 
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Figure S shows the reactor configuration at 100 msec, close to the time of 

maximum bubble expansion. System energy exceeds 1/2 GJ at this time and re

sides principally as internal energy of the argon gas (48 % ) , kinetic energy 

of the sodium (19 % ) , and kinetic/strain energy of the neutron shield (11 %) 

and main vessel (10 % ) . The roof, which remains elastic throughout, has ab

sorbed 3 % of the system energy (2 % kinetic, 1 % internal). There is some 

evidence of plastic straining of the support skirt at the junction with the 

roof, but this is slight. 

The roof loads and deflections are given in Figures 6 to 9. At the start of 

the transient, the bubble pressure is high and the pressure differential across 

the diagrid is transmitted via connecting structures and acts as a line lead 

on the roof at the junction with the main tank. This "pull-down" force can be 

seen as the first pulse in Figure 6(b). The pulse is approximately triangular 

with a peak load of 18 MN/m. This may be compared with the dead-weight load 

of 1 MN/m. 

The roof is deflected downwards due to the action of this force, Figure 6(a), 

but the displacement is limited due to the proximity of the support skirt to 

which the load is transferred. Moving inwards along a radial line, the displa

cement magnifies and peaks on the axis of symmetry, see Figure 7(a). 

The second roof loading event is due to the impact of a sodium slug, driven up

wards by the expanding core bub): .e. Impact occurs first on the axis of symmetry 

at t - 60 msecs and spreads along the roof radius sweeping the argon into the 

outer extremities of the vessel. This continues until 100 msecs when the back 

pressure from the compressed argon limits the radial extent of the impact zone, 

Figure 5. The argon gas region then re-expands. 

The high impact pressures generated during the period 60 to 100 msecs load the 

roof structure and propogate through the sodium beneath. Figures 7, 8, 9 show 

the impulse histories at three roof locations, together with the corresponding 

roof displacements. The near coincidence of the inner and outer plug displace

ments seen in Figures 7(a) and 8(a) is a consequence of the enhanced plug rigi

dity. 
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The only noticeable fluid-structure interaction effect occurs in the central 

plug region with the flexible roof model receiving a higher loading than the 

fixed roof model. This is the reverse of what might have been anticipated, but 

inspection of Figures 7(a) and 7(b) supplies the explanation. Initial impact 

occurs at 60 msecs when the roof at this location is moving upwards at about 

1 m/sec. Impact pressure is still high when the roof motion reverses (as a 

consequence of prevailing internal structure forces) at 67 msecs. The reversed 

motion causes further compression of the sodium beneath, raising the pressure 

and increasing the impulse load. At larger radii, see Figures 8 and 9, the roof 

motion is already downwards before slug impact occurs, and these impulses are 

closer to those of the fixed roof case. 

The pressure waves that propogate through the sodium following roof impact pro

duce instabilities at the upper surface of the bubble and, at larger radii, 

load the horizontal base of the inner tank and the upper cylindrical portion 

of the primary vessel. The former of these loads results in a further pull-down 

effect on the roof, associated with the second pulse in Figure 6(b). This force 

increases to a maximum of 23 MN/m at which point the tank yields. 

The roof loadings calculated by SEURBNUK have been applied to the detailed roof 

model and its response analysed using ADINA. Comments on the analysis are given 

in the companion work /ll/. 
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fe. Concluding Remarks 

It has been argued /l/, that the study of the mechanical consequences of an 

HCDA in a pool-type LMFBR may require the development of 30 containment codes 

because of the degree of asymmetry introduced by the IHX/pump arrangement and 

the large diameter roof design. The important issue is not whether the roof 

construction is three dimensional, this is certainly so, but whether the fluid-

structure interaction is three dimensional. This point has been taken up in the 

present work and a task programme set up which aims to assess the importance of 

3D fluid-structure interaction effects associated with slug impact. A combined 

2D and 3D approach has been used and a strategy developed to verify self-consi

stency . 

Provisional results presented for the 2D modelling aspect of this work have in

dicated the phenomena to be expected during an accident transient, have quanti

fied the structural loads, and given guidance on the interplay of structure 

and fluid forces. A discussion of the 3D structure response effects are given 

in a companion paper. 

It has been emphasized in the text that the present work has been concerned 

with linear, elastic roof models, and consequently only minor fluid-structure 

interaction effects have been noticed. A critical feature of the roof design 

adopted in this study has been the assumption that the concrete bears dr.rectly 

on the base plate, limiting considerably the magnitude of the plate response 

to the impact load it experiences. In some roof designs, for reasons associated 

with cooling efficiency, the concrete is held away from the base plate and large 

local deformations could occur during the impact phase. It is intended to extend 

the present work into the non-linear regime to deal with these cases. 
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(a) Assembly of Steel Panels (b) Element/Node Layout of Base Plate 

(c) Assembled model 

FIGURE 2 

Roof Model 
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Reactor Configuration at t » 0,0 msec. 
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Bubble Expansion Characteristics 
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Reactor Configuration at t - 100.0 msec. 
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Roof Pull-Down Effects (R = 10.5 in) 
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Inner Plug Response Histories 
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Outer Plug/Inner Roof Response Histories 
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FIGURE 9 

Outer Roof Response Histories 


