
 

1003.1 

 
Deploying Experiments to Support Internal Hazard Management 

Harri Tuomisto 

Fortum 

POB 100, Keilaniementie 1 

FI-00048 FORTUM, Espoo, Finland 

harri.tuomisto@fortum.com 

ABSTRACT 

A typical feature of internal hazards and a special concern of accident progression in 

nuclear power plants are that such hazards challenge simultaneously various levels and 

barriers of the Defence in Depth concept. Internal hazards can themselves be initiating events, 

or they are created during the accident progression. This paper describes how the owner and 

operator has deployed thermal-hydraulic experiments in order to solve the plant-specific 

issues related to internal hazards at the Loviisa power plant. The presented cases are 

experiments for investigating thermal mixing, loop seal issue, counter-current flow limitation, 

boron crystallization, sump screen clogging and effects of non-uniform ice sublimation . 

1 INTRODUCTION 

A common feature of internal hazards in nuclear power plants is that they could 

penetrate multiple functional levels of the Defence in Depth concept, or even multiple 

physical barriers against fission product releases. Successful management of the hazards 

reduces significantly the overall risk evaluated with probabilistic risk analysis. Internal 

hazards can be distinguished to two groups: those occurring during a transient or accident, 

and those occurring as an initiating event. Internal hazards and accident progression are 

dependent on the specific features of the given plant. Therefore, development of hazard 

management strategy necessitates proper plant-specific analyses and even specific thermal 

hydraulic experiments. 

Thermal hydraulic experiments were deployed by Fortum, the owner and operator of 

Loviisa nuclear power plant (the utility was until 1997 called Imatran Voima Oy), to support 

management of various internal hazards and resolve various issues raised for the two VVER-

440 units. The plant configuration is quite unique, since the original VVER-440 design has 

been amended with ice condenser containment, specific reactor coolant pumps and many 

other features. [1] The experimental programs were directed to obtain understanding of 

underlying physics of the crucial phenomena and to provide data for the code validation. In 

most cases the final resolution required that the validated simulations were deployed to 

transfer the results to prototypic scale, geometry and conditions.  

2 CONSIDERED INTERNAL HAZARDS 

After commissioning of Loviisa Units 1 and 2 in 1977 and 1981, respectively, a large 

number of technical improvements have been implemented at the plant. Many of these 

improvements have been installed as reaction to identified internal hazards.[1] Table 1 
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presents some of these hazards, what features were addressed and what were the 

corresponding experiments deployed to support their resolution. 

Table 1.  Internal hazards and contributed experiments 

Internal hazard Features studied Experimental facilities* Ref. 

PTS: pressurized thermal shock to 

reactor pressure vessel 
 Thermal mixing of the ECCS water 

 Flow stagnation properties 

 IVO Thermal mixing facility 

 REWET-III 
[2] [3] [4]  

Loop seal issue (during loss-of-

coolant accidents) 
Static pressure drop over the loop seal IVO Loop seal facility [5] [6] 

Limited ECCS water penetration 

to the reactor core 
Counter-current flow limitation IVO CCFL facility [8] 

Boron crystallization (during loss-

of-coolant accidents) 
Boron concentration buildup in the reactor 
vessel and in the reactor core 

REWET-II 

VEERA 

[9] 

Sump clogging by insulation 

debris (during loss-of-coolant 
accidents) 

 Insulation debris formation 

 Sump screen clogging  

 Sump strainer design 

 Fuel assemblies blocking 

Various experimental rigs at 
IVO 

Since 2004 at LUT  

[10] 

Ice condenser penetration leading 

to containment overpressure   
Steam flow penetration in case of non-
uniform ice loading 

IVO Ice condenser facility [11] 

* The facilities built and operated at utility's own Hydraulic Laboratory are here referred to as IVO (Imatran Voima 
Oy). REWET and VEERA facilities were built and operated at Lappeenranta University of Technology (LUT) 

3 EXPERIMENTS FOR RESOLVING INTERNAL HAZARD ISSUES 

3.1 Experiments to Support PTS Studies of RPV 

After obtaining unexpected results from the first reactor pressure vessel (RPV) 

surveillance specimens of Loviisa Unit 1, an extensive deterministic and probabilistic 

program was initiated and carried out to study pressurized thermal shock (PTS) to RPV. The 

main task of the thermal-hydraulic overcooling accident calculations is to provide proper 

boundary conditions to the stress calculations. The boundary conditions include the primary 

circuit pressure, the downcomer temperature field and coolant-to-wall heat transfer coefficient 

field in the downcomer. The proper analyses of two latter ones is a tricky task, particularly in 

case of flow stagnation in the primary circuit during the accident conditions.  

3.1.1 Thermal mixing experiments 

Thermal mixing of water injected by the emergency core coolant systems (ECCS) in the 

stagnated system could not be studied well with available system codes. The predictions for 

flow stagnation conditions also turned out to be unreliable with such codes. In order to obtain 

good understanding of thermal mixing during ECCS injection in the cold leg and in the 

downcomer, a 2/5-scale facility was built at Fortum's own laboratory. (Fig. 1) [2].  

The main purpose was to study flow mixing and stratification in the primary loops and 

creation and mixing of cold inverted plumes in the downcomer. In the first phase, the flow 

mixing results were applied in the downcomer using conservative plume decay predictions as 

shown in Fig. 2a. Eventually the results were transferred as correlations (see Fig. 2b) to 

engineering calculation tool REMIX in order to perform Loviisa-specific calculations. The 

backflow ratio Q* (volumetric flow) defines the temperature of the stratified flow in the cold 

leg, which is also the entering temperature into downcomer plume. Later these experiments 

were utilized in validation of computational fluid dynamics (CFD) code [3] for PTS studies. 
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Figure 1. Thermal mixing facility modelling Loviisa primary circuit, and downcomer 

         

 

Figure 2a. Plume temperature in the 

downcomer, experimental results vs. decay 

calculation 

Fig. 2b  Backflow ratio Q* in the loop as a 

function of cold leg high-pressure injection 

Froude number FrCL,HPI =(1+QL/QHPI)
-7/5 

 

3.1.2 Oscillations of the single-phase flow 

The predictions with system codes showed a strong tendency of primary flow to 

oscillate under certain overcooling accident conditions. It was assumed that these oscillations 

were caused by one-dimensional (1-D) feature of the code. The experiments with REWET-III 

facility [4] confirmed this assumption as the primary pipe dimension was in the facility small 
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enough to provide 1-D behaviour. Fig. 3b illustrates the observed undamped oscillation and 

how the corresponding oscillation was predicted with SMABRE system code. 

         

Figure 3a.  REWET-III facility Fig 3b.  Experimental result (above) 

simulation with SMABRE code (below) [4] 

3.2 Hazards jeopardizing core cooling during LOCAs  

The loss-of-coolant accident (LOCA) analyses performed in the aftermath of Three 

Mile Island accident revealed various hazards jeopardizing successful emergency cooling of 

the reactor core. 

3.2.1 Loop seal issue 

The collapsed level in the reactor during 

LOCAs could be affected significantly by the 

static head created by water that would be 

gathered in the loop seals of the primary 

circuit. Flow behaviour in these loop seals 

could not be studied with available system 

codes without experimental data. Therefore a 

series of various facilities were built to study 

loop seal flow behaviour in various geometries 

and scales. The attached drawing shows the full-scale facility that was built to model VVER-

1000 cold leg [5]. In addition to code validation the experimental results were used to 

construct the flow regime map as illustrated in Fig. 4.[6]. The flow regime map is presented in 

terms of non-dimensional liquid height h̃L and modified Froude number (Fr). The transition 

lines between the regions are: A-C transition from stratified flow to slug or dispersed flow as 

predicted by Taitel and Dukler [7]; B-E-F residual water level (B measured value, F based on 
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the droplet entrainment, E interpolation in-between); D is the Kutateladze flooding criterion 

Ku = 3.2 for vertical flow. 

    

Figure 4. Flow regime map for the loop seal pipe with inner diameter of 850 mm 

3.2.2 Counter-current flow limitation 

Low pressure and accumulator ECCS inject in Loviisa VVER-440 both to upper 

plenum and downcomer of the RPV. Because ECCS takes place partially above the reactor 

core, it turned out to be crucial to be able to model the water penetration from the top into the 

reactor core under LOCA conditions. The penetration is governed by the counter-current flow 

limitation (CCFL) in the core flow paths. A set of various fuel assembly geometries were 

studied in the CCFL facility shown in Fig. 5. [8] The results revealed that typical linear CCFL 

correlations are valid only in case of small flow channels. This is demonstrated in Fig. 4, 

where plate 5 is measured in channel of 60 mm in diameter, while plates 1 and 3 are measured 

in channel of over 200 mm in diameter. Applying correlations derived from the small- 

channel results is thus clearly conservative in the safety analyses.  

    

Figure 5. CCFL test arrangements and results in terms of Ku numbers of gas and liquid 
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3.2.3 Boron crystallization 

During the long-term phase of LOCAs that are featured by boiling heat transfer from 

the core, there is a possibility that boric acid contained in the coolant starts to accumulate in 

the core area. In an ultimate case this could lead to saturated conditions of the boric acid and 

subsequent crystallization in the core. Boron crystallization could thus lead to blocking of the 

flow channels in the core.  

     

Figure 6. VEERA facility and schematic picture of experiments  

Boron crystallization was studied employing first the modified REWET-II facility, and 

then the VEERA facility dedicated to boric acid crystallization studies. [9] The latter 

consisted of a heated full-scale VVER-440 fuel assembly mockup. 

The test results were utilized to obtain cumulating boric acid concentrations in the 

reactor core and lower plenum (see Fig. 7). When compared to critical concentrations it is 

seen that resulting conditions do not lead to boric acid crystallization. 

 

Figure 7. Boric acid concentrations for a small-break LOCA case 
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3.2.4 Sump clogging 

Containment sump screens were originally designed for Loviisa NPP based on the 

large-scale experiments carried out at IVO Laboratory. After the Barsebäck incident in 1992 

new aspects were recognized concerning  the debris formation and properties, which resulted 

in a redesign and replacement of sump screens by employing specific new experiments. 

Obtained experience in sump strainer testing and design was also extensively utilized for 

designing sump strainers for other VVER plants. 

A few years ago a new issue was raised concerning possibility of blocking in-core 

flows, as some small fibres were able to penetrate the strainer filters. New tests were designed 

and performed in order to examine the effect of the penetrating fibres to the cooling of the 

fuel during accident conditions. Test facility was designed to give realistic flow conditions 

and geometry, i.e. actual flow rates for filter surface and inside the fuel assembly mockup. 

[10] Figs. 8 and 9 illustrate gathering of insulation debris on the modified strainer and inside 

the core to spacer grids. The new strainer design gives further confirmation that flow paths in 

the fuel bundles remain sufficiently open even in case of most stringent debris criteria.  

      

Figure 8. The filter before (left) and after (right) the stopping the flow and cleaning 

 

Figure 9.  The dismantled fuel assembly and collected debris in a spacer grid 

3.3 Non-uniform ice loading in the ice condenser 

During the operation ice sublimation processes lead to nonuniform loading inside ice 

condensers. The concern caused by nonuniformities was that during a LOCA the blowdown 

discharge could partially pass be the ice sections resulting in an excessive pressure buildup in 

the containment. Therefore a scaled facility was constructed to study the ice condenser 

behaviour under such conditions. [11] The experiments demonstrated that during violent 

steam releases the ice bed melts quite uniformly from the bottom upwards as was the design 
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target. But contrary to large steam release of large-break LOCA, low steam flows during 

small-break LOCAs penetrate the ice bed or use open flow paths created by non-uniform ice 

loading. After penetrating the ice bed the steam flow turns and melts the ice from the top. 

Thus the experiments gave a clear indication that suggested hazard would not lead to 

overpressure in the containment. [11] Later in 1990's when developing the hydrogen 

management scheme for severe accidents, the experience gained with the ice condenser test 

facility was very useful when performing VICTORIA containment experiments [12]. 

4 CONCLUSIONS 

Resolution of internal hazard requires good understanding of various disciplines and 

proper consideration of plant-specific features. When solving internal hazard issues in the 

past, various thermal and hydraulic experimental programs were carried out to support the 

Loviisa NPP operation. The experimental programs were designed to improve understanding 

of underlying physics and the results were extensively used for validation of the code 

calculations. The role of obtained results was crucial in resolving these internal hazard issues. 
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