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Abstract 

 

Dryout is a dangerous phenomenon which must be avoided during BWR operations. Different 
analysis codes have been developed to predict the dryout occurrence under various conditions. 
To improve the codes prediction accuracy, Westinghouse Electric Sweden initiated an 
advanced dryout project within which the VIPRE-W/MEFISTO-T codes were coupled. In this 
thesis, the coupled codes are validated against the FIX-II experimental data. Pressure drop and 
transient dryout data from the experiments are compared against code predictions.  

Since it is important to find a good numerical model of the real system that provides good 
results within an available computational time, several numerical models are examined, and 
the optimal geometry is identified. Two different fluid dynamics models, corresponding to 
EPRI and DRFT equations, are investigated. The results are also compared to the BISON 
transient analysis code. Finally, the effect of uncertainty in the experimental data is assessed 
via a sensitivity analysis of the boundary conditions. 

The package code pressure drop solutions for both fluid dynamics models are found to be in 
very good agreement with the experimental data, mainly the ones corresponding to EPRI 
model.  The dryout predictions are also very accurate, both for experiments with a high and 
small increase of temperature. The results from BISON code agree quite well with the 
experimental data, being generally more conservative than the VIPRE-W/MEFISTO-T 
solutions. 
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1 INTRODUCTION 

During the analysis of a new design of Boiling Water Reactor, it is necessary to evaluate some 
thermal-hydraulic characteristics of the nuclear fuel assemblies in order to ensure its safety; 
these include the amount of steam produced within the coolant, the coolant friction along the 
rods or the redistribution of mass and enthalpy within the rod bundle. All of them impact 
highly such important factors as the neutron moderation, the coolant flowrate or the thermal 
margin. It is therefore important to be able to calculate these parameters.  

In the same way it is also important to accurately control the critical power, one of the most 
important BWR limitations. It refers to the bundle power at which the liquid film in annular 
two-phase flow disappears, leading to a rapid degradation of the heat transfer. This 
phenomenon is called dryout. Dryout in a fuel rod leads to an undesirable increase of 
temperature which can damage the rod cladding, with the associated danger it involves. The 
critical power is therefore an important parameter which must be controlled in order to 
estimate the thermal performance of the fuel rods and the margin to the fuel licensing criteria. 
In BWR safety analysis, this critical power is calculated using different methods based on a 
large steady-state, bundle-design specific dryout database. 

For this purpose, several simulation codes have been developed. One of the computer codes 
used at this moment at Westinghouse Electric Sweden is VIPRE-W. It is a sub-channel 
analysis code which can solve, for every sub-channel, the transient, one-dimensional mass, 
momentum and energy distribution. VIPRE-W is Westinghouse's version of the VIPRE-01 
code. This last one was developed under the sponsorship of the Electric Power Research 
Institute (EPRI). It is used at present for different core thermal-hydraulics risk and safety 
analysis calculations. 

MEFISTO-T is a Westinghouse's transient film flow analysis code which can work as a 
postprocessor of VIPRE-W, extending it to a three-field code in the annular flow region and 
bringing the capability of dryout predictions through mechanistic liquid film calculations. 

In this document, the performance of VIPRE-W/MEFISTO-T code package is validated 
against FIX-II experimental data. Pressure drop and dryout transient data will be compared 
with the coupled code prediction in order to assess its reliability. A scheme of the project 
procedure can be seen in Figure 1.1: 

The boundary conditions and the properties of the model are introduced into the code package. 
At this point, different geometrical and physical models will be tested in order to investigate 
the performance capability of the code. The codes will take the input and they will generate an 
output with various results, among which the pressure conditions and the dryout prediction, 
given by the film flowrate. Eventually, these solutions will be compared against the DPT 
measured data and the thermocouples temperatures in different ways to assess the proper 
performance of the code. 
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Figure 1.1: Scheme of the project procedure 
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2 EXPERIMENTAL WORK DESCRIPTION 

2.1 INTRODUCTION: FIX-II PROJECT 

The FIX-II project is an experimental work carried out by Studsvik Energiteknik AB in 
cooperation with AB ASEA-ATOM. It was commissioned by the Swedish Nuclear Power 
Inspectorate and The Swedish State Power Board. Teollisuuden Voima Oy (TVO) gave the 
financial support to the project. Detailed information about the experimental programme, the 
test facility and the methods used can be found in [1]. 

The aim of the work was to gain knowledge and improve the prediction accuracy of 
consequences of certain transient accidents in Swedish types of BWRs. The whole project was 
composed of different kind of scenarios. Among all of them, the interesting ones for the aim of 
this project are the transient dryout tests. Their objective was to simulate events following 
pressurization transients in reactors from external and internal pumps BWRs. These transients 
can be caused by blockage of the tapping of steam from the reactor, e.g. by pressure controller 
failure. The reactor power will then increase rapidly due to the reduced void fraction in the 
core, the reactor is scrammed and the steam relief valves will open to decrease the pressure. 

Conditions were introduced to simulate the increase in power from pressurization in the 
reactor. The power peak caused by the pressurization was simulated by means of a mercury 
rheostat. The power transients were deliberately chosen so as to be severe enough to produce 
considerable periods of dryout. Special attention is directed to study any rewetting, which is 
expected to take place after the decay of power. The novelty of these experiments with respect 
to other validation of MEFISTO-T/VIPRE-W package code comes from the high increase of 
pressure which was achieved, making the scenario more realistic. These tests are carried out in 
order to measure the critical power which causes dryout in the rod bundle and the post-dryout 
behavior during the kind of transients mentioned above. 

The accessibility of the FIX-II data is limited. The FIX-II data used during this project was 
retrieved from physical and digital Westinghouse's reports. 

2.2  TRANSIENT TESTS 

This part of the whole project was, in turn, divided in two series of experiments, each of them 
containing ten tests, subsequently divided in four external pump BWRs tests and six internal 
pumps BWRs tests. 

Test series 1, which will not be used in this project, was performed without pressure or power 
increases. The critical power and dryout are developed by a slow, gradual reduction of coolant 
mass flow rate at constant power. The power decay and pump coast down, simulating trip of 
power and loss of power supply to the pumps in the reactor, are then initiated after various 
time periods with dryout in the rod bundle. 

In test series 2, which will be used in this project, the intention was to obtain a more realistic 
simulation of the events in the reactor. The initial conditions in pressure, power and mass 
flowrate should correspond to the reactor values, scaled to the FIX-II 36-rod bundle. The 
transients should then be initiated with positive ramps for the pressure and the bundle power, 
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before power decay and pump coast down begin. The VIPRE-W/MEFISTO-T coupling has 
never been validated in transient conditions with such increase of pressure. 

One example of the boundary conditions corresponding to EXP 6201 can be found in Figure 
2.1. The boundary conditions for all the experiments can be found in Appendix B. 

 

Figure 2.1 : Steady State tests dryout conditions 

 

An overall explanation of the experimental procedure will be presented in the following lines: 

The FIX loop was run at steady state at 7.0 MPa, whilst the power, mass flow, and bundle inlet 
temperature were fixed to the initial conditions before the transient. The transient was then 
initiated: 

 by closing the spray valves (to increase the dome pressure) 

 by top filling the rheostat (to increase the power) 

Thereafter the pressure decrease curve, the power decay and the pump coast down were 
initiated after preset time intervals. 

More specifications and proposals for the test programme were presented by ASEA-ATOM in 
[1]. The experimental data from all the transient tests can be seen in [2]. 
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2.3 STATIC DRYOUT TESTS 

In order to get the most representative picture of the bundle dryout condition, static dryout 
tests were included, covering the power/mass flow range of interest. 

The FIX-II loop was taken up to steady state conditions at the desire pressure of 7.0 MPa. The 
pressure and inlet subcooling was maintained for all tests. For each test, a different power was 
selected and dryout conditions were obtained by decreasing the mass flowrate to the test 
section. In some runs the test procedure was repeated to check the reproducibility.  

Table 2.1 : Steady State tests dryout conditions 

The results of this static dryout tests given in [2] can be seen in Table 2.1. In Figure 2.2 the 
experimental dryout points considering mass flowrate versus power are plotted. 

These experimental tests will be used in Section 5.4 to adjust one important factor for the 
MEFISTO-T code performance.  

 

Figure 2.2 : Power vs Mass flowrate dryout steady state conditions 
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2.4 TEST FACILITY 

An exhaustive description of the test facility is given in [1] and [3]. The flow diagram of FIX-
II loop can be seen in Appendix K. 

The FIX-II loop comprehends a test section of 36 fuel rods with a heated length of 3.68 m. The 
dimensions of the bundle can be seen in Figure 2.3.The fuel rods are simulated by conductive 
rods made of Inconel 600 (cladding) and Magnesium Oxide (pellet) as it is shown Figure 2.3. 
The power released to the fluid is achieved by using direct current in the Inconel 600 cladding. 
The thermal properties of the materials can be found in Appendix A. 

 

Figure 2.3 : Bundle and singular rod radial geometry (taken from [3]) 

Elevation [m] 
0.000 
0.368

0.368 
0.736

0.736 
1.104

1.104 
1.840

1.840 
2.576 

2.576 
2.944 

2.944 
3.312

3.312 
3.680

Cladding inside radius [mm] 4.725 5.175 5.275 5.325 5.275 5.175 4.975 3.825

Cladding outside radius [mm] 6.125 6.125 6.125 6.125 6.125 6.125 6.125 6.125

Axial Power Distribution [-] 0.76 1.03 1.14 1.20 1.13 1.02 0.88 0.51 
 

Table 2.2 :  Radial geometry and axial power distribution 

The axial power distribution can be seen in Figure 2.4. It was introduced by variations in the 
wall thickness, while the outside diameter keeps constant. In Table 2.2 the thicknesses values , 
as well as the relative axial power factors, are presented. 
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Figure 2.4 : Axial power distribution 

The radial power distribution is presented in Figure 2.5. The rods identifications numbers, 
which will be referred in the following chapters, are also given.  

 

Figure 2.5 : Radial power distribution (taken from [1]) 
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The bundle counted on seven spacers, whose location can be seen in Table 2.3. 

Spacer Number 1 2 3 4 5 6 7 

Elevation [m] 0,349 0,846 1,355 1,840 2,337 2,834 3,331 
 

Table 2.3 : Spacers elevation 

The pressure drop measurements (DPT) were performed by dividing the heated length in 7 
different levels. The elevation of these levels is presented in Table 2.4. 

DPT Level 1 2 3 4 5 6 7 

Elevation [m] 0,235 0,598 1,095 1,592 2,089 2,586 3,082 
 

Table 2.4 : DPT levels elevation 

In each rod there are five thermocouples for determining the cladding temperature. By a 
combination of four different patterns of thermocouple locations, cladding temperatures should 
be measured at sixteen axial levels. The elevations of these levels are given in Table 2.5.  

Level Index 1 2 3 4 5 6 7 8 

Elevation [m] 0,184 0,598 0,870 1,130 1,319 1,367 1,592 1,816 

Level Index 9 10 11 12 13 14 15 16 

Elevation [m] 2,088 2,313, 2,550 2,810 3,082 3,297 3,496 3,660 
 

Table 2.5 : Thermocouples levels elevations 

During the course of the project, the aggressive conditions which the rods were exposed to 
caused many thermocouples to become damaged [4]. The transient data tests where 
chronologically located at the end of the work, thus it became a really important problem. 
Many of the thermocouples located in the hottest rods and hottest elevation were not able to 
provide data. However, there was one rod where the thermocouples provided enough 
information: ROD 10. This was therefore the rod used for the code package validation. 
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3 CODES DESCRIPTION 

3.1 VIPRE-W 

The VIPRE-W code is Westinghouse’s version of the VIPRE-01 MOD-02 code, which was 
developed under the sponsorship of the Electric Power Research Institute (EPRI). It contains 
added characteristics and improvements for reactor core design applications. The available 
VIPRE-01 models are described in detail in [5] and [6]. 

The VIPRE (Versatile Internals and Component Program for Reactor EPRI) code was 
developed in 1980s for nuclear reactor thermal-hydraulic analysis enforcement in order to 
replace other similar analysis programs, such as COBRA.  It was designed to help evaluate 
nuclear reactor core safety limits, like critical power ratio or fuel and clad temperatures during 
normal operation and under accident scenarios [7]. 

The VIPRE-W code is a finite-volume sub-channel analysis code which has the ability to 
predict the three-dimensional velocity, pressure, and thermal energy fields and fuel rod 
temperatures for single-and two-phase flow in PWR and BWR cores, as well as other similar 
geometries in steady-state and transient conditions.  

The code uses three equations. It solves the mass, momentum and enthalpy conservation 
equations for the two-phase mixture for an array of channels interconnected [8]. The void is 
calculated via a constitutive equation. The mass conservation equation for the vapor phase can 
be alternately solved using the drift flux velocity present in the mixture momentum equation 
(four-equation drift flux model). A wide range of different correlations is available for boiling 
heat transfer. It has also the capability to input properties tables for different fluids. 

The code is based in sub-channel analysis. The total cross sectional area is divided into parallel 
flow sub-channels with lateral connections between adjacent channels. One channel can be 
simulating a true sub-channel within a rod array or several sub-channels or rod bundles. This 
allows the user a big flexibility for modeling any kind of fluid flow geometry. 

It is currently being used for several core thermal-hydraulics safety analysis calculations, 
principally for PWR non-LOCA core thermal-hydraulics safety analysis. Within the VIPRE-
W/MEFISTO coupling, it is used to calculate the time dependent distribution of flow and 
enthalpy for MEFISTO-T. 
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3.2 MEFISTO-T 

MEFISTO-T is a transient film flow sub-channel analysis code created by Westinghouse 
Electric Sweden which basic purpose is the prediction of the margin to dryout as function of 
time during a reactor transient.  

It is a three field code which analyzes separately water film, water droplets and vapor in every 
sub-channel. The fact of treating liquid film separately makes it more suitable for mechanistic 
approach for dryout predictions. It does not use empirical dryout correlations. It calculates 
instead the film flow rate on all wetted walls (rods and box) and takes it as a local measure of 
margin to dryout. Thereby, dryout is predicted when the film flow disappears. Other codes, as 
BISON (Section 3.3), cannot use this technique since they do not make a distinction in liquid 
film. They use instead dryout correlations. Thus, MEFISTO-T's performance is similar to fuel 
bundle design specific CPR correlations for critical power prediction, having a superior dryout 
location prediction capability. These calculations are usually performed in a single fuel 
assembly or a quarter of assembly for fuel of SVEA-type. The code is applicable to transients 
classified as AOOs where the safety criterion is based on the dryout probability without 
reference to the cladding temperature. 

The code calculates the mass and energy balance couplings between adjacent sub-channels. 
The equations regarding to transient film flow are simplified in order to be used to annular 
two-phase flow contemplating time and length scales commons in BWR fuel assemblies. 
These simplifications have been verified by comparison with a three-field solution and 
transient dryout tests in pipes. Further details can be found in [9]. 

The greatest problem which three field codes usually have is the long execution time which is 
required. It leads to a big disadvantage regarding the two phase codes since the number of 
analysis which can be obtained in a certain time is considerably smaller. In order to get a fair 
balance between two- and three-field codes, Westinghouse created a new code called 
MEFISTO. Two versions of this code are available: MEFISTO and MEFISTO-T. This code 
provides a large amount of data of three-field code with an execution time comparable to two-
field codes. It is possible by taking information about vapor and liquid fractions from two field 
codes and separates water film and droplets with a post-processor. Therefore, MEFISTO-T is 
intended to work as a post-processor to any transient two-phase sub-channel analysis driver 
code, extending it to a three-field code in the annular flow region and bringing the capability of 
dryout predictions through mechanistic liquid film calculations. [8].  

The code selected as the transient sub-channel driver code was VIPRE-W. It was due to its 
high robustness, fast execution speed and accuracy under typical BWR operating conditions. 
Within this coupling, VIPRE-W acts as a sub-channel analysis code which calculates the time 
dependent distribution of flow and enthalpy, MEFISTO-T takes this information an generates 
the sub-channels multi-film flowrate distributions, which it uses as a margin to dryout.  

The overall VIPRE-W/MEFISTO-T calculation chain can be seen in Figure 3.1. 
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Figure 3.1: VIPRE-W/MEFISTO-T calculation chain 

 

The code coupling has been widely validated in steady-state [8] with the BFBT steady-state 
void, pressure drop and critical power database and using the FRIGG Optima3 critical power 
database. Such a code performance assessment is not possible for transient applications since 
the test data are more complex and scarce. Hence, the aim of this work will be to analyze more 
deeply this kind of scenarios. In this project, the code package is validated under transient 
conditions using FIX-II experimental data. 

Further theory about the physical and geometrical models used by MEFISTO-T can be found 
in [10]. 
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3.3 BISON 

BISON is a BWR analysis code which includes thermal-hydraulic and neutronics solvers 
developed in Sweden by ABB-ATOM, today part of Westinghouse. It is used in Europe in the 
study of BWR performance, operational transients and design transients. It is currently the 
standard code for transient safety analysis at Westinghouse.  

It uses four equations. It is a two-field code which only differentiates between vapor and liquid 
phase. It does not treat separately liquid film and water droplets, so it cannot calculate the film 
thickness. Unlike MEFISTO-T, it relays on dryout correlations. One of the strengths of this 
code is the good performance in case of fast pressure transient scenarios [11], such as fast 
depressurization or fast increase in pressure, similar to the scenarios which are being studied in 
this work. 

This code has a one-dimensional thermal-hydraulic model for the reactor cooling system, a 
one-dimensional (axial) neutron kinetics model with time-dependent 2 group theory and 6 
groups of delayed neutrons as well as a finite difference model for the fuel heat conduction and 
heat transfer to the coolant. The hydrodynamic model may represent external and internal 
pumps. It features a homologous model for coolant pump dynamics. It also has a one-
dimensional model for the steam line flow dynamics, and models for the feed-water and 
turbine systems, as well as the control systems. A slave channel model is used in order to 
calculate transient dryout margin in the channel. 

BISON is able to model scenarios such as increase and decrease in heat removal by the 
secondary system, reactivity and power distribution disturbances or anticipated transients 
without scram [12]. 

Results from BISON code will be compared simultaneously with the experimental data and the 
VIPRE-W/MEFISTO-T package code predictions. The explanations for all the principles, 
models and equations used by the code fall outside the scope of this document. More 
information can be found in [11] and [13]. 
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4 CODES PHYSICAL MODELS 

4.1 DRYOUT MODEL 

Along the heated length of a BWR assembly, different kind of flows can be distinguished [14]. 
When the fluid contacts the lower part of the heated rods there is single phase, since the fluid is 
subcooled [12]. While the fluid progresses through the core, the fuel rods transfer energy to the 
fluid, thus its temperature increases. Before reaching the saturation temperature, subcooled 
boiling begins and some bubbles start to appear in the fluid flow, shifting to two-phase.  

When the fluid reaches the saturation temperature, the saturated boiling begins. The quality of 
the fluid rises and more steam appears in the core of the fluid volume, restricting the liquid 
phase to the areas in contact with the heated rods. Thereby, the vapor phase will take the inner 
volume while the liquid phase will be composed of a film attached to the rods and drops 
entrained in the steam volume [15]. 

This is called annular flow. Heat is transferred from the rod to the fluid by forced convection, 
conduction through liquid film and eventually evaporation at the film surface [12]. As the fluid 
takes more energy, the liquid film attached to the rods starts to become thinner, reaching a 
point when the liquid film is unable to cover the whole rod's surface. This phenomenon is 
called dryout.  

At this moment, the heat is directly transferred from the rods to the vapor phase by forced 
convection and evaporation of liquid drops deposited on the wall. Since this heat transfer 
mechanism is considerably more inefficient, the rods will be unable to release their energy and 
the temperature will increase significantly.  

This rapid and high increase of temperature in the rods results extremely dangerous. The 
cladding of the rods can suffer a great damage with the subsequent risk to the fuel and 
therefore, to the nuclear safety.  

4.1.1 Liquid film mechanisms 

After explaining the main basis of the dryout phenomenon, it is also important to describe the 
mechanisms which determine the behavior of the liquid film flow attached to the wall. 

The liquid film behavior must be studied by analyzing the processes which cause the drain and 
rebuilding of the film [15]. The main ones are: 

 Deposition. The entrained drops collide with the liquid film in contact with the rods 
and they deposit, increasing the film flowrate. There is still a lack of deposition 
mechanistic understanding. However, the large amount of experimental data has 
allowed the development of reliable correlations for predicting this phenomenon. 

 Evaporation. Liquid film on the rods wall is exhausted by evaporation. This is a well-
known process. Further information can be found in [14]. 

 Film entrainment. The film is detached from the surface by friction with the high 
velocity vapor stream. There are not direct measurements of this rate and the influence 
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of heat flux in additional entrainment is still unclear. Anyway, this last issue is not 
particularly important under typical BWR operating conditions. 

4.1.2 Dryout mechanisms 

 Dryout is predicted when minimum film flowrate is equal to zero.  

 Critical film thickness. Generally, the total disappearance of the liquid film is not very 
clear, due to its wavy structure. When the liquid film is very thin, some instability can 
cause the film to disappear for some instants before rewetting takes place; it is called a 
dry patch. It can cause some oscillations in the rods temperatures before the main 
dryout occurs. MEFISTO has no model for the critical film thickness. It is accounted 
for in the overall uncertainties of the code prediction and the performance of the code 
shows that this simplification is justified. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  
 

Page 15 of 75
 

  

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

4.2 PRESSURE DROP MODEL 

In a BWR under operational conditions, the pressure drop for the two-phase mixture along the 
axial length of the assembly comes from momentum balance considerations and is due to 
different effects. Among all of them, the most notable ones are gravity (G), friction (F), 
acceleration (A) and local flow obstruction(s) (K): 

 

 
 

(4.1)

4.2.1 Gravitational pressure loss 

Assuming that the channel is vertical, the total pressure drop can be expressed as: 

, 
(4.2)

which, when integrated, becomes: 

 (4.3)

4.2.2 Friction pressure loss 

In single phase flow, the frictional pressure losses are commonly written as, 

 
(4.4)

The two-phase field is empirically based. That means that it is not generally possible to make 
calculations based on first principles but it is possible to rely on correlations obtained from 
experimental data. Thereby, the two-phase pressure loss can be obtained by multiplying the 
equivalent saturated single-phase pressure loss by an empirical multiplier, which can be found 
in tables and graphs in [1]. Therefore, the expression of the total friction pressure loss 
becomes: 

 
(4.5)

After integrated, it becomes: 

 
(4.6)
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4.2.3 Acceleration pressure loss 

Considering the conditions of our model combined with the incompressibility assumption, the 
flow velocity in a channel can change only due to a phase change. The pressure loss due to the 
change of velocity can be expressed as: 

,

,  
(4.7)

where A ,P C  is the phase acceleration two-phase multiplier based on separated flow model, 
which can be found in [1]. 

When integrated, it becomes: 

,
,  

(4.8)

4.2.4 Local flow obstruction pressure loss 

The two-phase pressure loss due to local obstructions, such as grid spacers or an orifice, is 
treated in a similar manner as frictional pressure loss. In single-phase mixture, the expression 
commonly used can be written as: 

 
(4.9)

where AE  is the effective cross section area, discussed in detail in [14]. 

The pressure loss for two-phase is calculated applying to Equation 4.9 a multiplier, K , which 
can be found in [1]. Therefore, the local pressure loss becomes: 

K  
(4.10)

Further information can be found in [14]. 
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4.3 FLUID DYNAMICS MODELS 

Two different kinds of models were studied in order to get a good knowledge of the influence 
of different fluid dynamics equations in the codes pressure drop and dryout predictions. In the 
following chapters, the results for both models will be presented together, analyzing the main 
difference between them. 

In the following lines a brief introduction about these physical models is presented in order to 
get a good understanding of the forthcoming analysis: 

4.3.1 EPRI 

EPRI Model is the model by default. It contains a three-equations homogeneous model. The 
governing equations for the mixture are: 

- Mass conservation  

- Energy conservation 

- Momentum conservation 

It also counts with the so-called EPRI void correlations and a subcooled boiling model 
corresponding to LEVY model. The final solution is achieved by iteration. 

More information about this physical model can be found in [5], [16] and [17]. 

4.3.2 DRFT 

DRFT refers to the drift-flux model of two-phase flow. It is a variation of the EPRI Model. It 
is desirable to analyze the improvements or disadvantages of this new model. 

Unlike EPRI model, it counts with four equations. In addition to the three equations of EPRI, it 
has an extra one accounting for the steam mass, characterizing the behavior of the phase 
velocity difference. This improvement makes it able to calculate the void fraction. As it has 
been previously commented, BISON code also counts with 4 equations, thus DRFT Model is 
expected to have more similarities with this code. 

More information about this physical model can be found in [5], [16]. and [17]. 
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4.4 GRID DROP DEPOSITION MODEL 

MEFISTO-T, as it has been commented, instead of calculating traditional measures of dryout 
margin, such as CPR, it calculates the film flow in all the walls. Due to that, it needs to 
accurately control all the parameters which cause the drain and rebuilding of the film. One of 
these mechanisms is the corresponding to deposition of droplets. 

Generally, it is considered the deposition of droplet on the liquid film to be controlled by a 
diffusion process which cause drops to move from high drop concentration areas (gas core) to 
low drop concentration areas (close to the liquid film). The modeling of this process is 
commonly performed according to the following diffusion equation: 

·                                                          (4.11) 

where  refers to the diffusion coefficient and relies upon the droplet concentration in the 
gas core, C. Several correlations for the diffusion coefficient have been developed with 
accurate results. One of the most commonly used ones is a modification of Hewitt and Govan 
model carried out by Okawa [17]. This is the one which have been used in MEFISTO-T code 
due to the successful results under various conditions. It has the following expression: 

0.0632 .                                                    (4.12) 

The behavior of the droplet deposition is affected by the presence of grids. This effect is 
understood as a local enhance of this deposition owing to turbulence enhancement down-
stream the grid. Therefore, the global deposition model is obtained by applying a multiplier to 
the standard deposition rate model, as it can be seen in the expression below:  

_ _ · _                                                   (4.13) 

The spacer grid model is documented in [16], together with further information about this 
factor. This model is not completely reliable; it is just an approximation of the actual 
performance which needs proper experimental data to be calibrated.  

The calibration of this coefficient can be performed by applying an empirical multiplier to the 
grid effect correlation, as one can see in Equation 4.13. This coefficient is dependent on a 
coefficient , which will result of great relevance during the subsequent sections, and the grid 
blockage ratio (θ), which is included in the standard deposition rate model and independent of 
thermal-hydraulics properties such as pressure or mass flow.   coefficient only counts on the 
sub-channel radial location, thus it will have a different value for each different geometrical 
model (Chapter 7). The specific case of Sub-channels Model (Section 5.2) is presented in 
Section 5.4 while the corresponding to the rest of the models will be exposed during the 
numerical model optimization section (Section 7.2). 
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5 PREPARATION OF INPUTS FOR VIPRE-W/MEFISTO-T 

5.1 GENERAL INPUT DATA 

The input data common for all the approaches is presented in the following lines. It consists on 
the physical and geometrical properties which will not be affected by the kind of approaching. 

Since the VIPRE-W code was developed in United States of America, all the data, both input 
and output, are expressed in American System of Units. In this report, all the data will be 
presented with both American and International Systems of Units. 

These values are as follows: 

 Heated length: 3,68 m (144,88 in); nodalized into 100 equal cells.  

 Axial Power Distribution: Figure 2.2 in Section 2.4 

 Spacer loss location: Table 2.3 in Section 2.4 

 Friction coefficients: Taken from [16]  

 Spacer loss coefficients 

A disagreement between different sources data was accounted in the value of this 
parameter. No value for these coefficients was found in any FIX-II reports. However, it 
was found in the reports corresponding to the validation against FIX-II data performed 
for two different analysis codes: POLCA-T and BISON.  

In POLCA-T report [18], the spacer loss value is defined as FSP1+FSP2*Re FSP . 
With the respective values of FSP1=0.6, FSP2=1.0 and FSP3 =0.0, the total value leads 
to 1.6. On the other hand, in BISON report [19] the spacer loss value is defined as 
KSP*Re KSPRE. With the respective values of KSP=0.6 and KSPRE=0.0, the total 
value leads to 0.6. 

This issue was discussed with the authors of these reports but not a definitive answer 
was found. However, the value from POLCA-T seemed to be more logical thus it was 
decided to take it as correct. That is to say:  

 FSP1=0.6 

 FSP2=1.0                   Spacer loss value=FSP1+FSP2*Re FSP =1.6 

 FSP3=0.0 

The pressure drop predictions obtained with these last values were in good agreement 
with the experimental data, which brings more reasons to believe in this last 
assumption. Therefore, all the results for the following chapters have been obtained 
relaying on this value. 
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5.2 SUB-CHANNELS MODEL (SCH) 

In the course of this work, a number of various geometrical approaches to the model 
implementation were developed and tested for several reasons: 

First of all, a good understanding of the code performance and the structure and options of the 
input and output files was acquired. It was reasonable to learn the code starting from the most 
basic model, and associate the changes in the results with the changes in the model, which 
makes easier to monitor the correctness of the model. 

Secondly, all types of mistakes were to be avoided from the beginning. A small error in the 
basic modeling could cause large problems in the more complex models, being very difficult to 
detect among all the specific data. Thus, a reliable explanation for unexpected results could be 
extremely hard to find. With systematic and successive improvements of the model, common 
errors in the model implementation were much easier to identify.  

During the main validation, the last and most accurate model was used. But eventually, this 
process of successive model improvements makes it possible to optimize the model 
implementation for best combination of accuracy and the required computational cost. A study 
of the accuracy and the execution time of the different approaches is given in Chapter 7.   

The most accurate model was the "Sub-channels Model" (SCH). It simulates every rod with its 
individual power factor. It leads to 36 rods and 49 sub-channels, as one can see in Figure 5.1. 
All the geometrical model data is presented in Appendix J.  

It must be noted that MEFISTO-T doesn’t perform well in sub-channels that include an 
unheated wall, like boundary and corner sub-channels [8]. This is because VIPRE-W does not 
predict accurately the void fraction in such sub-channels and MEFISTO-T does not have 
entrainment correlations for cold walls. Therefore, the sub-channels in contact with the box 
were not analyzed. During the experimental work, dryout was not measured in these locations, 
thus this last issue was not really significant. 

 

Figure 5.1 : Sub-channels Model (SCH) radial geometry 
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5.3 INFLUENCE OF THE ROD THICKNESS 

As it was commented in Section 2.4, the axial power distribution in Figure 2.3 was achieved 
by an axial variation of the cladding thickness. Unfortunately, it is not possible to introduce 
this variation directly in VIPRE-W input file, as it is said in [20]. Due to that, it was decided to 
take the average cladding thickness and analyze the influence of this thickness variation 
studying two different models: one model using the geometrical values of the thicker cladding, 
and another with the respective thinner cladding values.  

In Figure 5.2, the three commented models are presented together with their diameter value. 
All the geometrical data for these models can be read in Appendix J. 

 

      d= 10,648 mm = 0,419 in         d= 10,058 mm = 0,396 in            d= 7,650 mm = 0,301 in 

 

Figure 5.2 : Radial geometry for Thin, Average and Thick Rod Model 

The different thicknesses of the cladding imply a difference in the thermal conductivity and 
heat capacity of the model, what has a big influence in the power released to coolant during the 
transient, as it can be seen in Figure 5.3. In this figure the electric power from the boundary 
conditions is plotted together with the power released to coolant corresponding to the three 
different models. One can see how the Thick Rod Model finds difficulties trying to release the 
power to the coolant when the transient starts, delaying the response of the curve. On the other 
hand, the Thin Rod Model released the power more easily, so the response is faster than the 
Average Rod Model.  

This difference in the released power has a big impact in the final film flowrate solution, as it 
can be observed in Figure 5.4, where the MFF predictions for the three models for EXP 6213 
are presented. During steady state the three curves hold together but they break away with the 
beginning of the transient. Later on, at the time of minimum film flowrate, the differences 
between them become more significant, although the margin to dryout is quite similar for all. 
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Figure 5.3 : Power released to coolant for Thin, Average and Thick Rod Model 

 

Figure 5.4 : MFF solution for EXP 6213 for Thin, Average and Thick Rod Model 
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Due to that, it cannot be assumed the Average Model as a fair model. At this point, a solution 
for this problem had to be sought. After studying the issue, it was decided to undertake the 
solution presented right below: 

Bison boundary conditions 

Unlike VIPRE-W, BISON does have the capability of implementing the axial variation of the 
cladding thickness.  Therefore, it was decided to take the boundary conditions from the BISON 
code for the final analysis. 

That is to say, the BISON code was executed with the actual boundary conditions. BISON 
considered the geometry and material properties of the model and generated an output with the 
power released to coolant. In Figure 5.5, one can observe the transformation of BISON from 
boundary conditions power to power to coolant, for the specific case of EXP 6241. One can 
see how the response of the system is lumped and delayed due to the material properties. It can 
also be appreciated how it looks more similar to the one corresponding to Thick Rod Model. In 
this figure, VIPRE-W Average Rod Model is also plotted, which can give an idea of the 
uncertainties of the models. 

 

Figure 5.5 : Boundary conditions power with VIPRE-W and BISON code for EXP 6241 

One difference which must be taken into account is the fact that the boundary conditions from 
the BISON code contains the inlet enthalpy instead of the inlet temperature, thus the VIPRE-W 
input options must be adjusted.  

Therefore, all the VIPRE-W/MEFISTO-T models were transformed into “DUMMY” rod, 
which in VIPRE-W language means without material properties. Then it was applied the 
released power from BISON instead of the original boundary condition. 

 BISON boundary conditions during the validation of the codes were also used in order to keep 
a consistency in the comparison among codes predictions, keeping apart the uncertainties in 
the rods model and focusing on the codes performances. 
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5.4 GRID DROP DEPOSITION ENHANCEMENT FACTOR ADJUSTMENT 

As it was commented in Section 4.4, the value of this coefficient must be obtained using 
relevant experimental data. In the case of Sub-channels Model analysis, this value will be 
adjusted by using the results of the steady state tests. The data of these tests can be observed in 
Table 5.1. More information about the tests performance can be found in Section 2.3. 

 

Table 5.1 : Steady State tests dryout conditions 

 These steady state tests give the information of the exact conditions when the dryout occurs in 
steady state. These tests are known to work properly since many validations have been carried 
out in this regard. Therefore, the code must predict a MFF of zero value under these 
conditions. Thus, the Grid Drop Deposition Enhancement factor will be vary until one value 
makes the code to predict a MFF value low enough for these conditions. 

As it was commented in experimental facility chapter, the main thermocouples were damaged. 
That means that the dryout conditions do not correspond to the real first dryout, but to the first 
dryout detected in the remaining thermocouples. Thereby, during the steady state tests, the 
dryout was detected in ROD 10 level 14 for the first three tests (9604, 9605 and 9610) and in 
ROD 15 level 13 for the rest (9633, 9637, 9638, and 9639). The factor's value was calculated 
taking this last issue into account, that is to say, minimizing the MFF value for the specific rod 
and elevation. 

 At this point, it was not clear the accuracy of the code's predictions after the first dryout had 
occurred. For the points located downstream the first dryout the results were not expected to be 
reliable at all. However, it was expected to have a reliable prediction upstream the main 
dryout. Fortunately, all the dryout points in the steady state tests were located upstream the 
first dryout predicted by the code. Later on, in Section 6.2.3, it was demonstrated this 
assumption to be correct. Further discussion about this issue is given in Chapter 6. 

Right below, the calculation of this parameter for EPRI Model and DRFT Model is presented: 

5.4.1 EPRI 

First of all, it was studied the case of EPRI Model. A minimization process was carried out 
leading to a value of =0.1635. The results of MFF for the considered levels can be seen in 
Table 5.2, as well as in Figure 5.6.  
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EXP Nº  Mass Flowrate[kg/s] minch minz  position  MFF [kg/s/m] 

ROD 10 Level 14 9604  1,89 18 100 90  ‐0,04676

ROD 10 Level 14 9605  2,83 18 100 90  ‐0,00979

ROD 10 Level 14 9610  3,22 18 91 90  0,01165

ROD 15 Level 13 9633  5,2 25 90 84  0,0059

ROD 15 Level 13 9637  4,88 25 90 84  0,0119

ROD 15 Level 13 9638  5,53 25 84 84  ‐0,0044

ROD 15 Level 13  9639  6,9  25  90  84  ‐0,01463 
 

Table 5.2 : MFF solution for steady state tests for EPRI model 

Table 5.2 has the results for all the experiments. The value of the mass flowrate is given since 
it has vital importance in the performance of the code. The variable "minch" represents the 
sub-channel where the dryout was firstly detected for this rod and level. 

 

Figure 5.6 : MFF prediction vs Mass flowrate for EPRI model for all the tests 

Other important information is the elevation of the predicted MFF ("minz"). It corresponds to 
the elevation, in terms of number of node(out to 100), where the first dryout was detected. The 
variable "position" represents the node of the level to be considered. As it can be seen, all the 
considered dryout predictions are located upstream the first dryout, what makes possible to 
rely on this calculation.  

One can observe how most of the MFF predictions are very close to zero, with the only 
exception of the first test, as it can be easily seen in Figure 5.6. Nevertheless, the value of mass 
flowrate in this test is very low (1.83 kg/s), while MEFISTO-T was not designed for such 
conditions. Due to that, it was decided to exclude the results of this test for the calculation. 
Thereby, the results for the steady state tests lead to a value of the mean of μ=1,05e-4 kg/s/m 
and a standard deviation of σ=0,0113 kg/s/m, which can be considered a fair enough 
adjustment.  
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5.4.2 DRFT 

After the adjustment of the code using the EPRI Model, it was proceeded to look for the same 
coefficient for the case of DRFT model. The performances of both physical models are 
expected to be quite similar, especially under steady state conditions. Hence, the obtained 
value for the EPRI model was tested. The results of it can be found in Figure 5.7 and Table 
5.3. 

EXP Nº  Mass Flow [kg/s] minch minz position  MFF [kg/s/m] 

ROD 10 Level 14  9604  1,89 18 100 90  ‐‐‐‐‐

ROD 10 Level 14  9605  2,83 18 100 90  ‐0,0098

ROD 10 Level 14  9610  3,22 18 91 90  0,011877

ROD15 Level 13  9633  5,2 25 90 84  0,0029

ROD15 Level 13  9637  4,88 25 90 84  0,01155

ROD15 Level 13  9638  5,53 25 84 84  ‐0,00547

ROD15 Level 13  9639  6,9  25  90  84  ‐0,01656 

 

Table 5.3 : MFF solution for steady state tests for DRFT model 

As it can be seen in Table 5.3, the code was not able to perform the prediction for the first 
static tests, 9604. The reason for this problem was thought to be, as in the previous section, the 
low value of the mass flowrate. Thereby, no more investigation about this problem was 
thought to be necessary.  

 

Figure 5.7 : MFF prediction vs Mass flowrate for DRFT model for all the experiments 

Focusing on the rest of the experiments, it can be observed how the results for this value of  
are also quite good, as one can see in Table 5.3 and Figure 5.7. It leads to a value of the mean 
of μ=9,17e-4 kg/s/m and a standard deviation of σ=0,01164 kg/s/m, which can also be 
considered as an accurate enough adjustment. 
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6 VALIDATION RESULTS 

Once all the models and input conditions have been defined and modeled, it is time to start 
with the validation of the code. 

As it was commented in Chapter 5, the main validation of the code was performed with the 
most accurate model, the Sub-channels Model. 

This analysis was performed for both fluid dynamics models presented in Section 4.3: EPRI 
Model and DRFT Model.  

The pressure drop predictions (DPT) will be presented in first place, comparing the code 
solution with the experimental data. The results will be also compared with the BISON code 
predictions. 

Then, the dryout predictions analysis will be shown. It will be divided in turn in different 
sections. Firstly, the main validation of the code: the dryout prediction comparison for the first 
dryout point. Some graphs and tables will be presented in respective summaries in order to get 
a statistical analysis of the results. Afterwards, a more deep analysis of the code's performance 
will be carried out by analyzing the front of dryout (the dryout predictions after the first dryout 
has taken place, considering thermocouples located upstream and downstream the critical 
point). And eventually, a comparison with the BISON code predictions will be presented in 
order to study the agreement or disagreement between codes.  

 

6.1 DPT COMPARISON 

The VIPRE-W/MEFISTO-T pressure drops predictions were compared against experimental 
data for both fluid dynamics models. BISON predictions will be compared at the same time in 
order to speed-up the presentation of the results. 

On the one hand, the experimental data provided information about the pressure drops between 
7 consecutive levels in which the heated length was divided (Section 2.4). 

On the other hand, MEFISTO-T calculates the pressure for the 100 nodes. Determining the 
elevation of every level and every node, it is easy to compare the differences of pressure 
between the respective levels. These results were added up in order to study the total pressure 
drop between Level 1 and Level 7.  

In Figure 6.1, the pressure drop from the experimental data is plotted together with the  
VIPRE-W/MEFISTO-T and BISON predictions for EXP 6201. The results for all the 
experiments can be seen in Appendix C. The conclusion which can be extracted is that the 
agreement of the two physical models with the experimental data is quite high. The EPRI 
model presents more accuracy in the predictions, although it was often not able to capture the 
fast changes in the pressure drop measurements. On the other hand, DRFT model is shifted 
upwards in most of the cases, capturing the fast changes in pressure drop excessively. Both 
codes already disagree at steady state, which is expected to be due to the higher void fraction 
predictions from DRFT Model, as one can see in Figure 6.8 (Section 6.2.1.1). After the 
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transient part of the experiments, when the power decays, the two curves become similar. 
Unlike EPRI, DRFT was found to predict the rapid peaks of pressure drop to a greater extent 
than the experiments. 

 It can be seen how BISON predictions are very similar to the ones of DRFT. It is not 
surprising since, as it was commented in Section 5.4.2, this model is expected to give results 
more similar to BISON code.  

 

Figure 6.1 : DPT Comparison for EXP 6201 

 

During the DPT comparison analysis two problems were found:  

The first one is related with a disagreement between the code predictions and the experimental 
data when the whole length is analyzed. Taking into account the bottom level and the upper 
level, 8 different pressure differences can be analyzed. Despite of that, only the results for the 
pressure drop between Level 1 and Level 7 were found to be precise. When analyzing the 
pressure drop from the bottom level to the upper level, it was discovered the drop pressure 
results to be displaced, as it can be seen in Figure 6.2, for the specific case of EXP6231. 
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Figure 6.2 : DPT Comparison for EXP 6201 for whole bundle length 

 

The results of DRFT seem to be correct but this is caused by the shift upwards which was 
commented before. If the single phase is analyzed, it can be appreciated a considerable 
difference between code and experiment. This problem was thought to be caused by the 
existence of a spacer not commented in the available reports. Due to that, more analysis about 
this problem was not believed to be necessary. 

The second problem is related with the individual pressure drop. When they were analyzed, the 
results were not found to be satisfactory, as can be seen on Figure 6.3, where the pressure 
drops between all the consequent levels for EXP 6231 are presented. It can be seen how the 
prediction for level 2-3 and for level 3-4 are quite far from what it is expected. According to 
the experiments, the pressure drop in level 3-4 is higher than level 2-3, what, according to 
thermal hydraulics knowledge, does not make sense.  
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Figure 6.3 : Singular DPT Comparison for EXP 6231 

 

As it was explained in Section 4.1, the fluid receives energy from the rods so the void fraction 
grows. On the other hand, the two-phase pressure loss can be obtained by multiplying the 
equivalent saturated single-phase pressure loss by an empirical multiplier (Section 4.2), which 
is directly related to the void fraction. Therefore, the pressure drop in a downstream level 
should not be higher, considering an equal length. At the beginning, it was thought a spacer or 
some kind of friction element to be missed. However, it would have lead to parallel biased 
curves. Instead of that, the code predictions and the experimental data seem to be compensated 
through the whole time period.  

After some discussions about the issue, it was determined that the experimental data records 
must be wrong. As it was shown before, the total pressure drop is really good, thus it was 
decided to accept the disagreement and keep on investigating in other issues.  
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6.2 DRYOUT COMPARISON 

In this section, the capability of the code to determine the margin to dryout of a BWR will be 
studied under certain conditions. 

On the one hand, the experimental data provide information about the temperature of different 
rods and levels during the transient scenario, predicting dryout when a fast increase of 
temperature is accounted. 

On the other hand, MEFISTO-T calculates the liquid film flowrate in all wetted walls, 
predicting dryout when this value becomes negative. 

 The main parameters which will be included in the analysis are: 

 Predicted time to dryout against measured time to dryout. Predicted time to dryout is 
given by the code when the film flowrate becomes negative. Measured time to dryout 
represents the time when the temperature starts to increase rapidly. The data is 
extracted from [13] and given in Appendix D. 

 Minimum Film Flow. Represents the minimum value which the liquid film flowrate 
reaches. Once the film flowrate is negative, it does not have a physical meaning. 
Hence, the code's solution after the first dryout has been detected should not be seen as 
a model of physical reality. However, this value is expected to give abundant 
information about the dryout depth, what will be investigated further on.   

 Film Flowrate at measured time to dryout. At this time, dryout has been measured, so 
the liquid film flowrate should be very close to zero. 

In addition, the code generates as an output other relevant information of different parameters, 
such as void fraction, quality or mass flowrates. All of them will be analyzed along this 
section.  

As it was commented in Section 2.4, ROD 10 will be the one used for the analysis.  

Within ROD 10, there are different levels where the temperature was measured. MEFISTO-T 
does not have a post-dryout model thus the solution after the first dryout has been detected 
should not be seen as a model of physical reality. Therefore, the main validation of the code 
was performed using Level 14, since dryout was firstly detected in this elevation for all the 
experiments. This analysis is shown in Section 6.2.1 

For the rest of the levels it is not clear the accuracy of the code. It will be studied in the front 
analysis section (Section 6.2.2), where the evolution of dryout along the rod is investigated. 

The comparison of the VIPRE-W/MEFISTO-T and BISON dryout solution will be presented 
in Section 6.2.3. 
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6.2.1 First dryout analysis 

As it has been expounded before, the results of this section correspond to ROD 10 LEVEL 14. 
The results are available for the 12 accessible tests. The most interesting ones will be presented 
here while the rest of them are available in Appendix D. 

In order to clear the results, the comparison from the experiments has been divided in four 
different kinds of experiments: experiments with a deep dryout (with a high increase of 
temperature), near dryout (with a low increase of temperature), experiments with temperature 
instabilities, (with different peaks of temperature), and non-dryout (with no increase of 
temperature). In Figure 6.4 one can found an example of the temperature behavior for the four 
commented divisions. 

 

             a)               b) 

 

             c)               d) 

Figure 6.4 : Temperature curves for the different groups of experiments 

a) Deep dryout. b) Near dryout. c) Temperature instabilities. d) Non-dryout. 
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6.2.1.1 Deep dryout 

As it has been said, this group correspond to these tests with a high and well defined increased 
of temperature. Those tests correspond to the indexes: 6201, 6221, 6241, 6261, 6271, 6291 and 
6292.   

In Figure 6.5 the dryout comparison for experiment number 6221 is presented. It can be 
appreciated how the code prediction extremely agrees with the thermocouple information for 
both EPRI and DRFT models. The predicted time to dryout is very similar to the measured 
time to dryout. Therefore, when the dryout is measured by the thermocouple the value of the 
film flow thickness is very low. This experiment counts with an increase of temperature 
considerably high, which is related with a high negative value of MFF. At the end of this 
section (Section 6.2.1), a summary of the results for all the tests is presented. 

 

  EXP N° 
 

Max T 
[°C] 

Δ T 
[°C] 

MFF 
[kg/s/m] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

FF at measured dryout 
time [kg/s/m] 

EPRI  6241  530  193  ‐0,0955  1,67  1,6  0,0093 

DRFT  6241  530  193  ‐0,1004  1,67  1,6  0,0012 

   

Figure 6.5 : MFF prediction and Temperature curve for EXP 6291 
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 Figure 6.6 represents the mass flowrates for the liquid, the steam and the mixture at the outlet 
level. 

 

Figure 6.6 : Mass flowrate prediction for EXP 6291 

The mixture mass flowrate is mainly determined by the boundary conditions. At the beginning 
of the transient, the steam flowrate increases due to the increase of power while the liquid one 
decreases, due to the decrease of the total mass flowrate.  

 

Figure 6.7 : Quality prediction for EXP 6291 
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Further on, due to the softening of the power and pressure conditions, the steam flow starts to 
decrease too, reaching the value zero when all the mass flow is composed by liquid phase. This 
behavior results in accordance with the outlet quality curve, which can be seen in the Figure 
6.7. 

This quality refers to thermodynamic quality [14]. It represents the flow quality (mass fraction 
of vapor in a saturated mixture) which would be in case of thermodynamic equilibrium. It 
starts to increase during the transient, but later, due to the same reasons, more liquid flow takes 
the place of the steam, causing the quality to decrease, becoming negative at the end of the 
experimental time (one must recall that it refers to thermodynamic quality, not to the so-called 
flow quality). Related to the quality, the void fraction can be observed in the Figure 6.8. 

 

Figure 6.8 : Void fraction prediction for EXP 6291 

 

The void fraction is already high during steady state conditions thus not a big increase is 
accounted during the transient. Following the two last commented graphs, it starts to decrease 
until the mixture reaches single phase.  

All these parameters for all the experiments can be seen in Appendix E, Appendix F and 
Appendix G, respectively. 

Turning back to Minimum Film Flow solutions , it must be noted that predictions 
corresponding to this group with a high and well defined increased of temperature, are in 
exceptionally good agreement with the experimental measurements. All the results of dryout 
predictions for all the experiments can be found in Appendix C.  



 

  
 

Page 36 of 75
 

  

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

6.2.1.2 Near dryout 

This group of experiments corresponds to tests number 6213 and 6272. In these cases, the 
increase of temperature is particularly low, comprised between 28 C and 44 C. One example of 
this division can be seen in Figure 6.9, where the results for test number 6272 are presented. 

For this test, the dryout is not predicted by the code, while it is indeed by the experiments. 
Nevertheless, the increase of temperature is very low and, in addition to that, it can be seen 
how the code predicts a very low value of minimum film thickness in the exact point which the 
temperature starts to increase. Thus it can be considered a good prediction. The same occurs 
for test number 6213, as it can be observed in Appendix C. 

 

  EXP N° 
 

Max T 
[°C] 

Δ T 
[°C] 

MFF 
[kg/s/m] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

FF at measured dryout 
time [kg/s/m] 

EPRI  6213  384  44  0,0123  Not predicted  3,8  0,0137 

DRFT  6213  384  44  0,0101  Not predicted  3,8  0,0118 
 

Figure 6.9 : MFF prediction and Temperature curve for EXP 6213 

The results for the quality, void fraction and mass flow for this group can be seen in Appendix 
E, F and G, respectively. 
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6.2.1.3 Temperature instabilities 

This is the case of experiment number 6284 and 6231. In this kind f experiments, different 
peaks of temperature are found before the main dryout takes place, as it can be seen in Figure 
6.10, where the results for EXP 6284 are presented. The temperature has a peak of 24 C for 0.8 
seconds before the main increase of temperature occurs.  

In this experiment, the dryout is predicted in advance. The difference between the experiment 
and the simulation is believed to be the result of instabilities in the film thickness before the 
main dryout takes place. The wavy characteristics of the film thickness cause the film flow to 
disappear for some instants before rewetting takes place (Section 4.1.2). This would cause a 
dry patch which would increase the temperature of the rod only during some instants. 
MEFISTO has no model for the critical film thickness. It is accounted for in the overall 
uncertainties of the code prediction and the performance of the code shows that this 
simplification is justified. Despite of this slight disagreement in terms of time predictions, the 
MFF value conforms to the increase of temperature.  

 

  EXP N° 
 

Max T 
[°C] 

Δ T 
[°C] 

MFF 
[kg/s/m] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

FF at measured dryout 
time [kg/s/m] 

EPRI  6284  505  168  ‐0,1573  2,31  2,9  ‐0,0711 

DRFT  6284  505  168  ‐0,1553  2,21  2,9  ‐0,0788 
 

Figure 6.10 : MFF prediction and Temperature curve for EXP 6284 
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Other test with similar characteristics is EXP 6231. It has a main increase of temperature very 
low, similar to the near dryout group. However, it can be appreciated in Figure 6.11 how the 
thermocouple curve has three peaks of temperature. It indicates the presence of some 
instability and dry patches.  

Therefore, in the same way that test 6284 prediction does, the dryout is delayed and the 
prediction time does not correspond with the time when the main dryout occurs. However, the 
film flowrate in the instant when dryout starts has a very low value, which can be considered a 
quite good prediction.  

 

  EXP N° 
 

Max T 
[°C] 

Δ T 
[°C] 

MFF 
[kg/s/m] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

FF at measured dryout 
time [kg/s/m] 

EPRI  6231  377  44  ‐0,0240  5,82  3,8  0,0137 

DRFT  6231  377  44  ‐0,0275  5,72  3,8  0,012 
 

Figure 6.11 : MFF prediction and Temperature curve for EXP 6231 
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6.2.1.4 Non-dryout 

This group corresponds to EXP 6283. It is the only experiment in which dryout does not occur. 
One can see in Figure 6.12 how the dryout is neither predicted by the code. The high value of 
inlet mass flow in the boundary conditions caused the film flow thickness to remain always 
above zero value.  

 

  EXP N° 
 

Max T 
[°C] 

Δ T 
[°C] 

MFF 
[kg/s/m] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

FF at measured dryout 
time [kg/s/m] 

EPRI  6283  354  15  0,1036  Not predicted  Not detected  Not detected 

DRFT  6283  354  15  0,0986  Not predicted  Not detected  Not detected 
 

Figure 6.12 : MFF prediction and Temperature curve for EXP 6283 

 

Once all kind of predictions solutions have been illustrated, a summary of the results will be 
shown to provide a numerical analysis of the code’s performance. 

6.2.1.5 Summary 

In Table 6.1 and Table 6.2 the results for all tests can be observed. They correspond to EPRI 
and DRFT models respectively. The experiments are ranked in decreasingly order with respect 
to their increase of temperature.  
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EPRI  

EXP 
N° 

Maximum 
 T [°C] 

Δ T 
 [°C] 

MFF 
[kg/s/m]

Predicted time
 to dryout [s] 

Measured time 
 to dryout  [s] 

FF at measured 
 dryout time [kg/s/m]

6291  628  288  ‐0,3157 2,82 3 ‐0,0236

6221  600  268  ‐0,1574 1,67 1,5 0,0218

6271  606  267  ‐0,2664 3,22 3,2 ‐0,0074

6241  530  193  ‐0,0955 1,67 1,6 0,0093

6261  526  186  ‐0,1206 1,42 1,5 0,0013

6284  505  168  ‐0,1573 2,31 2,9 ‐0,0711

6292  440  116  ‐0,0847 3,12 3,3 ‐0,0337

6201  414  78  ‐0,0239 2,62 2,7 ‐0,0085

6213  384  44  0,0123 NP  3,8 0,0146

6231  377  44  ‐0,0240 5,82 3,8 0,0137

6272  365  28  0,0252 NP  3,8 0,0253

6283  354  15  0,1036 NP  ND  ND 

 

Table 6.1 : Dryout predictions summary for EPRI model 

DRFT 

EXP 
N° 

Maximum 
 T [°C] 

Δ T 
 [°C] 

MFF 
[kg/s/m]

Predicted time
 to dryout [s] 

Measured time 
 to dryout  [s] 

FF at measured 
 dryout time [kg/s/m]

6291  628  288  ‐0,3178 2,82 3 ‐0,0354

6221  600  268  ‐0,1581 1,67 1,5 0,0120

6271  606  267  ‐0,2668 3,11 3,2 ‐0,0159

6241  530  193  ‐0,1004 1,67 1,6 0,0012

6261  526  186  ‐0,1261 1,42 1,5 ‐0,0110

6284  505  168  ‐0,1553 2,21 2,9 ‐0,0788

6292  440  116  ‐0,0919 2,92 3,3 ‐0,0456

6201  414  78  ‐0,0309 2,42 2,7 ‐0,0186

6213  384  44  0,0101 NP  3,8 0,0118

6231  377  44  ‐0,0275 5,72 3,8 0,0120

6272  365  28  0,0238 NP  3,8 0,0241

6283  354  15  0,0986 NP  ND  ND 

 

Table 6.2 : Dryout predictions summary for DRFT model 

NP: dryout Not Predicted by the code.  ND: dryout Not Detected in the experiments 
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Analyzing the data from the tables it can be appreciated how the code's predictions are in very 
good agreement with the experiments.  

The relationship between increase of temperature and MFF can be easily observed in Figure 
6.13, where the values for these two parameters have been faced for both models.  

 

Figure 6.13 : MFF vs ΔT for all experiments 

The points to the right of the Y axis represent the points for which the dryout has not been 
predicted. It can be seen how the code does not predict dryout in three of the experiments. One 
of them correspond to a non-dryout experiment and the other two correspond to an increase of 
temperature lower than 45 C. It can also be appreciated how the MFF becomes more negative 
when the increase of temperature gets larger. Moreover, looking at the results one can see that 
the agreement between both physical models is extremely high.  

 

Figure 6.14 : Measured time to dryout vs Predicted time to dryout for all experiments 
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In Figure 6.14 the measured time to dryout is plotted versus predicted time to dryout. It must 
be noted that only the information for those tests for which dryout has been predicted can be 
presented. Ideally, all these points would fit one to each other, being included in the unit slope 
line. It can be seen how the obtained points fit quite good the ideal line. The means and 
standards deviation of the difference between both predictions are μ=0.36 s and σ=0.68 s for 
EPRI and μ=0.38 s and σ=0.6 s for DRFT. If EXP 6231 (3.8, 5.7), already commented its 
instabilities, is excluded, the means and standard deviations would be μ=0.14 s and σ=0.15 s 
for EPRI and μ=0.19 s and σ=0.18 s for DRFT, which are extremely good predictions.  

The last factor to be analyzed is the predicted film flowrate at measured time to dryout. Data 
corresponding to this commented factor can be read in Table 6.1 and Table 6.2 and it is 
presented in Figure 6.15. 

 

Figure 6.15 : FF at measured dryout time for all experiments 

It can be appreciated how most of the points are located within ± 0.05 kg/s/m. Only experiment 
number 6284, due to the instabilities already commented, lead a to minimum film flow of        
-0.0711 kg/s/m for EPRI. Statistically, the distance from the FF prediction at measured dryout 
time to the ideal zero value would give values of μ=0.021 kg/s/m and σ=0.018 kg/s/m for EPRI 
and μ=0.023 kg/s/m and σ=0.02 s for DRFT. In a similar proceeding than previous analysis, if 
data with instabilities is excluded, it would reach to the values of μ=0.016 kg/s/m and σ=0.009 
kg/s/m for EPRI and μ=0.018 kg/s/m and σ=0.011 kg/s/m for DRFT. 

Therefore, it can be concluded that: 

o VIPRE-W/MEFISTO-T works extremely good for deep dryout (>50ºC) without 
temperature instabilities. 

o For near dryout (< 50 ºC), the code has a very low margin to dryout, although it does not 
predict it. 

o Instabilities can cause a higher uncertainty although not very significant.  
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6.2.2 Front analysis 

In this section the code capability to dryout advance predictions will be studied. In addition to 
the main dryout analysis, it is also interesting to determine the capability of the code for 
predicting dryout in elevations located upstream and downstream the first dryout point. When 
dryout occurs, it firstly appears in a point, and then it advance upstream and downstream along 
the rod until it reaches its critical point, as it can be seen in Figure 6.16. Then, when the power 
decays and the mass flowrate increases the liquid film begins to cover the rod again, reaching 
single phase at the end of the experiment. 

 

Time 

Figure 6.16 : Axial schematic view of dryout evolution through time 

In Figure 6.17, a more realistic overview of the dryout evolution can be seen. The film 
flowrate 3D distributions are color-mapped to the FIX-II bundle geometry considering 
different steps of times.  

 

Figure 6.17 : Film flowrate 3D distributions for different steps of time 
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The colors in the picture refer to the film flowrate: blue color means a thick liquid film in 
contact with the rods walls while dark red represents the point where the liquid film has 
disappeared. 

In Figure 6.18, MEFISTO-T multi-film flow distributions for experiment number 6201 in all 
considered sub-channels at the most limiting time during the transient are plotted against the 
elevation. The sub-channels predicted of dryout are plotted in red background while the other 
sub-channels are plotted in blue background. The locations detected of dryout, according to the 
thermocouples, are presented by yellow circles. It can be seen how dryout is predicted in 
several rods and elevations at the same time.  

 

Figure 6.18 : Axial film flowrate distribution in all considered sub-channels for EXP 6201  

As it was said, different levels of ROD 10 will be studied in this section. In Appendix D all the 
data for all the levels and experiments is presented. Ultimately, the main goal of this section is 
to analyze the prediction capability of the code in levels located upstream the first dryout on 
the one hand, and levels located downstream the first dryout on the other hand. 

In Figure 6.19 the results for test number 6291, one of the deepest dryouts, are presented. The 
rest of the tests can be seen in Appendix H. Looking at the measured temperature, it can be 
observed how the first increase in temperature is at 3 s in level 14, then it is accounted in level 
12 at 3.5 s and after that in level 8 and 16 almost simultaneously at 5.8 s. For this case, it can 
be seen how the code totally fails in accurately predict the dryout characteristics in Level 16. 
In level 14 the results are almoust perfect, as it was commented in previous section. Looking at 
the upstream points (Llevel 12 and 8), it can be seen how the code predicts considerably well 
also for these levels. For example, in level 12, time prediction is 3.11 s in EPRI and 3.02 s in 
DRFT while the measured dryout time is 3,5 s; and  the minimum film flow at this measured 
time is -0.0550 kg/s/m in EPRI and -0.0639 kg/s/m in DRFT. In level 8 the results are in the 
same line. The time prediction is 6.1 s in both EPRI and DRFT models while the measured 
dryout time is 5,8 s; and the minimum film flow at this measured time is 0.0294 kg/s/m in 
EPRI and 0.0300 kg/s/m in DRFT. 
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Figure 6.19 : Dryout predictions and Temperature curve for Levels 8, 12, 14 and 16 for 
EXP 6291 
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Other interesting information which can be extracted from this analysis is the front speed. 
According to the measurements, the dryout front advances at 0.18  m/s  between level 14 and 
16, at 0.97 m/s between level 14 and 12 and at 0.42 m/s between level 12 and level 8. On the 
other hand, the code predicts a speed of 1.22 m/s between level 14 and 16, 2.52 m/s between 
level 14 and 12 and 0.33 m/s between level 12 and level 8 for EPRI. It can be appreciated how 
the results are not very far from reality if it is considered that due to the reduced distance 
between levels, a difference in time prediction of 0.1 s can lead to increase greatly the front 
speed value. In Table D.1 and D.2 in Appendix D the results for all the available experiments 
are presented. 

In the same way of that of the main dryout comparison, a summary of the results for upstream 
levels is presented below: 

 

Figure 6.20 : MFF vs ΔT for all experiments for upstream levels 

In Figure 6.20, upstream level for all the experiments are shown. One can see how the relation 
between minimum fim flowrate and increase of temperature is still quite clear. There is only 
one case (and only for EPRI) in which the dryout is achieved and not predicted, while the rest 
of predictions are correct. 

In Figure 6.21, the predicted time to dyrout plotted against measured time to dryout is 
presented. Logically, it only contains upstream points which suffered of dryout according to 
the measurements. It can be seen how the predictions are in quite good agreement. Only in 
some cases the time predictions is not accurate enough, like the cases of EXP 6221and  6241. 
However, the predictions of flim flowrate at measured time for these tests are very accurate. 
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Figure 6.21 : Measured time to dryout vs Predicted time to dryout for all experiments for 
upstream levels 

Eventually, In Figure 6.22 it can be seen how the film flowrate prediction at measured time to 
dryout is also quite good.  

 

Figure 6.22 : FF at measured dryout time for all experiments for upstream levels 

The results for all the available elevations of ROD 10 for all the experiments are presented in 
Appendix C and Appendix H. 
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Therefore, the conclusion which can be extracted are as follows: 

 Very accurate dryout predictions for first dryout locations 

 Accurate dryout predictions for upstream levels  

 Wrong dryout predictions for downstream levels  
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6.2.3 Comparison with BISON 

In the next lines, the VIPRE-W/MEFISTO-T dryout solution will be compared against BISON 
predictions for the critical point.  As it has been previously commented, MEFISTO-T solution 
is given by the film flowrate thickness while BISON solution is given by CPR. In order to 
perform the comparison, it is necessary to express the results in the same terms. 

To achieve this, the same CPR correlations which were used for BISON were applied to the 
VIPRE-W code. That is to say, instead of using MEFISTO-T as a post processor of VIPRE-W, 
the CPR correlations will be used after VIPPRE-W to get the dryout solution.  

The CPR represents a ratio between critical power and nominal power, predicting dryout when 
CPR>1, that is to say, when the nominal power is higher than the critical power. However, that 
does not make sense in transient analysis. Transient CPR is defined instead as follows [12]: 

                                                         (6.1) 

Where: 

   

   

   

Unlike Liquid Film Method, this method is empirical, based in correlations. It is used for 
standard thermal margin assessment. The correlation which was tested in this comparison is 
called "D5" type, which is the one used in Optima3, the last assembly geometry developed at 
Westinghouse Electric Sweden. Further information about this correlation can be found in 
[21]. This correlation must be adjusted using also the steady state tests. Four of the 12 
coefficient which this correlation contains (the ones corresponding to the flow trend) were 
adjusted minimizing the value of the steady state film flow for all the static tests.  

This correlation was applied to both BISON and VIPRE-W and then compared with the 
VIPRE-W/MEFISTO-T solution by plotting CPR-1 together with the results of MFF, 
analyzing if the predictions were in accordance with the results obtained in the main validation 
of the VIPRE-W/MEFISTO-T package code. 

In the same way as it was done for the main validation, all the experiments can be divided in 
different types. First of all, they were divided into near dryout and deep dryout. Temperature 
instabilities were set aside in order not to hinder the comparison of the codes. Secondly, the 
experiments were divided in terms of mass flowrate characteristics: Slow decrease of mass 
flowrate, Fast decrease of mass flowrate and Bumpy decrease of mass flowrate. The behavior 
of the mass flowrate in the boundary conditions is expected to have a big impact in some of the 
characteristics predicted by the two codes. The quality predictions of every group will be also 
presented since interesting differences were found. 
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6.2.3.1 Slow decrease of mass flowrate 

 

Figure 6.23 : Inlet mass flowrate boundary condition for EXP 6213 

In Figure 6.23 one can see an example of slow decrease of mass flowrate. This one 
corresponds to EXP 6213 and shares this group with EXP6221, EXP6231, and EXP6241. 

The low decrease speed of mass flowrate of this group make them "less transient", more 
similar to steady state behavior, thus the predictions of the code are expected to be more 
accurate. In Figure 6.24 the quality prediction for the critical node (the one with a lower CPR 
value) is plotted versus time for the specific case of EXP 6213. In this figure only the VIPRE-
W results for EPRI physical model are presented in order to make the differences between 
VIPRE-W and BISON as notable as possible. The qualities graphs for all the cases are 
presented in Appendix F. 

  

Figure 6.24 : VIPRE-W and BISON quality prediction for EXP 6213 
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One can see how the quality prediction for both codes is practically equal. It must to be noted 
that BISON code expresses the flow quality, which is always contended between 0 and 1. On 
the other hand, VIPRE-W shows the thermodynamic quality, which, as it was commented 
before, represents the quality which would be in case of thermodynamic equilibrium. This is 
the reason why the predictions of both codes disagree in the last part of the experiment. 
Despite of that, the predictions during the transient are very similar.  

On the same line, the code dryout predictions are also in good agreement, as one can see in 
Figure 6.25, where predictions for EXP 6221 are presented. This is a case of deep dryout, 
where the increase of temperature is over 250 ºC. While it is true than BISON prediction is a 
bit more oscillatory and not as smooth as the one of VIPRE-W, the prediction of both codes 
agree really well. The time to dryout prediction of the CPR performances are practically equal 
to those ones obtained by MEFISTO-T using minimum film flowrate methods. 

 

  EXP N° 
Max T 
[°C] 

Δ T 
[°C] 

CPR‐1
 [‐] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

CPR‐1 at measured 
dryout time [‐] 

BISON  6221  600  268  ‐0,1511  1,67  1,5  0,01982 

VIPRE‐W  6221  600  268  ‐0,1493  1,57  1,5  0,0052 

 

Figure 6.25 : Dryout predictions and Temperature curve for EXP 6221 
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In the case of near dryout, the small difference becomes more appreciable, while the 
predictions are also in quite good agreement. This can be observed in figure 6.26, where the 
results for EXP 6231 are presented. 

 

  EXP N° 
Max T 
[°C] 

Δ T 
[°C] 

CPR‐1
 [‐] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

CPR‐1 at measured 
dryout time [‐] 

BISON  6231  377  44  ‐0,0607  2,82  3,8  ‐0,0133 

VIPRE‐W  6231  377  44  ‐0,0522  2,92  3,8  ‐0,01716 

 

Figure 6.26 : Dryout predictions and Temperature curve for EXP 6221 

As it was commented before, BISON prediction is more oscillatory, tending to give a lower 
value of CPR when analyzing all the experiments. Unlike MEFISTO-T, it predicts dryout in 
advance. Generally, the CPR predictions tended to be more conservative than those ones 
obtained with MFF methods. 
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6.2.3.2 Fast decrease of mass flowrate 

In Figure 6.27 one can see an example of this group, corresponding to EXP 6261. 

 

Figure 6.27 : Inlet mass flowrate boundary condition for EXP 6261 

This fast decrease of mass flowrate makes the transient more "aggressive", thus it is expected a 
slightly bigger difference in the codes predictions. In this group are also contained EXP 6201, 
6283, 6291 and 6292. In Figure 6.28, the quality predictions for both codes are presented. It 
can be seen how the difference in terms of quality is already appreciable, although not very 
significant. 

 

Figure 6.28 : VIPRE-W and BISON quality prediction for EXP 6261 
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Other interesting case of differences in terms of quality is the corresponding to EXP 6271 and 
6291. They are the deepest dryout, with increases of temperature over 250 ºC. In Figure 6.29 
the quality prediction for EXP 6291 is presented. It must be understood the difference between 
flow quality and thermodynamic quality which has already been commented before.  The dots 
blue line represents the thermodynamic quality from VIPRE-W, while the continuous blue line 
represents the flow quality, which can be directly compared with the flow quality from 
BISON. What is interesting to see is how BISON does not predict superheated steam (the 
quality never reaches 1) while VIPRE-W does. This phenomenon is not really understood yet. 
It would be interesting to investigate more this issue in order to draw a conclusion in this 
regard. 

 

Figure 6.29 : VIPRE-W and BISON quality prediction for EXP 6271 

 

Turning back to the dryout predictions of this group with fast decrease of mass flowrates, this 
little difference in quality prediction can also be appreciated in the dryout prediction. In Figure 
6.30, one can see a deep dryout experiment: EXP 6261 
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  EXP N° 
Max T 
[°C] 

Δ T 
[°C] 

CPR‐1 
[‐] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

CPR‐1 at measured 
dryout time [‐] 

BISON  6261  526  186  ‐0,1605  1,42  1,5  ‐0,1083 

VIPRE‐W  6261  526  186  ‐0,1572  1,42  1,5  ‐0,00137 

 

Figure 6.30 : Dryout predictions and Temperature curve for EXP 6261 

One can see how the differences between BISON and VIPRE-W are slightly bigger although 
both codes are still in good agreement. The BISON code has an oscillatory character which 
makes the codes to disagree in some points. However, the time-to-dryout predictions are really 
accurate, agreeing much with the MFF solutions.  

For the case of a near dryout, this difference becomes bigger, as happened in the case of slow 
decrease of mass flowrate. In Figure 6.31, the results of EXP 6201 are presented. In fairness, 
this case is not a near dryout. However, this experiment with only 78 ºC increase of 
temperature can draw similar conclusions. It can be seen how the prediction of the codes 
disagree in a lightly higher degree. The BISON code predicts a lower value of CPR (3% 
difference). Besides, the predicted time to dryout is a bit delayed with respect to the solution of 
MEFISTO-T. Nevertheless, the results are also quite satisfactory. 
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  EXP N° 
Max T 
[°C] 

Δ T 
[°C] 

CPR‐1 
[‐] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

CPR‐1 at measured 
dryout time [‐] 

BISON  6201  414  78  ‐0,0249  2,62  2,7  ‐0,0113 

VIPRE‐W  6201  414  78  ‐0,0249  2,71  2,7  ‐8,7e‐4 
 

Figure 6.31 : Dryout predictions and Temperature curve for EXP 6201 

6.2.3.3 Bumpy decrease of mass flowrate 

In Figure 6.32 one can see an example of this group, corresponding to EXP 6271. In this group 
are also contained EXP 6272 and 6284. 

 

Figure 6.32 : Inlet mass flowrate boundary condition for EXP 6271 
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It seems obvious that this characteristic makes the transient even more complex, complicating 
the predictions of the codes and making the differences more notable. In Figure 6.33 one can 
see the quality predictions for EXP 6272. It can be seen how the two codes have difficulties to 
agree in the calculations of this parameter.  

 

Figure 6.33 : VIPRE-W and BISON quality prediction for EXP 6272 

As it was expected, this difference has influence in the dryout prediction solution, as it can be 
seen in Figure 6.34, where the dryout solution for EXP 6271 is presented. 

 

  EXP N° 
Max T 
[°C] 

Δ T 
[°C] 

CPR‐1 
[‐] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

CPR‐1 at measured 
dryout time [‐] 

BISON  6271  606  267  ‐0,2098  2,92  3,2  ‐0,01715 

VIPRE‐W  6271  606  267  ‐0,2158  2,82  3,2  ‐0,068 
 

Figure 6.34 : Dryout predictions and Temperature curve for EXP 6271 
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It can be seen how the CPR prediction are quite chaotic, becoming very different in some parts 
of the experiments, especially after the minimum value of CPR (between 5 and 12 seconds). 
Despite of that and due to the high increase of temperature, the time to dryout prediction is 
quite good. 

Similarly to the previous groups, these differences become more significant for the case of 
near dryout. This is the case of EXP 6272, presented in Figure 6.35 where the difference in 
time to dryout prediction becomes really notable.  

I  

  EXP N° 
 

Max T 
[°C] 

Δ T 
[°C] 

CPR‐1
[‐] 

Predicted time 
to dryout [s] 

Measured time 
to dryout  [s] 

CPR‐1 at measured 
dryout time [‐] 

BISON  6272  365  28  ‐0,031  3,27  2,8  ‐0,0162 

VIPRE‐W  6272  365  28  ‐0,0211  3,56  3,8  ‐0,01616 

 

Figure 6.35 : Dryout predictions and Temperature curve for EXP 6201 

In Table 6.3 and 6.4 the results for VIPRE-W and BISON are presented respectively. It can be 
said that the results for VIPRE-W and BISON are in quite good agreement, especially for the 
case of slow decrease of mass flowrate and, to a minor extend, for the case of fast decrease of 
temperature. For bumpy decrease of mass flowrate these differences become bigger. In terms 
of kind of dryout, it can be noted that the time to dryout predictions tend to be much more 
accurate for deep dryouts than for near dryout, where the differences are more notable. Further 
investigation is encouraged to understand the differences between codes. 

It can also be concluded that the CPR predictions from BISON and VIPRE-W are generally 
more conservative than the MFF solutions. 
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VIPRE-W 

EXP 
 N° 

Máximum 
T [°C] 

Δ T  
[°C] 

Mass Flowrate  
Character 

CPR [‐] 
Predicted time
 to dryout [s] 

Measured time  
to dryout  [s] 

CPR at measured
 dryout time [‐] 

6201  414  78  Fast   0,9808 2,71 2,7  1,0000

6213  384  44  Slow   0,9846 2,81 3,8  0,9861

6221  600  268   Slow  0,8507 1,57 1,5  1,0052

6231  377  44  Slow   0,9478 2,91 3,8  0,9829

6241  530  193  Slow   0,8991 1,57 1,6  0,9929

6261  526  186  Fast   0,8395 1,42 1,5  0,8917

6271  606  267  Bumpy   0,7842 2,82 3,2  0,9320

6272  365  28  Bumpy   0,9690 3,27 3,8  0,9838

6283  354  15  Fast   1,0345 NP ND  ND

6284  505  168  Bumpy   0,8034 2,01 2,9  0,8863

6291  628  288  Fast   0,6900 2,52 3  0,9365

6292  440  116  Fast   0,8938 2,92 3,3  0,9861
 

Table 6.3 : CPR dryout predictions summary for VIPRE-W  

BISON 

EXP 
 N° 

Maximum 
T [°C] 

Δ T  
[°C] 

Mass Flowrate  
Character 

CPR [‐] 
Predicted time
 to dryout [s] 

Measured time  
to dryout  [s] 

CPR at measured
 dryout time [‐] 

6201  414  78  Fast   0,9751 2,62 2,7  0,9887

6213  384  44  Slow   0,9655 2,71 3,8  0,9953

6221  600  268   Slow  0,8489 1,67 1,5  1,0198

6231  377  44  Slow   0,9393 2,82 3,8  0,9867

6241  530  193  Slow   0,9001 1,67 1,6  1,0065

6261  526  186  Fast   0,8428 1,42 1,5  0,9986

6271  606  267  Bumpy   0,7902 2,92 3,2  0,9828

6272  365  28  Bumpy   0,9789 3,56 3,8  0,9838

6283  354  15  Fast   1,0200 NP ND  ND

6284  505  168  Bumpy   0,8341 1,81 2,9  0,9320

6291  628  288  Fast   ‐0,2829 2,52 3  0,9321

6292  440  116  Fast   ‐0,1171 2,92 3,3  0,9887
 

Table 6.4 : CPR dryout predictions summary for BISON 
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7 NUMERICAL MODEL OPTIMIZATION 

In Chapter 6, the prediction capability of the code for the Sub-channels model has been 
successfully assessed. Nevertheless, the major disadvantage of this code lies in the long 
executing time which is required. The main objective of the analysis contained in this chapter 
was to find a good compromise between prediction accuracy and computational time.  

In the following lines the different approaches which were created will be presented: 

7.1 PRESENTATION OF THE MODELS 

7.1.1 One Channel Rod Model (1CH 1ROD) 

This is the simplest model. The real diameter 
of the rods has already been introduced. It has 
only one rod which faces the channel with 36 
times its actual perimeter (transmitting 36 
times more power than one rod), simulating 
the whole bundle. Only one radial power 
factor can be introduced, thus it is not 
expected to accurately simulate the real 
model. The geometrical values, such as 
diameter of the rod, length of the gap or cross 
sectional area can be found in Appendix I, 
together with those ones of the rest of the 
approaches. 

 Figure 7.1 : One Channel Rod Model scheme 

7.1.2 One Channel Two Rods Model (1CH 2ROD) 

In this model, the whole bundle is simulated by 
2 rod: one high power rod with the highest 
power factor of the bundle (1.034) and other rod 
simulating the rest 35. The power factor of the 
35x rod is compensated in order to be consistent 
with the total released power; leading to a value 
of 0,999. This approach contains much more 
information about the dryout risk scenario since 
the power factor of the hottest rod, the first one 
which generally suffers of dryout, has been 
introduced. It was created hoping to be a good 
approximation of the real model with an 
excellent computational cost. 

Figure 7.2 : One Channel Two Rods Model scheme 
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7.1.3 Two Channels Model (2CH) 

This approach has two different channels: one 
channel simulating the actual central sub-
channel, the most limiting one, and other 
channel simulating the rest of assembly, as it 
can be seen in Figure 6.3. It has four rods in 
the center, with its respective actual power 
factors, and other rod simulating the rest of 
the assembly.  

 

 

 

 

Figure 7.3 : Two Channels Model scheme 

The geometry input data which must be introduced for each gap connection in the case of 
several channels is less physically obvious than the one for single channel. Two new 
parameters must be introduced:  

 Gap width, s: It represents the width of the space through which the two adjacent sub-
channels communicate; for example, the distance between two adjacent rods. 

 Length of the control volume, l: It represents the distance over which the crossflow 
exists. In VIPRE-W, it is generally agreed to use the distance between the centroids of 
adjacent channels. 

 

Figure 7.4 : Schematic view of the gap width and the length of the control volume 
between two channels. Taken from [5] 

These parameters define the control volume for crossflow between the adjacent channels. It 
can be seen in Figure 7.4. 

All the geometrical data for this model can also be seen in Appendix I. 
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7.1.4 13 Channels Model (13CH) 

This model has 13 channels and 20 rods. 16 
rods are set up with its real power factor and 
other four rods simulate the rest of the bundle. 

At the beginning, it was intended to be a 10 
channels model. However, this is not possible 
to implement in VIPRE-W. The complex 
correlations between channels and rods do not 
allow more than 6 rods facing each channel. 
The adopted solution was to divide the outer 
channel in four parts, leading to 13 channels, as 
it can be seen in Figure 7.5.  

 

 

Figure 7.5 : 13 Channel s Model scheme 

Now that all the geometrical models have been presented is time to analyze their performance. 

7.2 COMPARISON 

During the following lines, a study of the prediction capability of the code using the different 
approaches models will be performed.  

During the analysis, only EPRI Model will be analyzed in order to clear the presentation of the 
results. 

Every approach is based on grouping several rods in a lumped one, which make impossible the 
access to the information of certain rods. The simplest model (1CH 1ROD) only has the 
information of one rod, the most limiting one. Due to that, all the comparison analysis will be 
done for the most limiting rod in each geometrical model. In Sub-channels model it 
corresponds to rod 16. There are no working thermocouples in this rod in the FIX-II 
experimental data. However, the Sub-channels Model results can be used as a reference, since 
its capability of prediction has already been validated in Chapter 6.  

 

7.2.1 DPT comparison 

First of all, the results for pressure drop comparison are presented. In Figure 7.6 one can see 
how the different approaches give similar predictions. The pressure drop is only dependent on 
the perimeter, the Reynolds number and the void fraction, thus it is logical not to expect a big 
difference among them. 



 

  
 

Page 63 of 75
 

  

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

 

Figure 7.6: DPT for all approaches for EXP 6201 

7.2.2 Dryout predictions comparison 

As it was said in Section 4.4, each approach has a different value of Grid Drop Deposition 
Enhancement Factor which must be adjusted (In Figure 7.7 one can see how the steady state 
values for all the approaches are different if the same KG is considered, the one valid for the 
Sub-channels Model).  Besides, it is also known that the solutions in steady state must be 
similar. Therefore, the models factor was changed until they matched the steady state value 
from the Sub-channels Model reference.  

 

Figure 7.7 : MFF prediction for all approaches taken the same  for EXP 6221 
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After trying different values, the ones presented in Table 7.1 lead to satisfactory results, as one 
can see also in Table 7.1 and Figure 7.8. The graphs for the rest of the experiments can be seen 
in Appendix J. 

 

Figure 7.8 : MFF prediction for all approaches taken adjusted  for EXP 6221 

For the selected values of grid drop deposition enhancement factor, all experiments has a MFF 
steady state value very close to the one of the Sub-channels Model reference, with a standard 
deviation average of 0.0032 kg/s/m.  

After obtaining these values, all tests were run for all the approaches. The comparison was 
based on the following parameters: time to dryout and Minimum film flowrate. The Film 
flowrate at measured time to dryout could not be used since it is necesary experimental data to 
determine this value (and this analysis has the Sub-channels Model as the reference ). 

As it can be seen in Figure 7.8 and Table 7.1, the results from 1CH Rod Model and 1CH 2Rod 
Model are very far from the reference. With a percentage of similarity around 60% for most of 
the cases, they cannot be considered as reliable. 

However, for Two Channels Model and 13 Channels Model one can observe how the 
agreement with the solution from the Sub-channels Model is very high. In table 7.1 it can be 
observed how the percentages of similarity are over 90 % for most of the cases, being slightly 
higher for the 13 Sub-channels Model. 

It can also be seen how the execution time is lower for these last approaches. For the case of 
13 Channels Model, the average execution time is about a 30% of the Sub-channels Model 
one. And for the 2 Channels Model it is less than 5%, that is to say, more than 20 times faster. 

In concluson, it can be said that the 2 Channels Model leads to really accurate results with a 
much lowercomputational cost. This conclusions results very exciting and can open new doors 
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in the development of the codes in the future. Further investigation about the interelationships 
between this two channels is recommended in order to deepen into the development of this 
model. 

SCH  1CH 1ROD 1CH 2ROD 2CH 10 CH 

KG  0,1635  0,028 0,065 0,087 0,143 

EXP6201  Steady FF  0,188  100%  0,181 96,41% 0,185 98,20% 0,183 97,19%  0,186  98,96%

MFF  ‐0,067  100%  ‐0,044 66,05% ‐0,047 70,27% ‐0,067 99,17%  ‐0,068 99,34%

Dryout time  1,817  100%  2,117 83,49% 2,117 83,49% 1,707 93,95%  1,717  94,50%

Execution time  2404,3  100%  99,1 4,12% 97,5 4,05% 107,6 4,47%  700,8  29,15%

EXP6213  Steady FF  0,236  100%  0,235 99,56% 0,237 99,57% 0,240 98,38%  0,237  99,95%

MFF  ‐0,030  100%  ‐0,005 15,32% ‐0,007 22,92% ‐0,019 64,26%  ‐0,027 91,56%

Dryout time  3,216  100%  3,816 81,34% 3,716 84,45% 3,316 96,89%  3,214  99,94%

Execution time  2339,0  100%  97,6 4,17% 93,5 4,00% 108,5 4,64%  706,9  30,22%

EXP6221  Steady FF  0,123  100%  0,122 99,19% 0,123 99,92% 0,124 99,76%  0,123  99,27%

MFF  ‐0,194  100%  ‐0,161 82,95% ‐0,167 86,41% ‐0,195 99,38%  ‐0,195 99,25%

Dryout time  1,460  100%  1,567 92,67% 1,567 92,67% 1,467 99,52%  1,467  99,52%

Execution time  2736,0  100%  89,1 3,26% 91,9 3,36% 102,3 3,74%  724,3  26,47%

EXP6231  Steady FF  0,270  100%  0,271 99,43% 0,274 98,48% 0,276 97,81%  0,270  99,75%

MFF  ‐0,068  100%  ‐0,040 59,34% ‐0,044 64,06% ‐0,061 89,84%  ‐0,067 98,49%

Dryout time  3,417  100%  3,917 85,37% 3,817 88,29% 3,517 97,07%  3,417  100,00%

Execution time  2688,0  100%  87,0 3,24% 88,9 3,31% 106,4 3,96%  734,9  27,34%

EXP6241  Steady FF  0,088  100%  0,089 99,65% 0,089 99,24% 0,088 99,95%  0,087  98,58%

MFF  ‐0,137  100%  ‐0,105 77,03% ‐0,110 80,47% ‐0,137 99,90%  ‐0,138 99,22%

Dryout time  1,467  100%  1,567 93,18% 1,567 93,18% 1,567 93,18%  1,467  100,00%

Execution time  2307,0  100%  96,3 4,17% 94,6 4,10% 111,6 4,84%  674,6  29,24%

EXP6261  Steady FF  0,130  100%  0,127 97,32% 0,128 98,23% 0,130 99,62%  0,129  99,19%

MFF  ‐0,161  100%  ‐0,126 78,27% ‐0,134 83,18% ‐0,153 95,32%  ‐0,159 99,27%

Dryout time  1,217  100%  1,317 91,78% 1,317 91,78% 1,197 98,36%  1,207  99,18%

Execution time  2431,0  100%  98,9 4,07% 97,9 4,03% 115,8 4,76%  728,1  29,95%

EXP6271  Steady FF  0,130  100%  0,120 92,45% 0,121 93,13% 0,121 93,75%  0,132  98,15%

MFF  ‐0,291  100%  ‐0,307 94,48% ‐0,321 89,60% ‐0,298 97,64%  ‐0,293 99,14%

Dryout time  3,017  100%  3,117 96,69% 3,117 96,69% 3,027 99,67%  3,117  96,69%

Execution time  4615,0  100%  105,8 2,29% 104,1 2,25% 211,3 4,58%  1191,5 25,82%

EXP6272  Steady FF  0,148  100%  0,144 97,28% 0,146 98,40% 0,148 99,84%  0,147  99,32%

MFF  ‐0,014  100%  0,005 ‐35,27% 0,000 ‐1,65% 0,004 ‐28,87%  ‐0,009 65,82%

Dryout time  3,367  100%  ND  ND ND ND ND ND  3,467  97,03%

Execution time  2429,0  100%  101,9 4,20% 98,1 4,04% 303,3 12,48%  722,2  29,73%

EXP6283  Steady FF  0,239  100%  0,234 97,83% 0,238 99,48% 0,235 98,30%  0,238  99,28%

MFF  0,071  100%  0,079 89,26% 0,080 87,90% 0,070 98,06%  0,071  99,39%

Dryout time  ND  ND  ND  ND ND ND ND ND  ND  ND

Execution time  2348,0  100%  103,0 4,39% 96,2 4,10% 114,6 4,88%  679,8  28,95%

EXP6284  Steady FF  0,101  100%  0,097 95,56% 0,097 96,28% 0,098 97,41%  0,099  98,51%

MFF  ‐0,192  100%  ‐0,160 83,28% ‐0,169 88,20% ‐0,191 99,53%  ‐0,191 99,51%

Dryout time  1,410  100%  1,710 78,72% 1,710 78,72% 1,510 92,92%  1,410  99,99%

Execution time  2517,7  100%  102,9 4,09% 99,5 3,95% 383,5 15,23%  730,1  29,00%

EXP6291  Steady FF  0,166  100%  0,151 91,20% 0,154 93,23% 0,151 91,34%  0,166  99,76%

MFF  ‐0,335  100%  ‐0,344 97,21% ‐0,357 93,44% ‐0,342 97,86%  ‐0,337 99,28%

Dryout time  1,827  100%  1,817 99,45% 1,817 99,45% 1,617 88,51%  1,817  99,45%

Execution time  2457,0  100%  100,6 4,10% 100,8 4,10% 121,1 4,93%  727,0  29,59%

EXP6292  Steady FF  0,235  100%  0,228 97,12% 0,232 98,78% 0,231 98,18%  0,233  98,91%

MFF  ‐0,130  100%  ‐0,099 75,85% ‐0,104 80,12% ‐0,126 96,45%  ‐0,129 99,32%

Dryout time  2,717  100%  2,917 92,64% 2,817 96,32% 2,721 99,85%  2,747  98,90%

Execution time  2342,0  100%  98,5 4,20% 96,4 4,12% 112,6 4,81%  687,3  29,35%

ND= No Dryout 

Table 7.1 : Approaches prediction data with accuracy percentage for all experiments 
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8 BOUNDARY CONDITIONS SENSITIVITY ANALYSIS 

Every kind of measurement has a variability, however small, which cannot be avoided. In this 
chapter, the influence of the boundary conditions uncertainties in the codes predictions will be 
studied. 

Within the boundary conditions of FIX-II experimental work, it can be distinguished between 
measured data and derived quantities [22]. Measured data correspond to pressure and 
temperature while derived quantities refer to electrical power and mass flowrate.  

On the one hand, during the course of the experimental work, estimates of the accuracy of the 
measured data were made by comparison of data from measurements during time periods for 
which they should give identical or known results. Average standard deviations were 
determined by statistical analysis. These errors are valid for static or semi static conditions. For 
time periods with rapidly varying conditions, the dynamic response of the measurements might 
lead to major errors. Nonetheless, not a big difference is expected. Therefore, in the absence of 
more statistical information, the sensibility analysis will be performed with this uncertainty 
information.  

On the other hand, the accuracy of derived quantities was assessed by calculating the 
propagation of measurement errors through evaluation procedure. In addition, the evaluation 
procedure includes assumptions of the physical processes. The validity of these, as well as the 
results of other measurements, has to be accounted for in the error estimate. Thus, the error 
analysis of the derived quantities, in contrast with that of the measured data, contains 
uncertainties resulting from subjective judgment.  

The standard deviations values considering a normal distribution for measured data and 
derived quantities are given in Table 8.1. The normal distribution curve is presented in Figure 
8.1. Further explanations about normal distributions fall outside the scope of this document. 
Interested reader is directed to [23]. 

Quantity Standard Deviation 
Pressures 0,014 MPa 

Fluid Temperatures 1°C
Mass Flow rates 0,2 kg/s 
Electric Power 1% of max value 

 

Table 8.1 : Measured data standard deviations 

In order to determine the influence of these variations in the results, 100 tests were run for 
every experiment adjusting independently the four boundary conditions to a normal 
distribution. Assuming that the variation of every differential of time is small compared with 
the total magnitude, it can be considered as acceptable to vary the boundary conditions in 
parallel to the original boundary curve, as it can be seen in Figure 8.2 and Figure 8.3, where 
the electric power and inlet temperature for test number 6201 are plotted respectively. In 
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continuous blue line the original curves are presented while the dashed red lines represent the 
curves corresponding to ± one sigma. 

 

Figure 8.1 : Normal distribution curve 

 

Figure 8.2 : Original and varied electric power in boundary conditions 

Therefore, the procedure will be to vary the four boundary conditions (Electric Power to 
bundle, Inlet Mass flowrate, Inlet Temperature and Outlet Pressure) and perform a statistical 
analysis of the solution; which, in this case, is compound by MFF, time to dryout and FF at 
measured time to dryout. The same ones used for the dryout comparison analysis (Section 6.2).   
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Figure 8.3 : Original and varied inlet temperature in boundary conditions 

The statistical analysis was performed using the 2CH Model considering it a good compromise 
between accuracy and executing time, as it was determined during Section 7.2.2. Since this 
model does not give the solution for ROD 10, the film flowrate at measured time to dryout 
should not be included in the analysis. This parameter depends on the experimental data, and 
the experiments provide information about ROD 10. However, the main goal in this section is 
to analyze the variability of the results, thus it was decided to include also this parameter in the 
analysis in order to get information about its variability. 

 

Figure 8.4: Minimum film flowrate histogram EXP 6221 

 



 

  
 

Page 69 of 75
 

  

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

 

Figure 8.5: Time to dryout histogram EXP 6221 

 

Figure 8.6: Film flowrate at measured time to dryout histogram EXP 6221 

In Figure 8.4, Figure 8.5 and 8.6 the histograms corresponding to the 100 simulations for EXP 
6221 are presented. One can see how the values for most of the runs are concentrated close to 
the nominal value, represented by a dashed red line. In Appendix K one can see the histograms 
for all the experiments. 

In Table 8.2 the numerical values are presented. The histograms do not have to be normal 
distributed. However, the distribution do not seem to be very far from this approximation, thus 
the standard deviations are given in order to get an overall idea of the sensitivity of the results. 
The statistical ranges, where all data is bounded, are also given in order to statistically support 
the results.  
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EXP  Nominal Value  Mean  Standard deviation  Range min  Range max 

6201  Dryout time  2,517  2,415  0,371  1,5  3,2 

MFF  ‐0,0314  ‐0,0319  0,0229  ‐0,0951  0,0125 

FFMT  ‐0,0160  ‐0,0163  0,0211  ‐0,0757  0,0242 

6213  Dryout time  No dryout  3,418  0,322  2,7  3,9 

MFF  0,0126  0,0085  0,0271  ‐0,0563  0,0616 

FFMT  0,0146  0,0109  0,0265  ‐0,0531  0,0629 

6221  Dryout time  1,667  1,703  0,143  1,3  2 

MFF  ‐0,1627  ‐0,1575  0,0190  ‐0,2067  ‐0,1167 

FFMT  0,0184  0,0241  0,0217  ‐0,0390  0,0670 

6231  Dryout time  5,817  4,400  1,044  3,1  6 

MFF  0,0157  ‐0,0112  0,0268  ‐0,0820  0,0522 

FFMT  0,0293  0,0151  0,0261  ‐0,0541  0,0757 

6241  Dryout time  1,667  1,685  0,136  1,3  2 

MFF  ‐0,1014  ‐0,1054  0,0235  ‐0,1745  ‐0,0478 

FFMT  0,0057  0,0051  0,0237  ‐0,0693  0,0585 

6261  Dryout time  1,417  1,445  0,133  1,2  1,9 

MFF  ‐0,1194  ‐0,1232  0,0264  ‐0,1825  ‐0,0530 

FFMT  ‐0,0022  ‐0,0024  0,0210  ‐0,0464  0,0525 

6271  Dryout time  3,217  3,230  0,142  2,8  3,5 

MFF  ‐0,2645  ‐0,2510  0,0137  ‐0,2880  ‐0,2198 

FFMT  ‐0,0047  ‐0,0038  0,0228  ‐0,6622  0,0401 

6272  Dryout time  No dryout  3,507  0,206  3,2  3,8 

MFF  0,0313  0,0269  0,0274  ‐0,0376  0,0824 

FFMT  0,0309  0,0274  0,0242  ‐0,0341  0,0844 

6283  Dryout time  No dryout  No dryout  No dryout  No dryout  No dryout 

MFF  0,1079  0,0974  0,0147  0,0603  0,1294 

FFMT  No dryout  No dryout  No dryout  No dryout  No dryout 

6284  Dryout time  2,210  2,104  0,403  1,2  2,8 

MFF  ‐0,1567  ‐0,1452  0,0284  ‐0,2071  ‐0,8289 

FFMT  ‐0,0743  ‐0,0736  0,0249  ‐0,1268  ‐0,0158 

6291  Dryout time  2,217  2,249  0,328  1,6  3 

MFF  ‐0,3223  ‐0,3103  0,0109  ‐0,3354  ‐0,2779 

FFMT  ‐0,0747  ‐0,0699  0,0199  ‐0,1102  ‐0,0066 

6292  Dryout time  3,017  3,004  0,196  2,2  3,5 

MFF  ‐0,0916  ‐0,0942  0,0242  ‐0,1766  ‐0,0332 

FFMT  ‐0,0411  ‐0,0404  0,0216  ‐0,1042  0,0121 

 

Table 8.2 : Numerical statistical analysis 

The uncertainty of the measurements lead to a standard deviation average of 0.0218 kg/s/m for 
the MFF, 0.32 s for the time to dryout and 0.0121 kg/s/m for the FF at measured dryout time.  
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The analysis of the influence of the variation of the boundary conditions in the results is a first 
step in the study of the sensitivity of the codes predictions which was never done before in this 
way for MEFISTO-T film flow analysis. In the future, it is expected to keep a constant 
analysis of the variation of not only the boundary conditions, but also the geometry and 
different parameters, in order to increase the accuracy of the codes uncertainties. 

  



 

  
 

Page 72 of 75
 

  

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

9 CONCLUSIONS 

In this project, the validation of the MEFISTO-T/VIPRE-W code package against FIX-II 
pressure drop and dryout experimental data has been performed. This experimental work 
contains transient tests which main novelty is the high increase of pressure reached. 

A sub-channels Model, simulating every rod and every sub-channel was created in order to 
simulate the experimental facilities. The boundary conditions from the experiments were 
modified by BISON in order to introduce the cladding thickness variation. Two different 
physical models, corresponding to EPRI and DRFT, were investigated. 

In the pressure drop comparison the results were extremely accurate, especially for the case of 
EPRI Model, although sometimes it was not able to capture the fast increases of pressure drop. 
On the other hand, DRFT Model was slightly displaced upward during the transient part of the 
experiment, predicting excessively the fast changes in the curve. The results of pressure drop 
were compared against the BISON code predictions. These predictions were found to be very 
similar to DRFT results, what is logical considering that DRFT Model works with the same 
number of equations than BISON. 

The main dryout predictions validation was performed using the critical point, that is to say, 
the elevation of the rod where the dryout is firstly detected. The predictions in terms of time to 
dryout were found to be really accurate, especially for the cases of deep dryout. The film 
flowrate at measured time to dryout was also very precise, even in the cases of near dryout. 
Furthermore, it was found a direct relation between increase of temperature and Minimum film 
flowrate.  

MEFISTO-T does not have a post-dryout model thus the solution after the first dryout has been 
detected should not be seen as a model of physical reality. Due to that, the prediction 
capability of the code was also tested for points located upstream and downstream the critical 
elevation. The predictions for upstream elevation were found to be quite good. While they are 
not as accurate as those ones of the first dryout point, the predictions can also be reliable. On 
the other hand, the predictions for downstream points are very far from reality and should not 
be considered as trustworthy. 

The dryout predictions for the code package were compared with the BISON predictions too. 
Since both codes give the dryout predictions with different methods, it was necessary to apply 
the same dryout correlation for BISON and VIPRE-W, using it as a post-processor instead of 
MEFISTO-T. Both codes´ predictions were found to be quite similar, although with some 
disagreements; being generally more conservative than the MFF solutions. These 
disagreements were already discovered in the quality predictions, leading to a difference in the 
dryout predictions. The results were found to depend on the kind of mass flowrate in the 
boundary conditions. While the predictions were very similar for cases of slow and lineal 
decrease of mass flowrate, bigger differences were found in the case of fast and "bumpy" 
decreases of mass flowrates. In the same way, the results were found to be much more precise 
for the cases of deep dryout, being quite worse for near dryouts. Ultimately, BISON 
predictions tended to be slightly more conservative, with a maximum CPR difference of 3 %. 

In order to reduce the high execution time of MEFISTO-T/VIPRE-W package code, several 
approaches of the actual model were investigated. It was intended to find an approximation of 
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the model which was able to give reliable predictions with a considerable smaller 
computational weight. After trying different approaches, a model consisting of two sub-
channels was found to be the best balance. It contained one channel simulating the critical sub-
channel and other channel simulating the rest of the bundle. The results were found to be 
almost similar with an execution time around 20 times faster. 

Eventually, a sensitivity analysis of the boundary conditions was carried out in order to 
quantify the uncertainties of the results due to the boundary conditions variation. The standard 
deviations of the boundary conditions given in the FIX-II reports were applied to the boundary 
conditions curves, running 100 simulations for every experiment. The results were statistically 
studied and the uncertainties in the results due to the boundary conditions variations were 
quantified.  
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Figure A.1: FIX-II facility schematic view (taken from [1]) 
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Figure A.2: FIX-II axial geometry (taken from [1]) 



 

  
 

 Appendixes Page 4 of 78
 

  

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

 

Figure A.3: Magnesium Oxide data (taken from [3]) 
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Figure A.4: Inconel 600 data (taken from [3]) 



 

  
 

 Appendixes Page 6 of 78
 

  

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

 
 

B 
 

Boundary conditions 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  
 

 Appendixes Page 7 of 78
 

  

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

EXP 6201 

 

Figure B.1: Boundary conditions EXP 6201 

 

 

EXP 6213 

 

Figure B.2: Boundary conditions EXP 6213 
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EXP 6221 

 

Figure B.3: Boundary conditions EXP 6221 

 

 

EXP 6231 

 

Figure B.4: Boundary conditions EXP 6231 
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EXP 6241 

 

Figure B.5: Boundary conditions EXP 6241 

 

 

EXP 6261 

 

Figure B.6: Boundary conditions EXP 6261 
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EXP 6271 

 

Figure B.7: Boundary conditions EXP 6271 

 

 

EXP 6272 

 

Figure B.8: Boundary conditions EXP 6272 
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EXP 6283 

 

Figure B.9: Boundary conditions EXP 6283 

 

 

EXP 6284 

 

Figure B.10: Boundary conditions EXP 6284 
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EXP 6291 

 

Figure B.11: Boundary conditions EXP 6291 

 

 

EXP 6292 

 

Figure B.12: Boundary conditions EXP 6292 
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Figure C.1: DPT Comparison EXP6201 

 

Figure C.2: DPT Comparison EXP6213 
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Figure C.3: DPT Comparison EXP6221 

 

Figure C.4: DPT Comparison EXP6231 
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Figure C.5: DPT Comparison EXP6241 

 

Figure C.6: DPT Comparison EXP6261 
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Figure C.7: DPT Comparison EXP6271 

 

Figure C.8: DPT Comparison EXP6272 
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Figure C.9: DPT Comparison EXP6283 

 

Figure C.10: DPT Comparison EXP6284 
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Figure C.11: DPT Comparison EXP6291 

 

Figure C.12: DPT Comparison EXP6292 
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EPRI 

 

EXP Nº 
Rod and 

 Level 
Level  

elevation 
Δ Tª
[ºC] 

MFF 
[kg/s/m] 

Dryout time 
MEFISTO-T

[s] 

Dryout time 
Experiments 

[s] 

MFF at measured  
dryout time 

[kg/s/m] 

Front speed 
MEFISTO-T 

[m/s] 

Front speed
Experiments

[m/s] 
6201 10-16 99 11 0,0101 ND NP NP ------ ------ 

10-14 90 78 -0,0212 2,62 2,7 -0,0063 ------ ------ 
10-12 76 13 0,0604 ND NP NP ------ ------ 
10-10 63 9 0,1992 ND NP NP ------ ------ 
10-8 49 13 0,4232 ND NP NP ------ ------ 

6213 10-16 99 15 0,0429 ND NP NP ------ ------ 
10-14 90 44 0,0156 ND 3,8 0,0176 ------ ------ 
10-12 76 17 0,1060 ND NP NP ------ ------ 
10-10 63 10 0,2671 ND NP NP ------ ------ 
10-8 49 18 0,4936 ND NP NP ------ ------ 

6221 10-16 99 17 -0,1170 1,97 NP NP 1,222 ------ 
10-14 90 268 -0,1547 1,67 1,5 0,0232 ------ ------ 
10-12 76 292 -0,0674 3,36 2 0,0342 0,288 0,974 
10-10 63 12 0,0977 ND NP NP ------ ------ 
10-8 49 21 0,3280 ND NP NP ------ ------ 

6231 10-16 99 18 0,0040 ND NP NP ------ ------ 
10-14 90 44 -0,0217 5,92 3,8 0,0167 ------ ------ 
10-12 76 18 0,0770 ND NP NP ------ ------ 
10-10 63 10 0,2391 ND NP NP ------ ------ 
10-8 49 19 0,4998 ND NP NP ------ ------ 

6241 10-16 99 14 -0,0558 1,967 NP NP 1,210 ------ 
10-14 90 193 -0,0920 1,67 1,6 0,0105 ------ ------ 
10-12 76 129 0,0009 ND 1,8 0,0525 ------ 2,44 
10-10 63 6 0,1511 ND NP NP ------ ------ 
10-8 49 15 0,3987 ND NP NP ------ ------ 

6261 10-16 99 14 -0,1075 1,71 6 -0,0690 1,881 0,079 
10-14 90 186 -0,1170 1,52 1,4 0,0031 ------ ------ 
10-12 76 125 -0,0130 2,71 3 -0,0090 0,408 0,304 
10-10 63 7 0,1392 ND NP NP ------ ------ 
10-8 49 15 0,3721 ND NP NP ------ ------ 

6271 10-16 99 132 -0,2136 3,42 5,8 -0,1923 1,599 0,140 
10-14 90 267 -0,2663 3,19 3,2 -0,0081539 ------ ------ 
10-12 76 305 -0,2508 3,68 3,7 -0,0032 0,994 0,974 
10-8 49 16 0,0738 ND NP NP ------ ------ 

6272 10-16 99 11 0,0374 ND NP NP ------ ------ 
10-14 90 28 0,0282 ND 3,8 0,02837 ------ ------ 
10-12 76 12 0,1180 ND NP NP ------ ------ 
10-10 63 9 0,2512 ND NP NP ------ ------ 
10-8 49 11 0,4741 ND NP NP ------ ------ 

6283 10-16 99 15 0,0730 ND NP NP ------ ------ 
10-14 90 16 0,0467 ND NP NP ------ ------ 
10-12 76 16 0,1270 ND NP NP ------ ------ 

6284 10-16 99 39 -0,1400 2,7 6 -0,0887 1,251 0,117 
10-14 90 167 -0,1540 2,41 2,9 -0,0680 ------ ------ 
10-12 76 134 -0,0556 3,11 3,1 -0,0059 0,696 2,435 

6291 10-16 99 129 -0,2509 3,32 5,7 -0,231 0,907 0,134 
10-14 90 288 -0,3100 2,92 3 -0,0185 ------ ------ 
10-12 76 333 -0,3240 3,11 3,5 -0,0550 2,523 0,974 
10-8 49 161 -0,0235 6,12 5,8 0,0294 0,331 0,432 

6292 10-16 99 17 -0,0659 3,42 NP NP 1,210 ------ 
10-14 90 116 -0,0847 3,12 3,3 -0,0294 ------ ------ 
10-12 76 26 0,0097 ND 4,1 0,0125 ------ 0,609 
10-10 63 5 0,1507 ND NP NP ------ ------ 
10-8 49 19 0,3721 ND NP NP ------ ------ 

 

Red = Downstream location. Yellow = Upstream location. Green = First dryout location 

Table D.1: Dryout results EPRI model 
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DRFT 

 

EXP Nº 
Rod and 

 Level 
Level  

elevation 
Δ Tª 
[ºC] 

MFF 
[kg/s/m] 

Dryout time
MEFISTO-T

[s] 

Dryout time 
Experiments 

[s] 

MFF at measured 
dryout time 

[kg/s/m] 

Front speed 
MEFISTO-T 

[m/s] 

Front speed
Experiments

[m/s] 
6201 10-16 99 11 0,0014 ND NP NP ------ ------ 

10-14 90 78 -0,0302 2,52 2,7 -0,0165 ------ ------ 
10-12 76 13 0,0514 ND NP NP ------ ------ 
10-10 63 9 0,1921 ND NP NP ------ ------ 
10-8 49 13 0,4112 ND NP NP ------ ------ 

6213 10-16 99 15 0,0419 ND NP NP ------ ------ 
10-14 90 44 0,0129 ND 3,8 0,0141 ------ ------ 
10-12 76 17 0,1017 ND NP NP ------ ------ 
10-10 63 10 0,2612 ND NP NP ------ ------ 
10-8 49 18 0,5089 ND NP NP ------ ------ 

6221 10-16 99 17 -0,1179 1,87 NP NP 1,843 ------ 
10-14 90 268 -0,1559 1,67 1,5 0,0130 ------ ------ 
10-12 76 292 -0,0707 3,16 2 0,0244 0,327 0,974 
10-10 63 12 0,0923 ND NP NP ------ ------ 
10-8 49 21 0,3212 ND NP NP ------ ------ 

6231 10-16 99 17 0,0005 ND NP NP ------ ------ 
10-14 90 43 -0,0249 5,72 3,8 0,01428 ------ ------ 
10-12 76 18 0,0735 ND NP NP ------ ------ 
10-10 63 10 0,2289 ND NP NP ------ ------ 
10-8 49 19 0,4821 ND NP NP ------ ------ 

6241 10-16 99 14 -0,0616 1,867 NP NP 1,815 ------ 
10-14 90 192 -0,0975 1,67 1,6 0,0001755 ------ ------ 
10-12 76 129 -0,0053 2,467 1,8 0,0410 ------ 2,44 
10-10 63 6 0,1490 ND NP NP ------ ------ 
10-8 49 15 0,3782 ND NP NP ------ ------ 

6261 10-16 99 13 -0,1090 1,71 6 -0,0649 1,239 0,079 
10-14 90 185 -0,1219 1,42 1,4 -0,0084 ------ ------ 
10-12 76 124 -0,0216 2,517 3 -0,0185 0,443 0,304 
10-10 63 7 0,1273 ND NP NP ------ ------ 
10-8 49 15 0,3793 ND NP NP ------ ------ 

6271 10-16 99 132 -0,2145 3,62 5,8 -0,1921 0,892 0,140 
10-14 90 266 -0,2670 3,21 3,2 -0,01676 ------ ------ 
10-12 76 304 -0,2550 3,67 3,7 -0,0145 1,059 0,974 
10-8 49 16 0,0650 ND NP NP ------ ------ 

6272 10-16 99 10 0,0370 ND NP NP ------ ------ 
10-14 90 28 0,0260 ND 3,8 0,0266 ------ ------ 
10-12 76 12 0,1144 ND NP NP ------ ------ 
10-10 63 9 0,2471 ND NP NP ------ ------ 
10-8 49 11 0,4712 ND NP NP ------ ------ 

6283 10-16 99 14 0,0680 ND NP NP ------ ------ 
10-14 90 15 0,0400 ND NP NP ------ ------ 
10-12 76 15 0,1200 ND NP NP ------ ------ 

6284 10-16 99 38 -0,1423 2,61 6 -0,0838 1,209 0,117 
10-14 90 166 -0,1539 2,31 2,9 -0,0753 ------ ------ 
10-12 76 133 -0,0570 3,0098 3,1 -0,0137 0,696 2,435 

6291 10-16 99 129 -0,2520 3,22 5,7 -0,233 0,908 0,134 
10-14 90 287 -0,3176 2,82 3 -0,0290 ------ ------ 
10-12 76 332 -0,3258 3,017 3,5 -0,0639 2,435 0,974 
10-8 49 160 -0,0280 6,12 5,8 0,0300 0,321 0,432 

6292 10-16 99 16 -0,0665 3,42 NP NP 0,908 ------ 
10-14 90 116 -0,0880 3,02 3,3 -0,0405 ------ ------ 
10-12 76 26 0,0036 ND 4,1 0,0079 ------ 0,609 
10-10 63 5 0,1482 ND NP NP ------ ------ 
10-8 49 19 0,3632 ND NP NP ------ ------ 

 

Red = Downstream location. Yellow = Upstream location. Green = First dryout location 

Table D.2: Dryout results DRFT model 
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Figure D.1: Dryout predictions together with Temperature EXP 6201 

 

Figure D.2: Dryout predictions together with Temperature EXP 6213 
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Figure D.3: Dryout predictions together with Temperature EXP 6221 

 

Figure D.4: Dryout predictions together with Temperature EXP 6231 
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Figure D.5: Dryout predictions together with Temperature EXP 6241 

 

Figure D.6: Dryout predictions together with Temperature EXP 6261 
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Figure D.7: Dryout predictions together with Temperature EXP 6271 

 

Figure D.8: Dryout predictions together with Temperature EXP 6272 
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Figure D.9: Dryout predictions together with Temperature EXP 6283 

 

Figure D.10: Dryout predictions together with Temperature EXP 6284 
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Figure D.11: Dryout predictions together with Temperature EXP 6291 

 

Figure D.12: Dryout predictions together with Temperature EXP 6292 
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Figure E.1: Mass flowrate vs Time for the                 Figure E.2: Mass flowrate vs Time for the                       
             critical  point   EXP 6201                                               critical  point    EXP 6213 

 

Figure E.3: Mass flowrate vs Time for the                 Figure E.4: Mass flowrate vs Time for the                       
             critical  point   EXP 6221                                            critical  point    EXP 6231 
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Figure E.5: Mass flowrate vs Time for the                 Figure E.6: Mass flowrate vs Time for the                       
               critical  point   EXP 6241                                           critical  point    EXP 6261 

Figure E.7: Mass flowrate vs Time for the                 Figure E.8: Mass flowrate vs Time for the                       
              critical  point   EXP 6271                                               critical  point    EXP 6272 
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Figure E.9: Mass flowrate vs Time for the                 Figure E.10: Mass flowrate vs Time for the                       
      critical  point   EXP 6283                                              critical  point    EXP 6284 

 

Figure E.11: Mass flowrate vs Time for the                 Figure E.12: Mass flowrate vs Time for the                            
      critical  point   EXP 6291                                              critical  point    EXP 6292 
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 Figure F.1: Quality vs Time for the critical              Figure F.2: Quality vs Time for the critical           

  point   EXP 6201                                                           point    EXP 6213

 

 Figure F.3: Quality vs Time for the critical                 Figure F.4: Quality vs Time for the critical                      
      point   EXP 6221                                                         point    EXP 6231 
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 Figure F.5: Quality vs Time for the critical                   Figure F.6: Quality vs Time for the critical            
 point   EXP 6241                                                                 point    EXP 6261

 Figure F.7: Quality vs Time for the critical                  Figure F.8: Quality vs Time for the critical               
          point   EXP 6271                                                             point    EXP 6272 
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 Figure F.9: Quality vs Time for the critical                  Figure F.10: Quality vs Time for the critical                      
           point   EXP 6283                                                              point    EXP 6284 

Figure F.11: Quality vs Time for the critical                  Figure F.12: Quality vs Time for the critical                         
       point   EXP 6291                                                             point    EXP 6292 
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 Figure G.1: Void fraction vs Time for the critical       Figure G.2: Void fraction vs Time for the critical      
 point   EXP 6201                                                          point    EXP 6213 

 Figure G.3: Void fraction vs Time for the critical       Figure G.4: Void fraction vs Time for the critical      
     point   EXP 6221                                                      point    EXP 6231 
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 Figure G.5: Void fraction vs Time for the critical     Figure G.6: Void fraction vs Time for the critical       
     point   EXP 6241                                                    point    EXP 6261 

 Figure G.7: Void fraction vs Time for the critical    Figure G.8: Void fraction vs Time for the critical      
         point   EXP 6271                                                 point    EXP 6272 
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 Figure G.9: Void fraction vs Time for the critical     Figure G.10: Void fraction vs Time for the critical        
 point   EXP 6283                                                        point    EXP 6284 

 Figure G.11: Void fraction vs Time for the critical   Figure G.12: Void fraction vs Time for the critical                   
 point   EXP 6291                                                       point    EXP 6292 

 



 

  
 
 Appendixes Page 41 of 78
 

  

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

 

 
 

H 
 

Dryout front  
 

 

 

 

 

 

 

 

 

 



 

  
 
 Appendixes Page 42 of 78
 

  

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

 

Figure H.1: Dryout front predictions together with Temperature EXP 6201 
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Figure H.2: Dryout front predictions together with Temperature EXP 6213 
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Figure H.3: Dryout front predictions together with Temperature EXP 6221 
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Figure H.4: Dryout front predictions together with Temperature EXP 6231 
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Figure H.5: Dryout front predictions together with Temperature EXP 6241 
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Figure H.6: Dryout front predictions together with Temperature EXP 6261 
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Figure H.7: Dryout front predictions together with Temperature EXP 6271 
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Figure H.8: Dryout front predictions together with Temperature EXP 6272 
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Figure H.9: Dryout front predictions together with Temperature EXP 6283 
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Figure H.10: Dryout front predictions together with Temperature EXP 6284 
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Figure H.11: Dryout front predictions together with Temperature EXP 6291 
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Figure H.12: Dryout front predictions together with Temperature EXP 6292 
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One Channel Rod Model 

Type of rod=”HROD” 

A= 0,006034 m^2  = 9,353 in^2 

HP= 1,385 m =54,543 in 

WP= 1,776 m=69,902 in 

d= 10,0580 mm = 0,396 in 

D=12,248mm=0,4822 in 

 

 One Channel Two Rods Model 

Type of rod=”HROD” 

A= 0,006034 m^2  = 9,353 in^2 

HP= 1,385 m =54,543 in 

WP= 1,776 m=69,902 in 

d= 10,0580 mm = 0,396 in 

D= 12,248 m m=0,4822 in 

 

Two Channels  Model 

Type of rod=”HROD” 

A_SCH1= 0,000148 m^2  = 0,2291 in^2 

A_SCH2= 0,005886 m^2  = 9,124 in^2 

HP_SCH1= 0,0385 m = 1,5152 in 

HP_SCH2= 1,356 m = 53,39 in 

WP_SCH1= 0,0385 m = 1,5152 in 

WP_SCH2= 1,737 m=68,3864 in 

d= 10,0580 mm = 0,396 in 
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D= 12,248 m m=0,4822 in 

Gap width=0,016 m=0,638 in 

Centroid distance= 0,029525 m=1,1624 in  

 

13 Channels  Model 

Type of rod=”HROD” 

A inner= 0,000148 m^2  = 0,229 in^2 

A outer= 0,00118 m^2  = 1,823 in^2 

HP inner= 0,0385 m = 1,515 in 

HP outer= 0,2598 m = 10,228 in 

WP inner= 0,0385 m = 1,5152 in 

WP outer= 0,357 m = 14,066 in 

d= 10,058 mm = 0,396 in 

D= 12,248 m m=0,482 in 

Gap width inner-inner= 0,004 m= 0,159 in 

Gap width inner-outer= 0,004 m= 0,159 in 

Gap width outer-outer= 0,020 m= 0,800 in 

Distance inner-inner =0,0163 m= 0,642 in 

Distance inner-outer =0,0214 m= 0,842 in 

Distance outer-outer =0,0510 m= 2,004 in 

  

Sub-channels Model 

 Type of rod=”HROD” 

A inner= 0,000148 m^2  = 0,229 in^2 

A border= 0,000107 m^2  = 0,165  in^2 
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A corner= 0,000052 m^2  = 0,081  in^2 

HP inner=  0,0385 m = 1,515 in 

HP border = 0,0192 m = 0,758 in 

HP corner =0,00962 m =0,379 in 

WP inner= 0,0385 m = 1,515 in 

WP border=0,0355 m= 1,399 in 

WP corner= 0,0256 m= 1,009 in 

d= 10,058 mm = 0,396 in 

D= 12,248 mm=0,482 in 

Gap inner-inner=0,00405 m=0,1594 in 

Gap inner-border=0,00405 m=0,1594 in 

Gap border-border=0,00403 m=0,1585 in 

Gap border-corner=0,00403 m=0,1585 in 

Distance inner-inner=0,0163 m=0,642 in 

Distance inner-border= 0,0146 m= 0,5744 in  

Distance border-border=0,0163 m=0,6417 in 

Distance border-corner= 0,0141 m= 0,556 in 

 

 Average Rod Model 

Type of rod= ”HROD” 

A= 0,006034 m^2  = 9,353 in^2 

HP= 1,385 m = 54,543 in 

WP= 1,776 m= 69,902 in 

d= 10,0580 mm = 0,396 in 
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D= 12,248 mm= 0,4822  in  

 

Thin Rod Model                  

Type of rod= ”HROD” 

A= 0,006034 m^2  = 9,353 in^2 

HP= 1,385 m = 54,543 in 

WP= 1,776 m= 69,902 in 

d= 0,010648 m= 0,4192in 

D= 12,248 mm= 0,4822  in 

 

Thick Rod Model 

Type of rod=”HROD” 

A= 0,006034 m^2  = 9,353 in^2 

HP= 1,385 m = 54,543 in 

WP= 1,776 m= 69,902 in 

d=0,00765 m= 0,3012 in 

D= 12,248 mm= 0,4822  in 

 

Where: 

A - Cross-sectional area of the fluid channel 

HP- Heated perimeter 

WP- Wetted perimeter 

D- Outer Diameter of the rod 

d- Inner Diameter of the rod 
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Figure J.1: Approaches film flow predictions EXP 6201 

 

Figure J.2: Approaches film flow predictions EXP 6213 
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Figure J.3: Approaches film flow predictions EXP 6221 

 

Figure J.4: Approaches film flow predictions EXP 6231 
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Figure J.5: Approaches film flow predictions EXP 6241 

 

Figure J.6: Approaches film flow predictions EXP 6261 
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Figure J.7: Approaches film flow predictions EXP 6271 

 

Figure J.8: Approaches film flow predictions EXP 6272 
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Figure J.9: Approaches film flow predictions EXP 6283 

 

Figure J.10: Approaches film flow predictions EXP 6284 
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Figure J.11: Approaches film flow predictions EXP 6291 

 

Figure J.12: Approaches film flow predictions EXP 6292 
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Figure K.1: Minimum film flowrate histogram EXP 6201 

 

Figure K.2: Time to dryout histogram EXP 6201 

 

Figure K.3: Film flowrate at measured time to dryout histogram EXP 6201 
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Figure K.4: Minimum film flowrate histogram EXP 6213 

 

Figure K.5: Time to dryout histogram EXP 6213 

 

Figure K.6: Film flowrate at measured time to dryout histogram EXP 6213 
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Figure K.7: Minimum film flowrate histogram EXP 6221 

 

Figure K.8: Time to dryout histogram EXP 6221 

 

Figure K.9: Film flowrate at measured time to dryout histogram EXP 6221 
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Figure K.10: Minimum film flowrate histogram EXP 6231 

 

Figure K.11: Time to dryout histogram EXP 6231 

 

Figure K.12: Film flowrate at measured time to dryout histogram EXP 6231 
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Figure K.13: Minimum film flowrate histogram EXP 6241 

 

Figure K.14: Time to dryout histogram EXP 6241 

 

Figure K.15: Film flowrate at measured time to dryout histogram EXP 6241 
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Figure K.16: Minimum film flowrate histogram EXP 6261 

 

Figure K.17: Time to dryout histogram EXP 6261 

 

Figure K.18: Film flowrate at measured time to dryout histogram EXP 6261 
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Figure K.19: Minimum film flowrate histogram EXP 6271 

 

Figure K.20: Time to dryout histogram EXP 6271 

 

Figure K.21: Film flowrate at measured time to dryout histogram EXP 6271 
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Figure K.22: Minimum film flowrate histogram EXP 6272 

 

Figure K.23: Time to dryout histogram EXP 6272 

 

Figure K.24: Film flowrate at measured time to dryout histogram EXP 6272 
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Figure K.25: Minimum film flowrate histogram EXP 6283 

 

Figure K.26: Time to dryout histogram EXP 6283 

 

Figure K.27: Film flowrate at measured time to dryout histogram EXP 6283 
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Figure K.28: Minimum film flowrate histogram EXP 6284 

 

Figure K.29: Time to dryout histogram EXP 6284 

 

Figure K.30: Film flowrate at measured time to dryout histogram EXP 6284 
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Figure K.31: Minimum film flowrate histogram EXP 6291 

 

Figure K.32: Time to dryout histogram EXP 6291 

 

Figure K.33: Film flowrate at measured time to dryout histogram EXP 6291 
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Figure K.34: Minimum film flowrate histogram EXP 6292 

 

Figure K.35: Time to dryout histogram EXP 6292 

 

Figure K.36: Film flowrate at measured time to dryout histogram EXP 6292 


