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ABSTRACT 

 

A process of fundamental importance in the event of Loss of Coolant Accident (LOCA) in Pressurized Water 

nuclear Reactors (PWR) is the reflood of the core or rewetting of nuclear fuels. The Nuclear Technology 

Development Center (CDTN) has been developing since the 70’s programs to allow Brazil to become 

independent in the field of reactor safety analysis. To that end, in the 80’s was designed, assembled and 

commissioned one Rewetting Test Facility (ITR in Portuguese). This facility aims to investigate the 

phenomena involved in the thermal hydraulic reflood phase of a Loss of Coolant Accident in a PWR nuclear 

reactor. This work aim is the analysis of physical and mathematical models governing the rewetting 

phenomenon, and the development a thermo-hydraulic simulation code of a representative experimental 

circuit of the PWR reactors core cooling channels. It was possible to elaborate and develop a code called 

REWET. The results obtained with REWET were compared with the experimental results of the ITR, and 

with the results of the Hydroflut code, that was the old program previously used. An analysis was made of the 

evolution of the wall temperature of the test section as well as the evolution of the front for two typical tests 

using the two codes calculation, and experimental results. The result simulated by REWET code for the 

rewetting time also came closer to the experimental results more than those calculated by Hydroflut code. 

 

1.  INTRODUCTION 

The safety of nuclear power plants is determined by their protection against the 

consequences that can be caused by postulated accidents. One of the most important 

accidents is the loss of coolant in the core (Loss of Coolant Accident - LOCA) [1]. In the 
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event of this accident, even after the reactor is switched off, it is necessary to maintain the 

circulation of the coolant, to remove residual heat (about 7% of the heat produced with the 

reactor in operation) from the fuel elements. The core must be re-flooded in some tens of 

seconds [2].  

If the core is not properly cooled, the fuel rods run the risk of melting, puncturing the 

reactor vessel, containment and release fission products to the environment outside the 

plant. The released products would contaminate the nearby area and the biological 

consequences caused would be very large. This type of event has received much attention 

in the press in recent years due to the accident occurred in the reactors of the Fukushima 

plant in Japan [3]. 

The Nuclear Technology Development Center (CDTN) a research institution of the 

Brazilian Nuclear Energy Commission CNEN/Brazil has been developing since the 70’s 

programs to allow Brazil to become independent in the field of reactor safety analysis. To 

that end, in the 80’s was designed, assembled and commissioned one Rewetting Test 

Facility (ITR in Portuguese) in Thermal Hydraulic Laboratory of CDTN [4]. This facility 

aims to investigate the phenomena involved in the thermal hydraulic reflood phase of a 

Loss of Coolant Accident in a PWR nuclear reactor. As the sequence of this work, it was 

felt the need to develop a thermal-hydraulic code that was derived from a consistent 

theoretical analysis, and was capable of simulating the test conditions of the installation. 

 

This work aim is the analysis of physical and mathematical models governing the rewetting 

phenomenon, and the development a thermo-hydraulic simulation code of a representative 

experimental circuit of the PWR reactors core cooling channels. It was possible to elaborate 

and develop a code called REWET. Through this code, was possible to simulate the 

surfacing phenomenon using the parameters of the Rewetting Test Facility (ITR). The 

results obtained with REWET were compared with the experimental results of the ITR, and 

with the results of the Hydroflut code, that was the old program previously used. The 

Hydroflut is a code for the simulation of the rewet phenomenon, developed by the German 

company Kraftwerk Union, KWU. An analysis was made of the evolution of the wall 

temperature of the test section as well as the evolution of the front for two typical tests 

using the two codes calculation, and experimental results. 

 

2. OBJECTIVES 

The main objective of this work was the development of a thermal-hydraulic code, called 

REWET, that allowed the simulation of the rewetting phenomenon in an experimental 

circuit representative of the cooling channels of the PWR reactor core. As secondary 

objectives of this work are: 

 Analysis of the physical and mathematical models that govern the phenomena. As well 

as the study and resolution of the heat balance equation applied to an electrically 

heated tube. 
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 Analysis of the evolution of the wall temperature of the simulated test section in the 

REWET code, compared to the results of the Rewetting Test Facility. 

 Analysis of the evolution of the rewetting front evolution simulated by the REWET 

code and obtained experimentally. 

 

3.  METHODOLOGY 

3.1.  The Facility Test Circuit 

The Rewetting Test Facility - ITR mounted in the CDTN’s Thermal-Hydraulic Laboratory 

allows the investigation of the thermal-hydraulic phenomena involved in the reflood phase 

of a Loss of Coolant Accident. Using this installation it is possible to perform tests by 

varying the initial wall temperature of the test section, the temperature and velocity of the 

injected cooling water, the dissipated heat flow, and the system pressure. 

 

The Test Facility is heated by Joule effect. Ten thermocouples of 1.5mm diameter K-type 

(chromel-alumel), with mineral insulation and stainless steel coating, measure the wall 

temperature throughout the test section. Figure 1 shows the longitudinal thermocouples 

distribution. Each thermocouple is radials offset from 60° of the above thermocouple, so as 

to provide a spiral distribution. 

 
 

Figure 1:  Dimensions of wall thermocouples along the test section. 
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3.2.  Analytical Model 

It was important to define the physical and mathematical basis that would be used for 

software development. It was decided to use as an example the Hydroflut code, developed 

by the Kraftwerk Union (KWU). This is a code also used for the simulation of the rewetting 

phenomenon in tubular and annular geometries. 

 

During the commissioning of the Rewetting Test Facility, the Hydroflut code was used to 

predict possible installation results. Thus, it was possible to compare the results foreseen by 

the Hydroflut code, the REWET code, and the experimental results in the final work 

process. 

 

The REWET code has the function of describing and evaluating the wetting front 

phenomenon of the whole length. Analyzing the variation of wall temperatures and the 

propagation of the wetting front. 

 

3.3.  The Physical Model 

 

The physical model of rewetting was interpreted from the following simplifying conditions: 

 

 The wall temperature should initially be in the range of 300
o
C to 700

o
C.  

 The maximum limit is considered taking into account the extreme conditions given by 

the physical properties of the tube and the limitation of the soldering of the 

thermocouples to the ITR section. 

 The water flow at the entrance to the experiment should be constant.  

 The electrical power dissipated in the test section should remain constant throughout 

the experiment. 

 

Considering the process of heat transfer at an average elevation of the heated test section, 

after the sub-cooled liquid has been injected into the base, no significant cooling is 

observed until the quenching front reaches the site. In this time span the test section is 

completely dry. The first mode of heat transfer considered is by single-phase steam 

convection. As the flood front progresses a succession of heat transfer regimes will occur 

throughout the section as shown in Figure 2. Each flow zone is considered to have a heat 

transfer regime. 

 

For the calculation of the wall temperature in the dimensions of the test section the energy 

thermal balance equation had to be solved. And the mathematical model used to understand 

the beading phenomenon was deduced from this transient energy thermal balance. 

 

The first simplification was made in the geometry of the system. The initially cylindrical 

system was considered as a flat plate, with a width of 2πR. The outer face of the cylinder 

was considered insulated and the inner face in contact with the coolant. 
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Figure 2: Flow forms and regions of heat transmission in the flooding process type A 

(Adapted from Cuevas, 1981). 

The Equation 1 shows the thermal balance equation that was found. 

−𝐾
𝑑𝑇

𝑑𝑧
 𝐸𝑑𝑦 + 𝑞𝑔𝐸𝑑𝑦𝑑𝑧 =  −𝐾

𝑑𝑇

𝑑𝑧
 𝐸𝑑𝑦 +

𝑑2𝑇

𝑑𝑧2 𝐸𝑑𝑦𝑑𝑧 + ℎ(𝑇 − 𝑇𝑠𝑎𝑡)𝑑𝑦𝑑𝑧 + 𝐶
𝑑𝑇

𝑑𝑡
𝐸𝑑𝑦𝑑𝑧         (1) 

 

Simplifying; 

 
𝑇 ′′ + ∗𝑇 ′ −

ℎ2 

𝐾𝐸
𝑇 =  − (

ℎ2𝑇𝑠𝑎𝑡 

𝐾𝐸
+

 𝑞𝑔
2 

𝐾
) 

(2) 

Equation 2 is recognized as Second Degree Differential Equation not Normal Homogeneity 

with Constant Coefficients [5]. For the solution of the energy balance equation wire 

required to perform the following change of variables: 

 

 𝑧 = 𝑍 + 𝑢𝑡 (3) 

Where z is the length of the dimension considered and Z is the distance to the quenching 

front as can be seen in Figure 3. The regions were also subdivided and the boundary 

temperatures for each new region were established as shown in Figure 3. 



2017 International Nuclear Atlantic Conference - INAC 2017 
Belo Horizonte, MG, Brazil, October 22-27, 2017 
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR – ABEN 
  

 

           

Figure 3: New system of references adopted for the resolution of the differential 

equation, regions adopted to analyze the physical model. 

 

For each region the following solutions were found: 

 

Wet Region (Forced Convection and Nuclear Ebullition) 

 

 𝑇 = (𝑇1 − 𝑇𝑒)𝑒𝑚1(1+𝑍) + 𝑇𝑒 (4) 

Transition Region (Transition Boiling) 

 

 

𝑇 =
𝑛2(𝑇1−𝑇𝑃2)−𝑚1(𝑇1−𝑇𝑒)

(𝑛2−𝑛1)𝑒−𝑛1
𝑒𝑛1𝑍 +

(𝑇1−𝑇𝑃2)𝑛1−𝑚1(𝑇1−𝑇𝑒)

(𝑛2−𝑛1)𝑒−𝑛2
𝑒𝑛2𝑍 + 𝑇𝑃2                  (5) 

 

Dry Region (Film Boiling, Fog Refrigeration and Vapor Convection).  

𝑇 = (𝑇𝐿−𝑇𝑞)𝑒𝑤1𝑍+𝑇𝑞                                                 (6) 

It is possible to observe that the wall temperatures vary according to Z and also depend on 

the temperatures Te, T1, TL and Tq. Therefore, it was necessary to find in empirical studies 

the basis for the calculation of these temperatures  
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3.4.  Empirical Models  

The wall temperature (Te) at the entrance to the boiling region was found from the Fourier 

equation related to the Jeans and Lottes correlations [6] and can be written as follows: 

𝑇𝑒 = 𝑇𝑠𝑎𝑡 + 11,34 + 𝑒(−0,0158 𝑃)𝑞
𝑖

1
4⁄
                                  (7) 

 

 

For the calculation of the critical Boiling Start Temperature, was used the equation 

suggested by Kohler [9]  

 𝑇1 = 𝑇𝑠𝑎𝑡 +
𝑞𝑍𝑢𝑏𝑒𝑟

0,126 𝑒(0,0158 𝑃)𝑞
𝑖

3
4⁄

(1 − 𝜀)
2

3⁄  
      (8) 

For the calculation of the Leindefrost Temperature (TL) the Kohler equation was also used 

for this case [9]: 

 

 𝑇𝐿 =  𝑇𝑠𝑎𝑡 + 160 + 10𝑇𝑠𝑢𝑏 (9) 

The temperature of the film boiling region (Tq) was found analogously to the definition of 

Te; 

 

𝑇𝑞 = 𝑇𝑠𝑎𝑡 +  
(

𝐾𝑉

𝐸 + ℎ𝑟𝑎𝑑) (𝑇𝑉 − 𝑇𝑠𝑎𝑡)

𝐶𝐾 √


𝐹𝑙
(𝑇𝑉 − 𝑇𝐹𝑙)

2

3

 

(10) 

From the works of Duffey, Porthouse and Yamanouchi [8,9] the equation for the evolution 

of the wetting front was used: 

 

 

𝑢 =  
1

𝑐
√

ℎ𝐾

𝐸
× 

𝑇𝐿 − 𝑇𝑠𝑎𝑡

(𝑇𝑞 − 𝑇𝐿)
1

2⁄
× (𝑇𝑞 − 𝑇𝑠𝑎𝑡)

1
2⁄
 

(11) 

3.5.  Computational Program 

The programming language chosen for the writing of the REWET code was the Python 

language, free and dynamic software, with a simple and clear syntax, often associated with 

high productivity gains and the production of high quality and easy maintenance programs 

[10]. In addition, in recent years open source languages such as Python have gained support 
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in companies and established themselves in organizations such as Google, Yahoo and 

NASA, among others that widely use the architecture of free software. 

 

 

4. RESULTS 

After the elaboration of the REWET code, the results were compared with the experimental 

data obtained in the CDTN Thermal-Hydraulic Laboratory testing installation together with 

the results of the Hydroflut code. 

 

Figure 4a shows the comparison of tube wall temperatures during the sheeting process for 

Test 1. Figure 4b shows the evolution of the shingle front also for Test 1. During the 

process, the shingle front shifted with distinct speeds for the two codes. However, the value 

of the final pipe shear time calculated by REWET approached more than the experimental 

value of the Hydroflut result. In the period of 500 to 600 seconds the results practically 

equal. 

 

 
 

                                    a)                                                                             b) 

Figure 4: a) Evolution of the wall temperatures for the T3, T6 and T8 dimensions. 

                                      b) Evolution of the wetting front for Test 1. 

 

Figure 5a shows the evolution of the wall temperature for Test 2. It is possible to observe 

that also in this case, the results of the REWET code came closer to the experimental 

results. Figure 5b shows the evolution of the shingle front for Test 2. During the process, 

the measured and calculated shingle fronts also moved at different speeds. However, the 

value of the final pipe shear time calculated by REWET was identical to the experimental 

result. In spite of the differences, also in the period of 900 to 1400 seconds the experimental 

results and the Rewet code practically matched. 
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                          a)                                                                               b) 

Figure 5: a) Evolution of wall temperatures for the T3, T6 and T8 dimensions, Test 2. 

b) Evolution of the wetting front, Test 2. 

 

 

 

5. CONCLUSIONS 

By performing this work it was possible to simulate the rewetting phenomenon 

representative of the cooling channels of the PWR reactor core. A study of the resolution of 

the energy balance differential equation, applied to the test section, was carried out, which 

was adapted to the contour situations established by the Rewetting Test Facility, and results 

were generated using the same input data used in the commissioning of this installation.  
 

By comparing the experimentally obtained temperature profiles of the experimental front 

with REWET and Hydroflut, in all cases there was a better adjustment to the experimental 

values of the results of the REWET code in relation to the Hydroflut.  
 

For the evolution of the front of the rewetting initially the values calculated by the 

Hydroflut are better adapted to the experimental values. However, there are times when the 

experimental and calculated REWET curves practically overlap and the final result of the 

simulated beating time in the REWET code also approaches more closely the experimental 

values.  
 

For Test 1 the final time for the rewetting is closer to the experimental value than the final 

time obtained by the Hydroflut code. For Test 2, the values obtained in the three cases are 

very close.  
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