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ABSTRACT 

 
For the experimental study on the air/water countercurrent flow limitation in Nuclear Reactors, were built at 

CDTN an acrylic test sections with the same geometric shape of "hot leg" of a Pressurized Water Reactor 

(PWR). The hydraulic circuit is designed to be used with air and water at pressures near to atmospheric and 

ambient temperature. Due to the complexity of the CCFL experimental, the numerical simulation has been used. 

The aim of the numerical simulations is the validation of experimental data. It is a global trend, the use of 

computational fluid dynamics (CFD) modeling and prediction of physical phenomena related to heat transfer in 

nuclear reactors. The most used CFD codes are: FLUENT®, STAR- CD®, Open Foam® and CFX®. In CFD, 

closure models are required that must be validated, especially if they are to be applied to nuclear reactor safety. 

The Thermal- Hydraulics Laboratory of CDTN offers computing infrastructure and license to use commercial 

code CFX®. This article describes a review about CCFL and the use of CFD for numerical simulation of this 

phenomenal for Nuclear Rector. 

 

 

1. INTRODUCTION 

 

Countercurrent flows of water and air are of great importance in the field of safety analysis of 

nuclear reactors. The possible occurrence of CCFL in the hot-leg of a PWR during LOCA or 

SBLOCA accidents is of special interest for nuclear safety research. 

 

The countercurrent flow limitation (CCFL), or flooding, represents a condition in which a gas 

flow establishes a control on the liquid flow in the opposite direction. The CCFL was 

extensively studied over the last decades. Various experimental facilities were built to study 

this phenomenon. These experimental facilities has the same characteristics of a PWR hot 

leg. 

 

A review of the CCFL and CFD (Computational Fluid Dynamics - CFD) literature was done 

in order to present the last studies about the phenomenon. A compilation of CCFL data was 

built and analyzed, since Navarro (2005).  

 

In 2005, Navarro performed several experiments in the thermo-hydraulic laboratory of CDTN 

and his results shows good agreements with others literatures. 
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The Thermal-Hydraulics Laboratory of CDTN offers computing infrastructure and license to 

use commercial code CFX®, version 14.5.7 (ANSYS, 2012). 

 

The CFD techniques have been applied for the simulation of stratified gas–liquid two-phase 

flow. The simulation of the CCFL is an essential element to understand safety-related issues 

in nuclear power plants. The qualitative agreement between simulation numerical and 

experiment is encouraging and shows that CFD can be a useful tool in studying the air/water 

countercurrent flow limitation in Nuclear Reactors. 

 

 

 

2. EXPERIMENTAL INVESTIGATION 

 

To investigate CCFL phenomenon, many experimental systems were built, as shown in the 

schematic diagram fig1. Water and air, at room temperature and atmospheric pressure, are the 

working fluids. The experimental investigations of CCFL use similar experimental systems 

changing the geometrical characteristics and velocity of gas and water. These experimental 

built has the same characteristics of a PWR hot leg. 

 

In a typical experiment, the water from the reservoir (ST) is pumped to the upper tank (UT) 

from where it precipitates by gravity through the test section to the lower tank (LT). The air 

injected in the lower tank flows in countercurrent through the test section to the upper tank 

and after that is released to the atmosphere (Navarro 2005). 

 

After the onset of flooding, a portion of the water is impeded by the air of precipitating to the 

lower tank and accumulates in the right side of the upper tank until a level defined by a 

separator plate is reached (H). The flow rates of the falling water and of the carried water are 

measured through the rate of level rise in tanks FT and CT, respectively. These flow rates and 

the injected water flow rate, obtained by pressure drop in an orifice plate, make it possible to 

perform the water mass balance. Pressure drop in orifice plates are also used to measure the 

air flow rates. 
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Figure 1. Diagram of experimental. Schematic (Navarro 2005) 

 

 

Some investigations of the flooding in a flow path constituted of a horizontal tube connected 

to an inclined riser are listed in Table 1. 

 

Table 1: dimensions of the hot-leg geometry in some previous CCFL investigations. 
                                                                                                            

Richter el al.(1978)       203.2   0.914    45              ----- 

Ohnuki (1986)    26/51/76   0.01 0.4            40/45              ------ 

Ardron & Benerjee (86)   36          47 1.82            2.36               90              ------      

Wongwises (1996)         64     0.557       2.816          50/75/90              1.26 

Navarro (2005)   36        54     0.1          0.8         30          90           0.1        0.5 

Minami et al.(2010)        50            0.43            50             0.06 

Deendarlianto et al. 

(2008, 2011) 
   250*50a            2.12            50             0.23 

S.Al Issa and 

 R.Macian-Juan (2014) 

      190             1.8            50             0.356 

a
 Retangular channel dimensions 

 

Diameter 

D (mm) 
 Inclination angle 

ϴ 
Length of horizontal 

part L (m) 
Inclined rise length 

I (m) 
Experiment     
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3. THE WALLIS EQUATION 

 

Usually, the CCFL is predicted by flooding correlations. The most frequently used correlation 

for flooding was given by Wallis (1961), he correlated his experimental data, obtained in 

circular vertical sections, in the following expression 

 

(𝑗𝐺
∗ )

1
2⁄ + 𝑀(𝑗𝐿

∗)
1

2⁄ = 𝐶 
 

𝑗𝐺
∗ And 𝑗𝐿

∗ are the dimensionless superficial velocities of gas (air) and liquid (water), 

respectively. For the phase K this given by: 

 

𝑗𝐾
∗ = 𝑗𝐾√

𝜌𝐾

𝑔𝐷(𝜌𝐿 − 𝜌𝐺)
 

and Jk is the superficial velocity of the k-phase (k = l (liquid); k = g (gas)), ρk the respective 

densities, D the characteristic length of the flow channel (D = diameter for circular sections) 

and g is the gravitational constant. In this model, M and C are constants, which are adjusted 

to the experimental results. In the Wallis experiments 0.8 < M <1.0 and 0.7 < C < 1. Since 

then, this correlation has been frequently used by other investigators to correlate experimental 

results obtained not only in vertical pipes but also in other geometric forms and the constants 

assumed the ranges: 0.6 < M < 1.2 and 0.3 < C < 1. 

Some investigations of the flooding in a flow path constituted of a horizontal tube connected 

to an inclined riser are listed in Table 2. 

 

 

 

 

 

  Table 2 – Wallis Equation for some CCFL experiments 
Experiment Proposed Correlation 

Richter el al.(1978) 𝑗𝐺
∗ 1

2⁄ + 𝑗𝐿
∗1

2⁄ = 0.7 

Ohnuki (1986) 
𝑗𝐺

∗0.5 + 0.75 𝑗𝐿
∗0.5 = ln ((

𝐿𝐻

𝐷
) . (

1

𝐼
))

−0.066

+ 0.88 

Ardron & Benerjee (86) 𝑗𝐺
∗ 1

2⁄ = 1.444 − 0.004𝜆 − 𝐶𝑜𝑠ℎ{𝜆0.057(𝐹𝑙𝑝
∗ )−0.020(𝑗𝑝

∗1/2
)0.7} 

Wongwises (1996) 𝑗𝐺
∗0.5 + 0.798 𝑗𝐿

∗0.5 =  0.619 

Navarro (2005) 𝑗𝐺
∗0.5 + 0.2452𝑗𝐿

∗0.5 =  0.5963 − 1.17𝑗𝐿
∗ 

Deendarlianto et al. 

(2011) 

𝑗𝐺
∗0.5 + 0.64𝑗𝐿

∗0.5 =  0.58 

Issa & R.Macian-Juan 

(2014) 
𝑗𝐺

∗ 1
2⁄ + 𝛼0 (0.38 + 4.14 exp (−

𝛼0

0.14
))  𝑗𝐿

∗

1
2⁄

= 0.6𝛼0
0.6 − 0.00234

𝐿

𝐷
    ,   

 

 

 

4. THE ONSET CCFL 

 

The Countercurrent flow limitation (CCFL) occurs when the liquid and gas are flowing in 

opposite directions. A stratified countercurrent flow gas and liquid is only stable for a certain 

range of mass flow rates. If the gas mass flow rate increases too much, the liquid flow is 
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stopped and then it will be carried over by the gas and partially or totally flows in the 

opposite direction.  

 

Onset of CCFL corresponds to the limiting condition where the flow rates of neither the gas 

nor the liquid can be further increased without changing the flow pattern and limiting the 

liquid flow rate (Wongwises, 1996, 1998a; Navarro, 2005), or it is the limiting point of 

stability of the countercurrent flow indicated by the maximum air mass flow rate at which the 

down flowing water mass flow rate is equal to the inlet water mass flow rate (Deendarlianto 

et al., 2008). This limiting condition – known also as onset of flooding – can happen in 

vertical or horizontal geometry.  

 

Countercurrent flows of water and steam are of great importance in the field of safety 

analysis of nuclear reactors (Wintterle et al., 2008; Navarro, 2005; Ohnuki, 1986; Miniani et 

al., 2010; Kim and No, 2002). CCFL can occur in the hot-leg of a pressurized water reactor 

PWR during a loss of coolant accident, LOCA or SBLOCA and in the event of loss of 

residual removal system (loss of RHR).  

 

In hot-leg geometry a smooth stratified establishes at low liquid and gas superficial velocities. 

As the gas velocity increases, disturbances start to appear at the interface. Small waves 

initiate and grow. Instabilities, hydraulic jump, wave growth, droplets entrainment, and 

chaotic interface movement appearance and development leads eventually to CCFL 

occurrence Figure.2. 

 

 
 

Fig.2 (a) the Appearance of the hydraulic 
jump near the water exit. (S. Al. Issa (2014)) 

Fig.2 (b) the hydraulic jump at the bend. . 
(S. Al. Issa (2014)) 

  
Fig.2 (c) the wave near the bend (S. Al. Issa 
(2014)) 

Fig.2 (d)  droplets (S. Al. Issa (2014)) 

 

 

5. RESULTS OF DIFFERENT EXPERIMENTS AFTER NAVARRO (2005) 
 

Navarro 2005 performed several experiments in hot-leg geometry and with different 

geometrical characteristics of the bend and rise exist to the upper tank. Navarro experiments 

includes various water and air flow rates for each test section configuration (LH, LI, D, θ, H).  

 

Navarro verified that: 
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a) The onset of flooding does not depend only on the dimensional characteristics of the test 

section but also on the injected water flow rate. Depending on this flow rate different 

mechanisms lead to onset of flooding, which can occur in different positions of the test 

section: at the horizontal pipe, close to the bend, for low flow rate, due to the formation of a 

hydraulic jump; at the lower end, for intermediate flow rates, with the formation of a slug in 

this position, and at the upper extremity, due to the area reduction to the air flow with higher 

injected flow rates.  

 
Figure 3 - Onset of flooding as a function of the water injection rates. (Navarro 2005) 

 

b) The limitation phase with partial delivery, however, does not depend on the injected water 

flow rate and is only influenced by the dimensional characteristics of the test section. From 

the analysis of the influences of the geometric characteristics of the test section on the 

flooding curve with partial delivery, the following conclusions were obtained: for a fixed air 

velocity, an increase in the horizontal length or in the inclined length of the flow channel 

provokes an increase in the water carried out by the air, while an increase of the diameter 

leads to a decrease of the carried water. Little difference was observed among the curves with 

inclinations lower than 90◦. For this inclination, however, the carried water tends to be larger 

than in others angles for a fixed air velocity. 

 
Figure 4 -Effect of the inclined length of the test section on the partial delivery.  

 
Figure 5 - Flooding diagram for different water injection rates. 

 

c) A new flooding correlation was derived by regression through the experimental points in 

the dimensional ranges: 1.85 < LI/D < 9.25; 1.85 < LH/D < 22.2; 30◦< θ < 90◦. Although the 
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developed correlation had been obtained from experiments in small scale reproductions of hot 

legs of PWRs, for ( j∗g)1 / 2< 0.5 the model presents a reasonable agreement with 

experimental results obtained in the real scale of a PWR, and for jg*1/2 > 0.45 it agrees well 

with the model obtained by Kim et al. (2001) by regression through experimental results of 

several researchers. 

 
Figure 6 - Comparison of the Navarro model with other models applied to the dimensions of 

a PWR hot leg. 

 

Miniami et al. (2010) studied CCFL in a circular hot-leg geometry and the CCFL 

characteristics were found strongly connected with flow patterns. Two partial deliveries lines 

with different Wallis constants were identified: inclined line and horizontal line. The 

difference comes from different CCFL mechanisms that happen at the riser and at the 

horizontal part.  

 
Figure 7 (a)  CCFL characteristics change according to flow pattern change. 
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Figure 7 (b)  Flow pattern map while increasing gas velocity. 

 

Deendarlianto (2011) used a horizontal rectangular channel to an inclined riser as a model of 

a pressurizer water reactor hot leg. The flow was captured by a high-speed camera in the 

bended region of the hot-leg during a series of flooding and deflooding experiments. He 

performed the experiments under two different pressure - 0.15 MPa and 0.30 MPa. 

 

Deendarlianto verified that the initiation of flooding coincides with the formation of liquid 

slugs which develop near the bend. The onset of flooding is affected by the system pressure, 

whereas, the higher the system pressure the higher the air mass flow rate needed to initiate 

flooding. Moreover, a slight hysteresis was found between the flooding and deflooding 

experiments, which increases for higher water flow rates. 

 

 
 

  

Figure 8 (a) Definition of flooding 
region (mL=0.30 kg/s and p= 
0.30Mpa) 

Figure 8 (b) Experimental 
flooding data for both systems 
pressure of 0.15 MPa and 0.30 
MPa    

 Figure 8 (c) flooding and deflooding 
points for the experiments performed 
at a system pressure of 0.30 MPa. 

  

 

The experimental data was compared with various CCFL correlations for different pipe 

system geometries found in the literature. For this comparison, it is shown that the Wallis-

parameter (j*k) can be applied to rectangular cross-sections by using the channel height as 

length, instead of the diameter.  
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Figure 9 - The comparation of deflooding curves for different works (Deendarlianto, 2011) 

 

S. Al. Issa (2014) used COLLIDER test facility consists of reactor vessel simulator (RVs), 

hot-leg pipe, and a steam generator simulator (SGs) and was constructed to be a 1/3.9 scale 

model of a real PWR geometry. Experiments were performed at atmospheric pressure using 

air/distilled water as flow mediums. High-quality high speed recording (HSC) was 

implemented to acquire the air/water interface. 

 

A systematic experimental investigation of the onset of CCFL and deflooding was carried out 

for water inlet velocities in the range J∗0.5
w,in=0.085−0.305, ∆J∗0.5

w,in=0.01. Air velocity was 

increased and decreased stepwise to identify the onset of CCFL and deflooding limits 

precisely. Two onset of CCFL mechanisms were identified and labeled as: bend-CCFL and 

ADE-CCFL. The results were arranged into four regions according to the inlet water velocity 

J∗0.5
w,in. The four regions differentiate by sub-mechanisms that appear during bend-CCFL and 

ADE-CCFL.  The onset of ADE-CCFL precedes the onset of bend-CCFL as J∗0.5
w,in>0.185; 

Its intensity and the amount of backflow water cannot be ignored for J∗0.5
w,in>0.27. 

  
Figure 10 (a) The air/water interface during the 
bend-CCFL. 

Figure 10 (b) The air/water interface during the 
onset of ADE-CCFL. 

The resulting experimental onset of CCFL curve and deflooding curve for S. Al. Issa (2014) 

is as following.  
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Figure 11 – Deflooding curve for S. Al Issa (2014) 

 

The next figure shows the comparation of deflooding curves for different works. 

 
 

Figure 12  - Comparing deflooding limit from different experiments (S. Al Issa - 2014) 

 

This figure compares deflooding limit from different experiments (Minami et al., 2010 and 

Deendarlianto et al., 2011 experiments were performed in rectangular cross section). The 

difference that happens due to a different experimental set-up and geometrical parameters can 

be clearly seen. The data of Deendarlianto et al. (2011) has close geometrical parameters and 

scale to the current experiments; however they used a rectangle cross section which resulted 

in a noticeable difference from S. Al Issa (2014) experiments. 

 

 

6. RESULTS OF DIFFERENT CFD SIMULATION  

 

The introducing of CFD method on the countercurrent flow in a model of PWR hot-leg 

includes the investigation of CCFL mechanisms, heat transfer effects, flow patterns, 

hysteresis behavior, and the extension of the obtained flow behavior from small scale to full 

reactor scale.  

 

Computational Fluid Dynamics (CFD) since actual measurements of gas-liquid flow 

conditions in real nuclear facility experiment is too expensive, not free of hazards and 

sometimes, difficult or even impossible to measure the relevant data. Numerical simulation 

by CFD codes can provide more economical, time efficient alternative that can also yield the 

values of a larger quantity of flow defining variables.  

 

It is clear, however, that for CFD codes to “replace” experiments, especially when nuclear 

safety issues are at stake, will require extensive, thorough and rigorous validation and 

assessment of their integral results and that of the modes  implemented  in  them  to  address  

the  different  physical  processes  of  interest.  

 

Computational fluid dynamics (CFD), is a branch of fluid mechanics that uses numerical 

analysis and algorithms to solve and analyze problems that involve fluid flows - simulate the 

interaction of liquids and gases with boundary conditions defined. To obtain final validation 

of the results for a full-scale simulation, it is important to perform experimental validation, 

where the results of experimental simulation are compared with CFD results.  

https://en.wikipedia.org/wiki/Fluid_mechanics
https://en.wikipedia.org/wiki/Numerical_analysis
https://en.wikipedia.org/wiki/Numerical_analysis
https://en.wikipedia.org/wiki/Algorithm
https://en.wikipedia.org/wiki/Fluid_dynamics
https://en.wikipedia.org/wiki/Boundary_conditions
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How described before, several experiments have been conducted to investigate the 

countercurrent flow limitation (CCFL) in the hot leg, and empirical correlations for CCFL 

have been proposed using the Wallis parameters. In order to evaluate these effects 

effectively, numerical simulation using CFD (computational fluid dynamics) software can be 

used. 

One basic procedure/methodology can be described to use CFD:  

- The geometry of the problem is defined. 

- The volume occupied by the fluid is divided into discrete cells. 

- The physical modeling is defined. 

- Boundary conditions are defined. For transient problems, the initial conditions are 

also defined. 

- The domain is discretized into a series of grid points 

- The simulation is started and the equations are solved iteratively as a steady-state or 

transient. 

- Finally a postprocessor is used for the analysis and visualization of the resulting 

solution. 

Two computational grids for CCFL simulation are shown in the following figure.  

 

 

 

 
(a) (b) 

 

Figure 13 - Computational grids (a) Yoichi 2011 (b)  Thomas Höhne 2012 
 

 

In 2011, Yoichi Utanohara performed countercurrent air–water tests using a 1/15 scale model 

of the PWR hot leg and numerical simulations of the tests using the two-fluid model 

https://en.wikipedia.org/wiki/Geometry
https://en.wikipedia.org/wiki/Volume
https://en.wikipedia.org/wiki/Computer_simulation
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implemented conducted three-dimensional simulations by including the lower and upper 

tanks in CFD software FLUENT 6.3.26.  

 

The result of his work shows that: 

 

- The cell size of the PWR scale simulation affected the gas volumetric flux at the onset of 

flooding at the gas inlet. As a consequence, CCFL characteristics obtained using fine 

computational cells were higher than those obtained by normal cells in the process of 

increasing gas flow rate. However, the cell size did not have a significant influence on the 

process of decreasing gas flow rate. 

 
Figure 14 - Predicted flow patterns in the decreasing process of steam flow rates for a normal 

(a1, a2 and a3) cell and a fine cell (b1, b2 and b3) 

 

 

- The predictions of full-scale PWR conditions agreed well with the corrected UPTF data in 

the region of medium gas volumetric flux. The reference set of the interfacial drag 

correlations employed in this study can be applied to PWR scale simulations. Predicted 

CCFL at a high pressure (1.5 MPa) became severer than at a low pressure (0.3 MPa) in the 

region of high gas volumetric flux.  

 

In 2012, Thomas Höhne performed countercurrent air–water tests using a model of the PWR 

hot leg (TOPFLOW) and numerical simulations of the tests using CFX.  For the experimental 
investigation of air/water flows, a horizontal channel with rectangular cross-section was 
build at Helmholtz-Zentrum Dresden-Rossendorf (HZDR). Experimental data were used to 
check the feasibility to predict the slugging phenomenon with the existing multiphase flow 
models build in ANSYS CFX. Further it was of interest to prove the understanding of the 
general fluid dynamic mechanism leading to slug flow and to identify the critical parameters 
affecting the main slug flow parameters (like e.g. slug length, frequency and propagation 
velocity; pressure drop). And the results of his works show that:  

- The calculated quantitative CCFL characteristics and water levels inside the hot leg channel 

were in an agreement with the experiments.  

-  CFD calculations of 1:1 scaled UPTF CCFL experiments show very promising results. 
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(a) Experiment (b) CFX 

Figure 15 – Comparative between the experiment and calculated results (Thomas Höhne, 
2012) 

 
Table 3 - Comparative between the experiment and calculated results (Thomas Höhne, 
2012) 

Quantitative Agreement Experiment  CFX 

Water Level Channel: 26 mm 30 mm 

Film thickness:  6,7 mm 3,4 mm 

Water Level SG: 7 mm 7,5 mm 

The next figure shows comparatively the channel flow of the experiment and the 

corresponding CFD calculation. In both cases, a slug is developing. The tail of the calculated 

slug and the flow behind it is in good agreement with the experiment. The entrainment of 

small bubbles in front of the slug could not be observed in the calculation. However, the front 

wave rolls over and breaks. This characteristic of the slug front is clearly to be seen in this 

figure. It was created due to the high air velocity. 

 

(a) CFX (b) Experiment 

Figure 16 – Comparative between the experiment and calculated results (T. Höhne, 2012) 
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7. CONCLUSION 

 

 

The air–water countercurrent flow limitation has been investigated in many geometry of the 

hot legs of PWRs and different experimental set-ups (velocity of air, velocity of water, 

pressure). Flooding correlation using Wallis equation has been proposed for many works. The 

difference that happens due to a different experimental set-up and geometrical parameters can 

be seen. 

 

The results of CCFL experiments can provide valuable data for CFD validation. 

 

A brief review regarding the implementation of CFD codes to simulate CCFL was also 

provided. Some research directions in this field have been also identified. The results of CFD 

simulation for CCFL have been showing good agreement with the experiments.  
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