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Introduction 

The current report was developed to document activity performed by the Nuclear 

and Radiation Safety Center in the frame of Subtask 2.1.4. of Grant Agreement No. 

AID-111-G-13-00001. The objective of this subtask is to simulate the existing 

experiments and compare the analysis results with measured data. This task is 

targeted at increasing NRSC experience and improving its knowledge in the field of 

ANSYS CFX application.  

During certain accident scenarios, cold coolant is injected through the ECCS into 

the primary circuit of a reactor. In a WWER-440 Russian type reactor, the ECCS 

injection is done through the cold legs. Mixing of the hot coolant already present in 

the primary circuit with the cold water injected through a nozzle causes temperature 

fluctuations on the body of the cold legs structure, which can cause thermal fatigue 

on pipe walls and bring about structural failure of the primary circuit and lead to 

BDBA or severe accident. Therefore, detailed modeling of T-junction mixing 

phenomena is of utmost importance in nuclear safety. This can be accomplished 

through CFD codes, which are able to provide 3D details of a thermodynamic 

phenomenon.  

The current benchmark analysis was selected to validate the application of ANSYS-

CFX and the model  was created by comparison to the experimental results 

available. In the present work, modeling of T-junction mixing phenomena has been 

performed using the ANSYS-CFX CFD code. Physics and modeling details are 

provided below.  
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1 Vattenfall experiment  

To study the T-junction mixing phenomenon, and to validate the predicting powers 

of ANSYS-CFX regarding the mixing phenomena, an experiment was performed at 

the R&D division of Swedish power company Vattenfall. In this experiment, a 

plexiglass model of two pipes perpendicular to each other was built. The main pipe 

had an inner diameter of 140 mm while the adjoining pipe had an inner diameter of 

100 mm (Table 1. ). The flow inside the main branch is cold at 19°C but faster at 9 

l/s (corresponding to a Reynolds number of 80,000); it enters the pipe from a 

stagnation chamber 80D upstream, which means the water has a chance to fully 

develop before getting to the junction. The water in the hot branch is at 36°C and 

flows at 6 l/s, corresponding to a Reynolds number of 100,000. It enters the pipe 

20DH upstream, which means it is only partially developed as it gets to the junction.  

The velocity was measured for an isothermal setting, where water coming in both 

pipes was at 19°C. Laser Doppler anonemetry was used to measure the velocity. 

The temperature was measured using thermocouples downstream for the 

experimental temperatures of water coming in. Figure 1 shows a schematic of the 

experiment as well as an image of the junction. 

 

Figure 1. Schematic diagram and picture of the Vattenfall experiment setup 

Here is a summary of the physics of T-junction mixing and the ANSYS CFX 

modeling and presentation of the phenomenon. A blind experiment was performed 

as a part of an OECD/NEA blind benchmark study to provide validation results for 

CFD modeling of T-junction mixing [1]. The work presented here was performed 
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after the experiments, and hence the results of the experiment were already 

available during that. 

Table 1. Vattenfall experiment data 

Parameter Main branch Hot branch 

Diameter [m] 0.1400 0.1000 

Inlet temp. [°C] 19.0 36.0 

Dyn. viscosity [Ns/m³] 1.029E-03 7.063E-04 

Kin. Viscosity [m²/s] 1.031E-06 7.108E-07 

Density [kg/m³] 998.5 993.7 

Reynolds number 79,400 107,000 
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2 Theory  

It is hot and cold water fluctuations during mixing that leads to pipe damage in T-

junction mixing. However, turbulent fluctuations in a pipe do not have strictly periodic 

fluctuations, and the frequencies of these fluctuations are random. For example, in 

a wind tunnel, the fluctuation frequencies can range from 1 to 10,000 Hz [2]. 

2.1 Boundary layer 

For many centuries after the law of viscosity of Newtonian fluids was discovered by 

Newton, it yielded to the assumption of a "perfect" or frictionless fluid, and many 

solutions of this frictionless flow were developed. D’Alembert used them to show his 

famous paradox, asserting that a body immersed in a frictionless fluid has zero drag. 

These perfect solutions had very limited application in practice and most 

engineering flows are dominated by effects of viscosity. So the engineers started to 

ignore the theory and rely entirely on hydraulics, which was almost entirely of 

empirical nature. So hydraulics is the experimental and hydrodynamics is the 

theoretical arm of the science of flow, and it was only at the end of the nineteenth 

century that the unification of the two began. Navier and Stokes then added 

Newtonian viscous terms to the equations of motion; however, they were too difficult 

to analyze for arbitrary flows. It was Prandtl, in a paper published in 1904 that 

simplified this by adding boundary layer to the flows which took into account viscous 

forces and outside of which the flow could be treated as inviscid, using the beautiful 

theory of Euler and Bernoulli. Then, in the second half of the twentieth century, CFD 

was born. There was a 1933 paper by A. Thom where a hand calculation of flow 

past a cylinder at low Reynolds number was performed [3]. 

Ever since Osbourne Reynolds presented his results at the Royal Society of London 

meeting, he described how in certain regions of the flow the resistance of the flow 

was proportional to the velocity, while in other regions the resistance was 

proportional to the velocity squared. After he came up with the Reynolds number, 

what was established was that the flow where the resistance is proportional to the 

velocity is where the viscous forces dominate inertial forces of the flow, which 

causes a laminar flow profile. The flow starts transitioning from laminar to turbulent. 

At turbulent flow, the flow resistance is proportional to the velocity squared, and the 

inertial forces dominate the flow making it almost inviscid. The velocity profile in a 

laminar and turbulent pipe flow can be seen in Figure 2 [2].  
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Figure 2. Laminar (a) and turbulent (b) flow velocity profiles 

An important fact to notice, however, is that in the turbulent flow in the pipe, the layer 

close to the pipe wall continues to be laminar as the viscous forces are dominating 

in this region. As one gets further from the pipe wall, the flow starts transitioning 

from laminar to turbulent. This transition region is called a buffer region. 

When a fluid enters a pipe, it behaves as it does when it encounters a body 

submerged in the fluid. The fluid close to the edges of the body or the pipe starts to 

lag behind compared to the parallel velocity vectors of the fluid entering due to 

viscous effects close to the edge. Hence the velocity vector lengths inside the fluid 

start to diverge, with their speed approaching zero next to the wall/body, otherwise 

called no-slip wall or no-slip conditions. The layer in which the velocity of the fluid 

tangent to the wall gradually increases from zero to 0.99 times the streamline 

velocity is called the boundary layer, which itself can be subdivided into three parts: 

the viscous sublayer, which is the layer immediately adjacent to the wall and the 

dissipation rate of the kinetic energy is much higher than eddy production; the log 

layer, where the production rate of eddies is approximately equal to kinetic energy 

dissipation; and the outer sublayer, which is dependent on the mean flow  [4] [5].  

For Newtonian fluids such as air and water, the viscosity is constant with respect to 

shear rate [7]. The shear stress can be expressed as: 

𝜏 = 𝜇
𝑑𝑢

𝑑𝑦
      (1) 



NRSC-RT-USAID-001/13-T2.1.4-001, revision 04 

 

12 

 

where τ is the shearing stress (N/m2), μ is dynamic viscosity (N s/m2), u is velocity 

(m/s) and y is distance between the layers (m)  [8]. Assuming linearity, the integral 

form of this equation gives: 

𝜏 = 𝜇
𝑈

𝐿
     (2) 

L is the characteristic length of the flow, which is chosen arbitrarily, just for 

comparison purposes. That means, as long as it is kept consistent (and the flow 

actually depends on that dimension), almost any dimension of the flow can be 

chosen. 

The inertial stress, on the other hand, is expressed as: 

𝐼 = 𝜌𝑈2     (3) 

It is the ratio of the inertial to shear stress, otherwise known as viscosity or fluid 

friction that gives us Reynolds number, in fact: 

𝑅𝑒 =
𝜌𝑈𝐿

𝜇
=

𝑈𝐿

𝜈
     (4) 

where ν is the kinematic viscosity, defined as ν =  
µ

ρ
. 

2.2 What is y+? 

y+ is the distance from the wall measured in viscous lengths - or wall units. It is 

similar to a local Reynolds number, so its magnitude can be expected to determine 

the relative importance of viscous and turbulent forces. It is defined as in the 

equation that follows [9]. y+ is a function of the fluid properties and the skin 

coefficient. The skin friction coefficient (Cf) is obtained from the calculated flow 

solution and is not known in advance. Therefore, it is required to use empirical 

correlations which are ultimately a function of Reynolds number [10]. 

𝑦+ ≡
𝑦

𝛿𝜈
=

𝑢𝜏𝑦

𝜈
      (5) 

where y is the distance from the wall, and ν is the kinematic viscosity. δν and uτ are 

viscous scales that are the appropriate velocity and length scales in the near-wall 

region. δν is defined as the viscous length scale: 

𝛿𝜈 ≡ 𝜈√
𝜌

𝜏𝑤
=

𝜈

𝑢𝜏
     (6) 
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and uτ is defined as the friction velocity, where τw = µ
du

dy
|

y=0
: 

𝑢𝜏 ≡ √
𝜏𝑤

𝜌
      (7) 

y+ is basically the distance y to the wall made dimensionless with friction velocity uτ 

and kinematic viscosity ν. 

2.3 Sublayers 

 

Figure 3. Sublayers near the wall 

The flow in a pipe can be divided into four sublayers based on y+, as can be seen in 

Figure 3  [7]. In each sublayer there is a different relationship between 

dimensionless velocity tangent to the wall, 𝑢+  ≡  
UT

uτ
.  
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Figure 4. Sublayers vs. Reynolds number 

This is most clearly described in Figure 4  [9]. As can be seen, the viscous wall 

region is where 𝑦+ < 50, which includes the viscous sublayer (𝑦+ < 5) and all or 

part of the buffer layer (5 < 𝑦+ < 30), but can also extend to the log-law region 

(depending on the Reynolds number of the flow). The log-law region is the region 

where (𝑦+ > 30) and (
𝑦

𝛿
< 50). In summary, the turbulent boundary layer can be 

dividedinto the following subdivisions: 

 Viscous wall region (𝑦+ < 50) 

o Viscous layer 

 Viscous sublayer (𝑦+ < 5) 

 Buffer layer (5 < 𝑦+ < 30) 

o Intermediate layer or log-law region (𝑦+ > 30, 
𝑦

𝛿
< 50) 

  Outer layer or freestream flow region (𝑦+ > 50) 
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2.3.1 Viscous sublayer 

The flow exactly next to the wall has a velocity of zero, as the no-slip condition. In 

the viscous sublayer, which is in a thin layer immediately adjacent to the wall, the 

viscous forces dominate the flow and account for 90% of the forces on the flow, and 

hence cause a laminar flow in this layer. The flow velocity here is linear with distance 

from the wall.  As a result 𝑢+ = 𝑦+ and 𝑦+ < 5. 

2.3.2 Buffer layer 

Buffer layer is the second layer away from the wall. This is where the flow starts 

transitioning from laminar to turbulent. The viscous contribution to the forces drops 

to about 50% here and 5 < 𝑦+ < 30. 

Greatest variation from the laws governing viscous sublayer and log-law layer 

occurs at  y+ = 11. 

The viscous sublayer law (u+ = y+) can be used in this layer to estimate u+ as 

well, but by y+ = 12 the error is more than 25% [6]. 

2.3.3 Log-law layer 

In the log-law layer, which is the third layer away from the wall, the energy 

dissipation and production are almost equal. The dimensionless velocity is 

proportional to the natural logarithm of y+ (see equation 8) 

𝑢+ =
1

𝜅
ln 𝑦+ + 𝐶+; 30 < 𝑦+,

𝑦

𝛿
< 0.3    (8) 

𝜅 = 0.41 is the von Karman constant, a dimensionless constant describing the 

logarithmic velocity profile of a turbulent fluid flow near a boundary with a no-slip 

condition. 
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2.3.4 Freestream region 

This is the layer where the velocity does not change with distance from the wall 

anymore. The inertial forces dominate the flow and it can be viewed as inviscid.

 

Figure 5. Boundary layer of a fluid near the pipe wall 

U+ vs y+ for various sublayers can be seen in Figure 5  [6]. 
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3 T-Junction model description  

3.1 Geometry 

Geometry of the model consists of two perpendicular pipes; the horizontal main pipe 

is 15.2 m in length and 0.14 m in diameter, and carries water at 19°C. The vertical 

pipe perpendicular to it carries water at 36°C, is 2.2 m in length and 0.1 m in 

diameter. The vertical pipe does not attach at the center of the main pipe. The walls 

of the pipe were not modeled as at this stage only water temperature and its 

distribution across surfaces were of interest. Figure 6 shows the geometrical model 

created with ANSYS CFX, while Figure 1 shows the schematic of the experiment this 

was based upon. 

 

Figure 6. ANSYS CFX geometrical model 

3.2 Determining inflation layer thickness 

In order to estimate the thickness for the first inflation layer cell, the following 

equation is used. This is an empirical equation (the constant in ANSYS solver model 

guide is 80) to estimate the dependence of 𝛥𝑦 on 𝑦+ without a value of 𝐶𝑓 (which is 

achieved after solution) [10].  

𝛥𝑦 = 𝐿 ∙ 𝑦+ ∙ √74 ∙ 𝑅𝑒𝐿

−13

14     (9) 

Another way to compute Δy is as suggested in [11] to compute the skin friction 

coefficient based on an empirical formula depending on Reynolds number of the 

flow, then use it to compute shear stress, which gives us the friction velocity, which 

in turn hands us the Δy. 

The equations are presented below: 
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𝑅𝑒𝐿 =
𝜌𝑈𝑖𝑛𝑓𝐿

µ
          (10) 

𝐶𝑓 =
0.026

𝑅𝐸𝐿

1
7⁄
     (11) 

𝜏𝑤𝑎𝑙𝑙 =
𝐶𝑓𝜌𝑈𝑖𝑛𝑓

2

2
    (12) 

𝑈𝑓𝑟𝑖𝑐 = √
𝜏𝑤𝑎𝑙𝑙

𝜌
     (13) 

∆𝑦 =
𝑦+𝜇

𝑈𝑓𝑟𝑖𝑐𝜌
     (14) 

3.3 Y+ calculation for T-junction 

According to the latter case, and assuming y+ = 1, for the main branch Δy = 3.46 ×

10−5m and ReL = 79,500, and for the hot branch Δy = 1.871 × 10−5m and ReL =

107,000. The fact that the Reynolds numbers correspond with [1], shows that in the 

other validation experiments y+ = 1 was assumed as well.  

Now if the inflation layer is determined such that it covers the viscous wall region, 

the region where y+ < 5 holds true would have to be taken for which the region for 

the hot branch would equal 2 mm and for the cold branch would equal 0.9 mm. 

The following equation shows the Courant limit: 

𝐶 =
𝑢∆𝑡

∆𝑥
     (15) 

If the Courant limit is taken to be 1, for Δt we get: 

∆𝑡 =
𝐶∆𝑥

𝑢
     (16) 

The Courant limit yields 5.91 × 10−5s for the main branch and 2.45 × 10−5s for the 

cold branch; the second is the smaller one and is calculated for the smallest mesh 

piece. 

For DNS, which resolves the flow for all scales starting from the smallest eddy, the 

number of cells to calculate such flow would be calculated as in the following 

equation. 

𝑁𝑐𝑒𝑙𝑙𝑠 ≈ (3𝑅𝑒𝜏)
9

4⁄     (17) 
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Reτ =
δ

δν
 is the frictional Reynolds where δ is the half channel/pipe length, and δν is 

the viscous lengthscale. 

3.4 Mesh creation 

Various meshes were tried for this simulation. Sweep meshing required the 

geometry to be divided into two bodies. The consequent sweep meshing of the two 

bodies would cause non-conforming meshes between them. While it was possible 

to run a steady state solution in this case, a transient solution was not obtainable 

(Figure 7).  

 

Figure 7. Sweep mesh of the pipe 

The multizone mesh would result in a lower than 0.5 orthogonal quality and higher 

than threshold skewness, which would also make transient modeling of it impossible 

(Figure 8).  
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Figure 8. Multizone mesh of the pipe 

Tetrahedral mesh was the only mesh that resulted in a patch confirming mesh 

(Figure 9). 

 

Figure 9. Tetrahedral mesh of the pipe 

3.5 Solution 

For the ANSYS CFX solution, boundary data were setup according to Table 1. The 

pressure at the outlet was set to 0 relative pressure, while the reference pressure 

was set to 1 atm. The dynamic LES model was chosen for the turbulence and the 

advection scheme was set to central difference. The model was set to run for 26 s, 
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though it was stopped after 5 s, which was computed during a few days with 0.005 

s timesteps. Heat transfer model was turned on and set to thermal energy.  
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4 Results of analyses  

Figure 10 and Figure 11 show the temperature distribution from 0 to 5 s on the outer 

surface of water. 0 s shows the initial condition, which was the steady state solution 

set with the same boundary conditions, though used the shear stress transport 

turbulence model.  

 

(At 0.00, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50, 4.00, 4.50, and 5.00s of the 
transient solution) 

Figure 10. Side view of the temperature contours on the outer edge of water  

 

(At 0.00, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50, 4.00, 4.50, and 5.00 s of the 
transient solution) 

Figure 11. Top view of the temperature contours on the outer edge of water 

solution 
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The temperature at some locations of the turbulent mixing was observed to be 

higher than the hot inlet temperature and lower than cold inlet at other points. The 

temperature difference was on the order of 8 K. The reasons for such points in the 

solution were assumed to be the mesh having elements with lower orthogonal 

quality or high skewness. Figure 12 shows the distribution of the elements with low 

orthogonal quality. Figure 13 and Figure 14 show the isosurfaces of 37°C and 38°C, 

and as can be observed, they only occur where the water is being mixed, and are 

not distributed uniformly throughout the pipe. So having higher temperatures at 

certain points may not be as a result of the mesh anyway. 

 

Figure 12. Distribution of elements with low orthogonal quality throughout 

the pipe 

 

Figure 13. Isosurface of the water at 37°C 
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Figure 14. Isosurface of the water at 38°C 

In order to further observe influence of the mesh on the results, it was decided to 

study ICEM CFD to make a more refined mesh. 

 

Figure 15. Sideview average velocity at x = 0.6D 
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Figure 16. Sideview average velocity at x = 1.6D 

 

 

Figure 17. Sideview average velocity at x = 2.6D 
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Figure 18. Sideview average velocity at x = 3.6D 

 

 

Figure 19. Sideview average velocity at x = 4.6D 
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Figure 15-19 compare the sideview of experimental and benchmark average 

velocities cited in reference [1] to the average velocities obtained with ANSYS CFX 

in this study. The dots represent the T-junction experimental data, the red, magenta, 

green, and blue lines show the CABARET, Conv3D, Nek5000 short term and long-

term results respectively. The green curves correspond to the present study. The 

average velocities were obtained from equation 18, and denote the temporal 

average of the velocity in the same point. In the current report, it was averaged over 

each second from t = 6-26s. Each of the five figures is obtained at x=0.6, 1.6, 2.6, 

3.6, and 4.6 dimensionless length along the main pipe, made dimensionless by 

dividing by pipe diameter. 

𝑢 =
1

𝑀
∑ 𝑢𝑛

𝑀
𝑛=1      (18) 

 



NRSC-RT-USAID-001/13-T2.1.4-001, revision 04 

 

28 

 

 

Figure 20. Sideview rms velocity at x = 0.6D. 

 

Figure 21. Sideview rms velocity at x = 1.6D 
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Figure 22. Sideview rms velocity at x = 2.6D 

 

Figure 23. Sideview rms velocity at x = 3.6D 
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Figure 24. Sideview rms velocity at x = 4.6D 

Figure 20Figure 24 compare the sideview of experimental and benchmark root 

mean squared velocities cited in reference [1] to the average velocities obtained 

with ANSYS CFX in this study. The velocities were obtained from equation 19, and 

denote the root mean square of velocity at the same point. In the current report, the 

root mean square was taken over each second from t = 6-26s. The locations are 

again at dimensionless lengths along the pipe. 

𝑢′ = √
1

𝑀
∑ (𝑢𝑛 − 𝑢)2𝑀

𝑛=1      (19) 

The green curves in the figures show the results of this analysis obtained from 

ANSYS CFX. As can be seen, the ANSYS CFX results are consistent with the 

benchmark and experimental results. 
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Figure 25. Topview average velocity at x = 0.6D 

 

Figure 26. Topview average velocity at x = 1.6D 
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Figure 27. Topview average velocity at x = 2.6D 

 

Figure 28. Topview average velocity at x = 3.6D 
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Figure 29. Topview average velocity at x = 4.6D 

Figure 25Figure 29 compare the top view of experimental and benchmark average 

velocities cited in reference [1] to the average velocities obtained with ANSYS CFX 

in this study. These are the temporal averages at each of the 21 seconds from 6s 

to 26s. They were once again obtained downstream of the T-junction as multiples 

of the pipe’s diameter. Once again, there is consistency between the ANSYS CFX 

results and the rest of the benchmark models and experiment. There is some 

discrepancy to be seen at 3.6D where the symmetry is not kept in the ANSYS CFX 

results, and also at 4.6D. 
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Figure 30. Topview rms velocity at x = 0.6D 

 

Figure 31. Topview rms velocity at x = 1.6D 
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Figure 32. Topview rms velocity at x = 2.6D 

 

Figure 33. Topview rms velocity at x = 3.6D 
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Figure 34. Topview rms velocity at x = 4.6D 

Figure 30Figure 34 compare the top view of experimental and benchmark root mean 

square velocities cited in reference [1] to the rms velocities obtained with ANSYS 

CFX in this study. The root mean square in this report was taken over each second 

from t = 6-26s. The locations are again at 0.6, 1.6, 2.6, 3.6, and 4.6D downstream 

the T-junction of the pipe. The results are once again consistent, if somewhat more 

perturbed. 

Nek5000 results were obtained from a mesh of 21 million elements, and the Conv3D 

results were a result of a mesh of 40 million elements, while the current results are 

from a 2.6 million element mesh. As stated before, ICEM CFD capabilities could 

improve the meshing and hence the results of this simulation.  

This simulation was run with 0.005 s timesteps, while the physical timesteps used 

in the Nek5000 simulation were 6×10-5s. The current simulation took several days 

to run to simulate 26 s with the current mesh. Higher computational capabilities 

would help the simulation run faster and cover a longer time interval for a more 

refined mesh.  
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Conclusion 

Comparison of both axial mean and rms velocities of the current analysis with the 

benchmark submissions and experimental results were consistent, showing that the 

LES transient model of ANSYS CFX is applicable to the problem of T-junction mixing 

and to predict the location of thermal fatigue from temperature differences. 

Study of ICEM CFD should be able to provide more tools for a finer hexahedral 

mesh of the T-junction leading to better results. 

A video of the flow in time obtained from CFD Post is included with this report to 

help  with visualizing the results of the temperature variation along the pipe. 
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