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Numerical analysis of two experiments related to thermal fatigue
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a b s t r a c t

Jets in cross flow are of fundamental industrial importance and play an important role in validating
turbulence models. Two jet configurations related to thermal fatigue phenomena are investigated:
� T-junction of circular tubes where a heated jet discharges into a cold main flow and
� Rectangular jet marked by a scalar discharging into a main flow in a rectangular channel.
The T-junction configuration is a classical test case for thermal fatigue phenomena. The Vattenfall T-

junction experiment was already subject of an OECD/NEA benchmark. A LES modelling and calculation
strategy is developed and validated on this data.

The rectangular-jet configuration is important for basic physical understanding and modelling and has
been analyzed experimentally at CEA. The experimental work was focused on turbulent mixing between
a slightly heated rectangular jet which is injected perpendicularly into the cold main flow of a rectan-
gular channel. These experiments are analyzed for the first time with LES.

The overall results show a good agreement between the experimental data and the CFD calculation.
Mean values of velocity and temperature are well captured by both RANS calculation and LES. The range
of critical frequencies and their amplitudes, however, are only captured by LES.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During the past few decades, thermal fatigue issues have been
observed in components of nuclear power plants in places where
two fluids at different temperatures were mixed. If not detected in
time, temperature fluctuations driven by turbulent flow can induce
thermal stress cycles on wall material and can provoke crack
initiation with consecutive structural weakening. T-junctions are a
typical component where hot and cold fluids come together in the
form of jets in crossflow and where temperature fluctuations can
act on walls. Several failures have been observed in nuclear reactor
coolant systems downstream of safety injection lines, which are
connected via T-junctions to the primary circuit. Leakage incidents
due to thermal fatigue in such T-junctions have occurred in France,
such as in 1998 in the light water reactor at Civaux [1] and in 1991
in the sodium-cooled fast breeder PHENIX reactors [2]. Several
experiments have been carried out to analyze temperature fluctu-
ations in such mixing tees. Related to Civaux, temperature fluctu-
ation and crack behavior were examined in a scaled model
experiment under reactor conditions of pressure and temperature.

Flow velocity field was measured separately in a small scale and
isothermal experiment [3]. The PHENIX incident was the subject of
intense numerical analysis including the organization of an inter-
national IAEA benchmark [2].

The most significant thermalehydraulic parameters that play
important roles in the formation and subsequent progression of
structural damage are related to the thermal gradient and its time
derivative. Thus, temperature differences between flows (DT),
fluctuating frequencies (U) and number of cycles (N) are deter-
mining variables to be used in thermal fatigue analysis. The various
experiments [3] demonstrated that, typically, thermal loads char-
acterized by DT of about 160 K and U between 3 Hz and 10 Hz are
favorable conditions for crack initiation. Besides the aim of deter-
mining the critical intervals of these parameters, experimental data
have also been produced to validate computational fluid dynamics
(CFD) codes and to initiate further model development. In fact, CFD
tools show the interesting potential to predict thermal striping
problems correctly, which thereby can be avoided. CFD application
can lead to a deeper comprehension of complex operating condi-
tions and geometries, which are difficult and/or expensive to
reproduce in experimental investigations [4].

To obtain consistent time-averaged fields, turbulent flows can
be described with good accuracy and small computational costs by
using two-equation turbulence models based on Reynolds
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averaged NaviereStokes (RANS) equations. To obtain reasonable
values for thermal fatigue analysis in terms of local temporal fluc-
tuations, large eddy simulations (LES) show the potential to find the
desired parameters, regardless of its more expensive computa-
tional costs. Based on these two turbulence modelling approaches,
one calculation methodology was developed at Commissariat �a
l’�Energie Atomique (CEA) to analyze thermal fatigue phenomena
with CFD for new applications. This methodology consists of two
successive steps:

1) A well-documented reference experiment that is physically
close to the new application is analyzed. Two types of calcula-
tions are performed:
a) Preliminary RANS calculations to understand the flow field

globally as well as to evaluate details on the meshing re-
quirements and the boundary condition treatments. These
calculations are called scaling calculations.

b) Concluding LES to obtain access to turbulence statistics.
These calculations are called analyzing calculations.

2) The new geometry is then analyzed mainly by LES, supported by
some selected RANS calculations, and taking into account the
previously obtained experience. These calculations are called
production calculations.

This method is presented here in detail. Advantages and
shortcomings of the method and of the turbulence modelling ap-
proaches LES and RANS are discussed for the example of flows in
two experimental facilities: the Vattenfall T-junction experiment
[5] serves as a well-documented reference experiment and the CEA
TRANSAT rectangular jet experiment [6] serves as the new
application.

2. The numerical approach

2.1. The TrioCFD code

The TrioCFD (http://www-trio-u.cea.fr/) code [7] is used to
perform calculations for both experimental test cases. Turbulence is
treated either by RANS equations with the linear eddy viscosity k- 3

model or by LES.

2.2. Unsteady NaviereStokes equations

The fluid is assumed to be incompressible and Newtonian.
Buoyancy effects are not taken into account. The instantaneous
velocity u of this fluid can be expressed by the equation of mass
conservation [Eq. (1)] and the equation of momentum conservation
[Eq. (2)]. Einstein’s notation is used.
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The effective viscosity yeff is the kinematic viscosity of the fluid
and is defined by the turbulence model.

2.3. RANS equations

In Reynolds-averaged turbulence approaches, the nonlinearity
of the NaviereStokes equations gives rise to Reynolds stress terms
that are modeled by turbulence models. To model the Reynolds
stress, almost all turbulence models for industrial applications are

based on Boussinesq’s concept of eddy-viscosity, which assumes
that the Reynolds stresses are aligned with the main strain rates:
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This approach leads to the Reynolds averagedmass conservation
equation and the NaviereStokes equations. For the RANS approach,
Eqs. (1, 2) are written for the Reynolds averaged velocity Ui and
yeff ¼ yþ yt . In the study presented here, the turbulent viscosity is
calculated from the well-known k- 3model by using the following
formulation:
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The following empirical coefficients are used: Cm ¼ 0.09, sk ¼ 1,
s 3¼ 1.3, C 31 ¼ 1.44, C 32 ¼ 1.92.

2.4. Filtered NaviereStokes equations

In LES, a filtering operation is applied to the instantaneous
turbulent quantities of Eqs. (1, 2). The subgrid-scale stress tensor tij
that appears is calculated using an analogy to the Boussinesq eddy
viscosity concept:
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Then, for LES, Eq. (2) is written for the filtered velocity ui and
yeff ¼ yþ ySGS. With the aim of better reproducing the transition
from laminar to turbulent flow and obtaining a correct wall-
asymptotic-behavior of the turbulent viscosity, the wall adaptive
local eddy-viscosity model [8] is applied. This model offers ad-
vantages of the dynamic Smagorinsky model without requiring
explicit filtering operations. The turbulent viscosity of the wall
adaptive local eddy-viscosity model is calculated according to the
following equations (Cw ¼ 0.5):
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2.5. Numerical solution of the conservation equations

2.5.1. Discretization method
TrioCFD [7] uses a finite volume based finite element approach

on tetrahedral cells to integrate in conservative form all conserva-
tion equations over the control volumes belonging to the calcula-
tion domain. As in the classical CrouzeixeRaviart element, both
vector and scalar quantities are located in the centers of the faces.
The pressure, however, is located in the vertices and at the center of
gravity of a tetrahedral element, as shown in [9] for the two-
dimensional case. This discretization leads to very good pressure/
velocity coupling and has a very dense divergence free basis. Along
this staggered mesh arrangement, the unknowns, i.e. the vector
and scalar values, are expressed using nonconforming linear shape-
functions (P1-nonconforming). The shape function for the pressure
is constant for the center of the element (P0) and linear for the
vertices (P1).

2.5.2. Convection, diffusion and time scheme
For RANS calculations, the first-order Euler backward implicit

scheme is used for the time integration. This scheme ensures good
stability of the steady state solution. A second-order MUSCL type
convection scheme is applied. The diffusion term is discretized by a
second-order centered scheme. For LES, the second-order explicit
AdamseBashforth scheme is used for time integration. The used
time step respects the CouranteFriedrichseLevy stability criteria
< 0.8. A slightly stabilized second-order centered convection
scheme is applied. The diffusion term is discretized by a second-
order centered scheme.

2.5.3. Solution method
The discretized momentum conservation equations are solved

following the SOLA pressure projection method of Hirt et al [10].
The resulting Poisson equation is solved with a conjugate gradient
method using a symmetric successive over relaxation technique to
improve convergence. The convergence threshold has been set to
10�6 for all calculations presented here.

2.5.4. Boundary and initial conditions
Dirichlet boundary conditions were used for velocity and tem-

perature at inflow faces; von Neumann conditions with an imposed
pressure are applied at outflow faces. Standard wall functions are
used to model momentum exchange between walls and fluid. In
fact, Reichardt’s general wall law [Eq. (11)] is used which spans the
three sublayers of viscous-, buffer-, and logarithmic law regions
with one correlation [11] (k ¼ 0.415).
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2.5.5. Parallelization
The presented CFD calculations have been carried out by

exploiting the parallel calculation capabilities of the code. Using
METIS libraries, each domain is decomposed into several over-
lapping sub-domains; all sub-domains were equally distributed
among different processor cores, which, by using message passing
interface libraries, communicate mutually only when data transfer
is needed.

3. Analysis of the reference experiment

The Vattenfall T-junction mixing experiment was selected as a
reference experiment. It was carried out during the month of

November 2008 in Sweden at the Alvkarleby Laboratory of Vat-
tenfall Research and Development [5]. The experimental data were
proposed to OECD/NEA [12] to evaluate, using an international
benchmark, the ability of state-of-the-art CFD codes to predict the
important parameters affecting high cycle thermal fatigue in mix-
ing T-junctions. This test case was selected for the scaling calcula-
tion because, besides the experimental results, various calculation
results with several turbulence modelling approaches have been
published.

3.1. The Vattenfall T-junction experiment

The experimental test section consists of two Plexiglas tubes
connected by a hollowed cube to form a T-junction with sharp
connection angles. The test facility is shown in Fig. 1A (taken from
[12]). Water is the working fluid. The main pipe, horizontally
positioned, has an inner diameter (D2) of 140mm, while the branch
pipe has an inner diameter (D1) of 100 mm. All structures were
treated to reduce heat losses. In the test analyzed here, which was
subject of the OECD/NEA benchmark [12], the main pipe flow was
0.009 m3/s (Q2) at 292 K and the branch pipe flow was 0.006 m3/s
(Q1) at 309 K. The Reynolds numbers of main- and branch- flows
are 8.1� 104 and 10� 104.

3.1.1. Temperature measurements
Using thermocouples placed 1mm from the pipewalls along the

circumference of the inner pipe at angles of 0�, 90�, 180�, and 270�,
temperature fluctuations were measured with a frequency of
200 Hz for 300 seconds. All thermocouples were located down-
stream of the T-junction at distances of 2 hydraulic diameters (Dh),
4 Dh, 6 Dh, and 8 Dh. Two additional thermocouples were placed at
angular positions of 0� and 180� downstream at 15 Dh and 20 Dh.
Themeasurement results are given in the form of normalized mean
values [T* ¼ (T � Tcold)/(Thot � Tcold)] and normalized root mean
squares values (RMS) [ΤRMS* ¼ ΤRMS/(Thot � Tcold)].

3.1.2. Velocity measurements
Velocity profiles weremeasured at 1.6 Dh, 2.6 Dh, 3.6 Dh, and 4.6

Dh downstream of the T-junction using a two-component laser
Doppler velocimetry (LDV) system. Time-averaged and RMS fluc-
tuations were provided for the x (U) and z (W) velocity compo-
nents along the vertical diameter line at each of the four locations.
For the x (U) and y (V) velocity components, analogous data are
given on the horizontal diameter line. Particle image velocimetry
data were collected at a frequency of 60 Hz for 12 seconds. Com-
plementary details on test facility are shown in Fig. 1A. The loca-
tions of the measurements are given in Fig. 1B. Both figures are
taken from [12]. The measurement results are given in form of
normalized mean values (ui* ¼ ui/ubulk) and normalized RMS
values (si* ¼ sI/uibulk).

3.2. Setup of the numerical model

3.2.1. Calculation domain
Since velocity profiles are given at 3.1 hydraulic diameters (Dh)

upstream of the junction for the main pipe and at 3 Dh for the
branch pipe, the overall calculation domain has been shortened
upstream to this extent. This shortened domain is in accordance
with those used in most previous work, such as [13] and [14].

3.2.2. Boundary conditions
For both RANS and LES, adherence, modeled by Reichardt’s wall

law [Eq. (11)], is used at all solid walls; a constant pressure is
imposed at the main branch outlet. The boundary conditions at the
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branch inlets are specific for RANS calculations and LES:
RANS: Smith et al [12] has described in detail the measured

velocity upstream profiles of main and branch pipes. Both profiles
are assumed to be axisymmetric and constant in time. The poly-
nomial interpolation made on the measured velocity data re-
produces the measured flow rates with an error <1%. The turbulent
kinetic energy and its dissipation rate are calculated from Eq. (12)
with URMS taken from Smith et al [12]:

k ¼ 3
2
U2
RMS; 3¼ Cm

100k1:5

7Dh
(12)

LES: It is assumed that the main turbulence generation happens
in the mixing zone. Inlet turbulence profiles do not play an
important role in the overall flow behavior. This hypothesis is
supported by Kuczaj et al [15], Odemark et al [16], and Westin et al
[5], who independently showed that the inlet turbulence level is
not relevant for the mixing process. Hence, time invariant inflow
velocity profiles identical to those used in the RANS calculation
have been used as inflow condition.

3.2.3. Integration time
The integration times are specific for RANS calculations and LES:
RANS: Unsteady RANS calculations were performed to achieve

steady state solutions after about 5 seconds of integration time.
The calculations were continued for 10 seconds to ensure that

fluctuations do not develop with longer integration times. The
steady state condition was ensured by analyzing the calculated
RMS values.

LES: The time required to approach a fully developed turbulent
flow in the whole domain is not more than about 5 seconds. The
subsequent period to collect statistics lasts at least 10 seconds.
Thus, the total calculation time is about 15 seconds.

3.2.4. Mesh arrangement
Using the modelling platform SALOME [17], various full tetra-

hedral meshes were created with structured and unstructured
mesh arrangement. The different meshes were created to ensure
meshing independent CFD solutions and to select the most per-
forming mesh method for the Vattenfall test case.

The structured mesh arrangement is used to reduce numerical
diffusion orthogonally to the main flow direction and to better
represent boundary layers on the tube walls by refining the mesh
there in a direction normal to the walls. This mesh arrangement
was obtained by first creating a conforming hexahedral meshing.
Then, in a second step, each hexahedral cell was subdivided into
eight tetrahedrons. The unstructured mesh arrangement was
created using the Delaunay algorithm. The two meshing examples
are shown in Fig. 2.

Mesh refinement tests were performed starting from 0.8� 106

and continued up to 9� 106 grid elements in the domain. The
average yþ values on the walls were found to vary from 7.48 to 0.72

Fig. 1. (A) Sketch of the Vattenfall T-junction experiment. (B) Position of thermocouples and particle image velocimetry measurements.
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when passing from the coarsest to the finest mesh. The largest
angles of the tetrahedrons were below 100�.

3.3. Results of the numerical analysis

3.3.1. Scaling calculations with RANS
Four sensitivity calculations are presented here with different

levels of mesh refinement (coarse and fine) and different mesh
arrangements (structured and unstructured). These meshes are
characterized as follows:

� Structured arrange coarse mesh 7.65� 105 tetras,
� Structured arrange fine mesh 6.01� 106 tetras,
� Unstructured arrange coarse mesh 8.06� 105 tetras,
� Unstructured arrange fine mesh 5.20� 106 tetras.

The meshes differ in the distance of the first calculation point
from the wall (yþ) and in the local refinement of the mixing zone
between cold main flow and hot jet.

For a better understanding of the temperature distribution in
the Vattenfall test section, the temperature in the vertical plane cut
through the center of the branches is shown in Fig. 3 for the steady
state solution on fine mesh with structured arrangement.

The localization of a recirculation zone downwind of the junc-
tion is marked. Temporal fluctuations are not present for this
refinement; flow oscillations with values of RMS below 0.5% of the
bulk velocity were present when using the coarse meshes, which
can also be interpreted as steady state solution. Coarser meshes
lead to temporal fluctuations of temperature and velocity, with
frequency and amplitude dependent on the mesh refinement.
Physical analysis is not possible under these conditions.

3.3.1.1. Velocity profiles. A comparison of the results of the four
sensitivity calculations is shown in Fig. 4 for the normalized axial
velocity at the location 1.6 Dh downstream of the junction
(x¼ 1.6Dh). The uncertainty band of the experimental LDV data is

Fig. 2. Tetrahedral mesh with structured and unstructured mesh arrangement.

Fig. 3. Temperature distribution in the test section in a plane vertically cut through the center of the branches.

Fig. 4. Profiles of the mean axial velocity at x¼ 1.6Dh for experiment and calculations.
(A) Horizontal. (B) Vertical.
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added and the position of the plotted profiles in the main tube is
shown by the small icon. Although all calculations converged in
time, only the calculations with fine meshes converged on the
mesh refinement. The fine unstructured mesh (profile in magenta)
fits the experimental horizontal velocity profile shown in Fig. 4A
well. The structured fine mesh (profile in light blue), however, best
represents the vertical profile shown in Fig. 4B, with a correct
prediction of the axial extension of the recirculation zone near z/
R ¼ 1. The coarse structured mesh already approaches the
measured profiles, although mesh convergence is not achieved.

Compared to these measurements, further refinement of this mesh
was found to improve the vertical axial velocity profile but to
downgrade the horizontal profile.

3.3.1.2. Temperature profiles. The measured and calculated axial
temperature profiles (near wall temperature) along the tube axis
are given in Fig. 5A for the azimuthal angle 0� and in Fig. 5B for the
angle 90�. The uncertainty band of the experimental data is added.
Only the fine unstructured meshes represent correctly the axial
temperature profile at 90�; the coarse unstructured mesh repre-
sents the temperature profile correctly, however, mesh conver-
gence was not reached. Both structured meshes overestimate the
transport of the cold fluid in the axial direction.

3.3.1.3. Conclusions drawn from RANS calculations. These first RANS
calculations showed that the calculation domain is sufficiently
extended to reduce the influence on the results of the inflow and
outflow boundary conditions. Temporal fluctuations in the nu-
merical solutions vanish at mesh numbers above 1� 106 tetrahe-
drons; however, about 5� 106mesh points are necessary to achieve
mesh convergence. It is necessary to test the mesh convergence
because nonconverged solutions can already show results close to
the measurements. The mesh arrangement and particularly the
resolution of the boundary layers is not a dominant factor for
reproducing the measured profiles of the axial velocity. The un-
structured mesh arrangement, however, outperforms the struc-
tured mesh arrangement in terms of the transport of the
temperature along the main branch.

3.3.2. Analyzing calculations with LES
Based on the conclusions of the RANS scaling calculation, various

analyzing calculations with LES were performed. The RANS calcu-
lation domainwas preserved. The flow analysis was focused on fine
meshes with unstructured arrangement. The LES results of the
three meshes are compared here. In the finest mesh, the first near
wall calculation point is at about yþ¼ 1. The structured mesh is the
same as in the RANS calculation presented before:

� Structured arrange fine mesh 6.01� 106 tetras,
� Unstructured arrange fine mesh 5.28� 106 tetras,
� Unstructured arrange very fine mesh 9.25� 106 tetras,

For better understanding of the fluctuating temperature field in
the Vattenfall test section, the instantaneous temperature distri-
bution in the vertical plane cut through the center of the branches
is shown in Fig. 6. The results of the calculation with unstructured
and very fine mesh are shown. Temporal fluctuations of the tem-
perature are easily visible. Averaging the instantaneous tempera-
ture over 14 seconds leads to the mean temperature, which is also

Fig. 5. Axial profiles of mean temperature for experiment and calculations. At the
azimuthal angle of (A) 0� and (B) 90� .

Fig. 6. Typical temperature distribution in the test section in a plane vertically cut through the center of the branches.
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shown for the same cut plane in Fig. 6. This temperature distribu-
tion is close to the RANS results given in Fig. 3; however, the hot
tongue develops further downstream in the LES.

3.3.2.1. Velocity profiles. A comparison of the three sensitivity cal-
culations is shown for the normalized axial velocity at the location
x¼ 1.6Dh. Fig. 7A shows the horizontal profile and Fig. 7B shows the
vertical profile. The uncertainty band of the experimental LDV data
is added and the position of the plotted profiles in the main tube is
shown by the small icon.

The structured mesh represents the extension of the recircula-
tion zone well near z/R¼ 1, whereas the unstructured meshes
overestimate this length (lower axial velocity close to z/R¼ 1). This
result highlights the importance in LES of resolving the boundary
layers as homogeneously as possible. In fact, the fine mesh with the
unstructured arrangement discretizes the boundary layer in a finer
way, but the structured arrangement homogenizes the meshing in
directions both tangential and normal to the wall.

Profiles of both normalized mean values and RMS values of the
axial velocity are shown for the axial location x¼ 2.6 Dh. Fig. 8A
shows the horizontal profiles of the mean velocity; Fig. 8B shows
the corresponding RMS values. Fig. 8C shows the vertical profiles of
the mean velocity; Fig. 8D shows the corresponding RMS values.
For both profiles, both quantities are calculated correctly within the
uncertainty band of the measurement and no significant mesh

dependency has been detected.

3.3.2.2. Temperature profiles. The axial profiles of the temporal
mean values and the RMS values of the normalized temperature are
given for the azimuthal angles of 0� and 90�. The angles are defined
in Fig. 1B. Wall locations near the fluid are selected for the com-
parison. Fig. 9A shows the mean temperature profiles at 0�; Fig. 9B
shows the corresponding RMS profiles. Fig. 9C shows the mean
temperature profiles at 90�; Fig. 9D shows the corresponding RMS
profiles. All tested meshes led both quantities to show an agree-
ment between experiment and calculation. It seems that the
structured mesh (light blue line) slightly outperforms the un-
structured mesh arrangement. The better resolved boundary layer
in the structured mesh arrangement improves the comparison to
the measured mean values at 0� and to the RMS values at 90�.

3.3.2.3. Spectra of temperature fluctuations. The spectral analysis of
an instantaneous temperature signal is given in Fig. 10A for the
experiment and in Fig.10B for the LES. The analyzed point is located
at x¼ 2Dh, on the right side of themain tube at the azimuth angle of
270�.

As for the experiment, the Fourier transform of the temperature
signal given by LES matches well with the Kolmogorov �5/3 law
(red lines). This can be interpreted as an indicator of a reasonable
mesh resolution. The amplitude peak was measured at a frequency
f of about 4 Hz, which corresponds to a Strouhal number
(St¼ f�U2/D2) of 0.52, calculated with a diameter (D2) and bulk
velocity of the branch (U2). This dominant frequency is not repro-
duced by the calculation, as was the case in the LES calculations
realized by the participants in the benchmark [12]. The absence of a
dominant frequency might be related to the missing turbulent
fluctuations in the inlet branches, which would further destabilize
the turbulent motion in the mixing zone.

3.3.2.4. Conclusions drawn from LES calculations. The reduction of
the calculation domain derived from the RANS approach was
confirmed by LES. The turbulence statistics can be calculated
correctly with all meshes. The dominant frequency, around 4 Hz,
detected in the experimentwas not reproduced by the LES; this was
probably due to the constant inlet boundary condition. The recir-
culation zone downstream of the junction was not calculated in
good accordance with the measurements by the finest unstruc-
tured mesh; rather, this was accomplished using the structured
mesh. This result highlights the importance in LES of meshing the
boundary layers as homogeneously as possible.

4. Analysis of the new application

This mixing experiment was carried out during the period from
2006 to 2009 in the TRANSAT wind tunnel of CEA [6]. By varying
the ratios between jet- and main-stream velocity r ¼ Uj/Ubulk,
several tests were performed to study the thermal fluid-dynamic
behavior of a rectangular jet in cross flow. This experiment has
never before been analyzed using CFD. The physical phenomena
involved in the experiments were characterized by the presence of
three-dimensional and unsteady vortex structures. Their numerical
simulation provides a formidable challenge from physical and nu-
merical points of view. This experiment was thus a perfect candi-
date to test the calculation methodology for CFD applications on
new geometries.

4.1. The TRANSAT rectangular jet experiment

The TRANSAT facility is a closed loop wind-tunnel that was built
at CEA-Grenoble and is now located at CEA-Saclay. A simplified

Fig. 7. Profiles of the axial mean velocity at x¼ 1.6Dh for experiment and calculations.
(A) Horizontal. (B) Vertical.
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scheme of the overall configuration of the wind tunnel is shown in
Fig. 11A, with the following numbering of the main components:

1. Centrifugal fan that can reach a maximum flowrate of 4.5 m3/s;
2. Jet collector inwhich a part of themain channel flow is sidelined

to feed the jet channel;
3. Direct heating unit with up to 5 kW (thermal) available to heat

the jet channel to 10 K above the main channel;
4. Rectangular jet channel with a total length of 3 m;
5. Rectangular test section of 5 m length, located at the outlet of

one convergent duct.

To ensure temporal and special homogeneous velocity distri-
butions with low turbulence levels at the test section inlets, both
the main channel and the jet channel contain a sequence of
silencer, calm chamber, and convergent duct. The whole length of
the wind tunnel is coated to keep the main air flow temperature
constant between 286 K and 288 K and to attenuate environment
effects.

The test section is shown schematically in Fig. 11B. The main
channel has a rectangular section of 0.6 m width (Lc) and 0.5 m
height (Hc). The jet channel outlet is situated at mid height, 2.1 m
downstream from the main channel inlet. The jet channel has a
rectangular section of 0.05 m height (Hj) and 0.08 m width (Lj). In
order to find an optimal basic numerical setup, the CFD calculation

is focused on those experimental conditions in which the in-
teractions between the jet and the opposite wall can be assumed to
be negligible. The selected configuration is characterized by a ratio
of r¼ 3.3, where the main channel bulk speed Uj is 7 m/s and the
jet channel bulk speed Ubulk is 2.1 m/s. The Reynolds numbers of
the main flow and of the jet channel flow are 6.3� 104 and
2.25� 104, respectively. This implies a four-times smaller Re for the
jet channel flow compared to that of the branch flow in the Vat-
tenfall case.

4.1.1. Temperature measurements
Temperature was measured by cold wire anemometers at

sampling frequencies of up to 50 kHz. The instrumentation is
located in three planes, as shown in Fig. 11B [6]:

� Normal to the main channel walls, x ¼ 0.24 m and x ¼ 0.48 m
downstream of the jet inlet (plane a),

� Normal to the jet outlet section, y¼ 0.02 m and y¼ 0.06 m away
from the jet outlet (plane b) and

� Perpendicular to the previous two planes, placed horizontally at
mid height of the channel (plane c).

The temperature measurements were given in the form of
normalized mean values [T* ¼ (T � Tcold)/(Thot � Tcold)] and
normalized RMS values [TRMS* ¼ TRMS/(Thot � Tcold)].

Fig. 8. Profiles at x¼ 2.6Dh for experiment and calculation. (A) Horizontal profiles of the mean axial velocity. (B) Horizontal profiles of the axial velocity RMS values. (C) Vertical
profiles of the mean axial velocity. (D) Vertical profiles of the axial velocity RMS values.
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4.1.2. Velocity measurements:
Measurements of the velocity components were taken using

several hotwire anemometers with a sample frequency of 21 kHz.
The measurements are located on planes, as shown in Fig. 11B [6]:

� Normal to the main channel walls, x¼ 0.24 m and x¼ 0.48 m
downstream of the jet inlet (plane a);

� Normal to the jet outlet section, y¼ 0.02 m and y¼ 0.06 m away
from the jet outlet (plane b); and

� Perpendicular to the previous two planes, placed horizontally at
mid height of the channel (plane c).

The velocity measurements were given in form of mean values
(Ui* ¼ Ui/Ubulk) and RMS values (Ui,RMS* ¼ Ui,RMS/Ubulk), normalized
with the jet channel bulk velocity.

4.2. Setup of the numerical model

4.2.1. Calculation domain
Preliminary k- 3calculations were performed to analyze the ef-

fect of reducing the domain upwind of the jet outlet. As a conse-
quence of this analysis, the test section was shortened to 0.4 m
upstream and 1.2 m downstream of the rectangular jet-channel
outlet.

4.2.2. Boundary conditions
For both RANS and LES, adherence, modeled using Reichardt’s

wall law [Eq. (11)], is used at all solid walls; a constant pressure is
imposed at the main branch outlet. To define the inlet boundary
conditions well for both the experiment and calculations, the
experimental facility was especially designed to obtain homoge-
neous characteristics in terms of turbulence and velocity profiles at
the test section and jet channel inlet sections. Due to the presence
of fine honeycomb structures, constant flat velocity profiles with
very low turbulence levels are used as boundary conditions for both
the main (2.1 m/s) and jet channels (7 m/s).

RANS: For the k- 3model, the turbulent kinetic energy was
selected consistently to the Vattenfall case, with 1% measured
turbulence intensity. k and 3were calculated from Eq. (12).

LES: Following the same considerations used for the Vattenfall
case, turbulence inlet levels were not taken into account. This hy-
pothesis is supported by the experimentally ensured low turbu-
lence levels at the inlets.

4.2.3. Integration time
The integration times are specific for RANS calculations and LES:
RANS: Unsteady RANS calculations where performed to achieve

steady state solutions after about 5 seconds of integration time. The
calculations were continued until 19 seconds to assure that

Fig. 9. Axial profiles for experiment and calculation. (A) Mean temperature at the azimuthal angle of 0� . (B) Mean temperature RMS values at the azimuthal angle of 0� . (C) Mean
temperature at the azimuthal angle of 90� . (D) Temperature RMS values at the azimuthal angle of 90� .
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fluctuations do not develop with longer integration times. The
steady state condition is ensured by analyzing the calculated RMS
values.

LES: The time required to approach a fully developed turbulent
flow in the whole domain is not more than about 5 seconds. The
subsequent period to collect statistics lasts at least for 14 seconds.
The total calculation time is about 19 seconds.

4.2.4. Mesh arrangement
Based on the experience gained in the Vattenfall case, the

structured mesh arrangement was used for LES in the TRANSAT
case and the unstructured arrangement was used for RANS; 1� 106

to 18� 106 tetrahedrons were used for the meshes that were tested
during this work, producing yþ values between 2.4 and 27.9 with
minimum mesh angles of 35�. The calculations shown here in
comparison to the experimental results were performed for RANS
on 8� 106 tetrahedrons and for LES on 14� 106 tetrahedrons. The
mean size of the tetrahedronswas thus bigger than in the Vattenfall
case due to the spatially more extended calculation domain in the
TRANSAT case.

4.3. Results of the production calculations

As for the Vattenfall case, comparisons between TRANSAT ex-
periments and CFD results are shown in the form of temporal av-
erages and RMS values of the normalized temperature and velocity.

4.3.1. Temperature distribution
Temporal mean (Fig. 12A) and RMS values (Fig. 12B) of the

normalized temperature are shown in a plane cut horizontally mid
height in the channel near the rectangular jet channel inlet section
(plane c in Fig. 11B). Experimental values are compared to LES and
RANS values.

As in the Vattenfall case, LES reproduces in general mean values
and RMS values well. RMS values are underestimated only close to
the jet channel exit. RANS can reproduce rather correctly the mean
values but does not allow access to any information on the fluc-
tuating quantities. A mesh independent steady state solution was
achieved with the mesh refinements tested; temperature RMS
values are below 0.5%.

To obtain more insight into the flow close to the jet channel exit,
normalized temperature mean (Fig. 13A) and RMS values (Fig. 13B)
are visualized in a vertical plane cut normal to the jet channel exit
at a distance 0.02 m from the channel wall (plane b in Fig. 11B).
Experimental values are compared to results of LES and RANS.

Although the temporal mean values show good agreement in
LES, the corresponding RMS values near the impact zone between
the jet and main flow are significantly under-predicted, especially

Fig. 10. Temperature spectrum at x¼ 2Dh and at the azimuthal angle of 270� . (A)
Experimental. (B) Calculated.

Fig. 11. TRANSAT. (A) Sketch of the TRANSAT wind-tunnel. (B) Schematic of the
TRANSAT test section with orientation of the measuring plans.
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Fig. 12. In a plane cut horizontally through the jet inlet at z¼ 0 m: (A) Time averaged normalized temperature T*. (B) Normalized temperature RMS values TRMS*.
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Fig. 13. In a vertical plane cut normal to the jet inlet channel at y¼ 0.02 m: (A) Time-averaged normalized temperature T*. (B) Normalized temperature RMS values TRMS*.
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on the extra-dos of the jet. It seems that the boundary layers in both
the jet inlet channel and the main channel are not sufficiently
resolved by the meshing, so that the turbulent boundary layers on
the walls are not simulated correctly. The use of wall functions
might have an important influence on the turbulence statistics at a
distance 0.02 m from the wall. Because transition to turbulence is
difficult to predict with LES, it seems also not appropriate using
constant inflow conditions. RANS does not yield any reasonable
RMS values, which again eliminates this turbulence modelling
method from use in thermal fatigue analysis.

Fig. 14A, B, respectively, show time averaged and RMS values of
the normalized temperature in a vertical plane cut normal to the
main channel at x¼ 0.24 m (plane a in Fig. 11B). The same
quantities are shown in Figs. 14.3 and 14.4 for x¼ 0.48 m. Only LES
results are shown. It seems that the agreement between the
experiment and the calculations improves for positions further
downstream of the jet entrance and away from the channel walls,
where the jet develops freely in the cross flow of the main
channel.

4.3.2. Velocity distribution
Measured and calculated statistics of velocity componentffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2x þ u2y

q
in the vertical plane cut normal to the main channel axis

(plane a in Fig. 11B) are shown. At the distance of x¼ 0.24 m,
normalized time averaged values (Fig. 15A) and RMS values
(Fig. 15B) of LES and RANS are visualized.

The corresponding quantities for the distance x¼ 0.48 m are
visualized in Fig.15C (temporalmean values) and 15D (RMS values).
Both the mean velocity and the RMS of LES are in good agreement
with those values of the experiment. It is important to note that
finer meshes provide a better resolution of the turbulent behavior
not only at high frequencies but also at the scales of interest, which
are in this case the temperature fluctuations between 0.1 Hz and
10 Hz. For RANS, the mean velocity of the calculation shows sig-
nificant differences from the experimental velocity distribution.
The discrepancy is probably related to the fact that linear eddy
viscosity models such as the k- 3model cannot be used to treat the
anisotropic turbulence present in the mixing zone of the jet and
main flow. Calculated velocity RMS values are negligible

Fig. 14. In a vertical plane cut normal to the main channel at x¼ 0.24 m: (A) Time averaged normalized temperature T*. (B) Normalized temperature RMS values TRMS*. (C) Time
averaged normalized temperature T*. (D) Normalized temperature RMS values TRMS*.
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Fig. 15. Values of the velocity component
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2x þ u2y

q
in a vertical plane cut normal to the main channel at x¼ 0.24 m. (A) Normalized time averaged values (U*). (B) RMS values of the

normalized velocity (URMS*). (C) Normalized time averaged values (U*). (D) RMS values of the normalized velocity (URMS*).
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Fig. 15. Continued
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(RMS< 0.01%), which demonstrates the achievement of a steady
state solution.

Normalized values of the velocity component
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2x þ u2z

q
are

compared to those of the experiment; temporal mean values are
shown in Fig. 16A and RMS values are shown in Fig. 16B. The
comparison is shown for the vertical plane cut normal to the main
channel (plane a in Fig. 11B) at x ¼ 0.24 m. The corresponding
values for x ¼ 0.48 m are compared in Fig. 16C (temporal mean
values) and Fig. 16D (RMS). Both the mean velocity and the RMS of
the calculations are in good agreement with the values obtained in
the experiment.

4.4. Conclusion of the TRANSAT case

The time to set up the numerical model of the TRANSAT case was
significantly reduced due to the experience gained in the Vattenfall
case. The calculation domain was shortened to enclose only the
mixing zone. A fine tetrahedral mesh with structured arrangement
was realized for LES. Unstructured arrangement was used for RANS.

It can be concluded that for velocity and temperature LES with wall
functions provides correct comparisons to the experiment for both
the temporal mean values and the RMS values. Due to the use of wall
functions, the RMS values of the temperature are underestimated
only for positions close to the walls, especially close to the jet
channel exit. Although RANS calculations were intended to be used
only in support of LES, the limits of this turbulence modelling
approach were clearly detected. RANS can reproduce fairly correctly
the temporal mean values of the temperature along the main
channel; however, the temperature RMS cannot be calculated. RANS
with linear eddy viscosity models cannot reproduce the velocity
field correctly, for either the mean values or the RMS.

5. Conclusions

Based on RANS and LES turbulence modelling methods, a
calculation methodology was presented to analyze thermal fatigue
phenomena with CFD for new applications. This methodology
consists of two successive steps:

Fig. 16. Values of the velocity component
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2x þ u2z

q
in a vertical plane cut normal to the main channel at x¼ 0.24 m. (A) Normalized time averaged values (U*). (B) RMS of the

normalized velocity (URMS*). (C) Normalized time averaged values (U*). (D) RMS values of the normalized velocity (URMS*).
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1) A well-documented reference experiment is analyzed, which is
physically close to the new application. Two types of calcula-
tions are performed:
a) Preliminary RANS calculations to understand the flow field

globally as well as to evaluate details on meshing re-
quirements and boundary condition treatments. These cal-
culations are called scaling calculations.

b) Concluding LES to obtain turbulence statistics. These calcu-
lations are called analyzing calculations.

2) The new geometry is analyzed mainly by LES, with some sup-
porting RANS calculations, taking into account the previously
gained experience. These calculations are called production
calculations.

The Vattenfall T-junction experiment served as a well-
documented reference experiment; the CEA TRANSAT rectangular
jet experiment served as a new application.

The RANS analyses of the Vattenfall experiment (scaling calcu-
lations) helped to define a reduced calculation domain and to
elucidate the main mixing phenomena in the T-junction. A basic
meshing methodology was developed with RANS calculations and
reviewedwith LES. The importance of meshing the boundary layers
as homogeneously as possible for LES was stressed in the analyzing
calculations. It was possible only with LES to obtain access to tur-
bulence statistics such as RMS values and frequency spectra.

The time to set up the numerical model of the TRANSAT case
(production calculations) was significantly reduced by using the
calculation methodology developed for the Vattenfall case. For
temperature and velocity, LES with wall functions provides correct
comparisons to the experiment for both the temporal mean values
and RMS values. Due to the use of wall functions, RMS values of the
temperature are underestimated only for positions close to walls,
especially close to the jet channel exit. RANS can reproduce fairly
correctly the temporal mean values of the temperature along the
main channel; however, temperature RMS values cannot be used
for physical interpretation. RANS with linear eddy viscosity models
cannot correctly reproduce the velocity field, for either the mean
values or RMS.
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