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Abstract 

In the framework of the network research project “Thermal Fatigue - Basics of the system-, 
outflow- and material-characteristics of piping under thermal fatigue“ funded by the German 
Federal Ministry of Education and Research (BMBF) fundamental numerical and 
experimental investigations on the material behaviour under transient thermal-mechanical 
stress conditions (high cycle fatigue - HCF) are carried out. The project’s background and its 
network of scientific working groups with their individual working tasks are briefly introduced. 
The main focus is especially on the joint research tasks within the sub-projects of MPA and 
IKE which are dealing with thermal mixing of flows in a T-junction configuration and the fluid-
structure-interactions (FSI). Therefore, experiments were performed with the newly 
established FSI test facility at MPA which enables single-phase flow experiments of water in 
typical power plant piping diameters (DN40 and DN80) at high pressure (maximum 75 bar) 
and temperatures (maximum 280 °C). The experimental results serve as validation data base 
for numerical modelling of thermal flow mixing by means of thermo-fluid dynamics 
simulations applying CFD techniques and carried out by IKE as well as for modelling of 
thermal and mechanical loads of the piping structure by structural mechanics simulations 
with FEM methods which are executed by MPA. 

The FSI test facility will be described inclusively the applied measurement techniques, e. g. 
in particular the novel near-wall LED-induced Fluorescence method for non-intrusive flow 
temperature measurements. First experimental data and numerical results from CFD and 
FEM simulations of the thermal mixing of flows in the T-junction are presented. 

1 Introduction 

Thermal cyclic loading of power plant installations, e. g. the piping systems, is especially in 
safety considerations and analyses for nuclear power plants of great importance. 
Temperature fluctuations due to thermal transients and mixing of unsteady non-isothermal or 
stratified fluid flows cause fluid-structure interactions which lead to thermal fatigue problems 
because crack initiation has to be expected for specific components after some hundreds of 
operating hours. As a well-known example defects and wall-through cracks in a straight 
piping, a T-junction and a bend were observed in the residual heat removal system of the 
French light water reactor Civeaux I in 1998. These damages occurred due to high cycles of 
low frequency temperature fluctuations (high cycle fatigue HCF) in the range of 1 to 10 Hz 
[1]. In contrast to the low cycle fatigue (LCF) which is nowadays acceptably understood and 
sufficiently controllable by instrumentation and monitoring systems [2], the HCF has 
significant investigation demands with respect to reliable and accurate information about 
frequencies and amplitude of temperature fluctuations in order to understand and describe 
adequately its mechanism which is implicitly needed for reasonable predictions of HCF for 
lifetime estimations of component parts. 

To gain a greater insight into the HCF interactions international ageing management 
activities were established in the recent past dealing on the one hand with appropriate 
experimental investigations, e. g. the Vattenfall benchmark experiment [3] can be 
representatively named. Corresponding large efforts on development of advanced 
computational simulation methods, both in thermo-fluid dynamics (e. g. [4]) and structural 
mechanics (e. g. [5]) were carried out on the other hand.  

Despite of good progresses in aforementioned experimental and numerical investigations of 
HCF phenomena there are still substantive lacks of knowledge. Therefore, the network 
research project entitled “Thermal Fatigue - Basics of the system-, outflow- and material-
characteristics of piping under thermal fatigue“ is initiated which is financially sponsored by 
the German Federal Ministry of Education and Research (BMBF) in the framework 
programme “Fundamental Research Energy 2020+” and guided by the Project Management 
Agency Karlsruhe (Dep. Water Technology and Waste Management - PTKA-WTE) of the 
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Karlsruhe Institute of Technology (KIT). The network project is organised in 3 network sub-
projects (NSP) with collaborative scientific working groups from universities with participating 
partners from industry. Each joint sub-project is dealing with individual scientific topics which 
are closely connected to thermal fatigue issues. 

The superior main subject and objective of the network project are: 

 Further development of simulations methods for safety evaluations of nuclear power 
plant components. For this purpose fundamental investigations of coupled simulations 
of fluid-structure interactions as well as for development of material-mechanical 
models describing the damage evolution at thermo-mechanical loads. 

 Improvement and supplementation of so far existing methods in the field of 
Computational Fluid Dynamics (CFD) as well as atomistic and micro-mechanical 
simulation methods of Structural Mechanics in different length scales. 

Related to the main subject following 3 point targets are defined which are the conceptual 
scientific work packages (WP) of the individual network sub-projects listed in Table 1-1: 

 WP1: Supply of validated numerical analysis / prediction method for coupled fluid-
structure interactions of component parts linked to light-water reactor safety 
analysis. 

 WP2: Further development and experimental validation of material models and methods 
for description of damage evolution and lifetime evaluation at thermal alternating 
stress condition. 

 WP3: Description of material’s thermal fatigue state and its rising by tracking the growth 
of short mechanic cracks applying fatigue fracture methods. 

 

Table 1-1: Structure of the main network research project with project partners in 
individual network sub-projects (NSP) 

Main Network Research Project 

 Thermal Fatigue - Basics of the System-, Outflow- and Material-
Characteristics of Piping under Thermal Fatigue 

 

NSP 1 NSP 2 NSP 3 

Project title: 

Investigations of Fluid-Structure 
Interactions in Light-Water 
Reactors 

Project title: 

Thermal Fatigue of Power Plant 
Components 

Project title: 

Simulation and Characterisation 
of the Material State for thermo-
cyclical stressed Component 
Parts 

Project partners: 

Material Testing Institute (MPA), 
University of Stuttgart 

Institute of Nuclear Technology 
and Energy Systems, University 
of Stuttgart 

EnBW Kernkraft GmbH 

Project partners: 

Fraunhofer Institute of Material 
Mechanics (IWM), Freiburg 

Material Testing Institute (MPA), 
University of Stuttgart 

Project partners: 

Institute for Materials Science 
(IfW), Technical University 
Darmstadt 

Department for Mechanics of 
Materials, Technical University 
Darmstadt 

AREVA NP GmbH, Erlangen 

VGB Power Tech e. V. / 
Betreiber 
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In the framework of NSP 1 the research programme of MPA and IKE are defined in 2 specific 
single projects entitled “Structure-mechanical modelling of coupled fluid-structure 
simulations” (MPA) and “Fluid-mechanical modelling of coupled fluid-structure simulations” 
(IKE). The detailed tasks can be summarised as follows: 

 Design, build-up and commissioning of a test facility for experimental investigations of 
fluid-structure interactions by thermal mixing of hot/cold liquid flows in a T-junction at 
high pressures and high temperatures in power plant relevant piping dimensions. 

 Development, implementation and application of adequate measurement techniques 
for fluid flow measurements as well as measurements in the solid of the T-junction 
and the piping system. 

 Performing of experimental test series with the test facility varying systematically the 
thermo-hydraulic conditions of the mixing flows (e. g. system pressure, flow 
temperatures, mass flow rates). 

 Stand-alone thermo-fluid dynamics modelling and simulation of mixing flows in the T-
junction applying CFD methods and validation of simulation results with experimental 
data from the test facility. 

 Stand-alone structural-mechanics modelling and simulation of the T-junction and the 
piping system applying FEM methods and validation of simulation results with 
experimental data from the test facility. 

 Coupled thermo-fluid dynamics and structural-mechanics simulations of the T-
junction and validation of simulation results with experimental data from the test 
facility. 

2 Experimental facility 

2.1 Main flow loop 

The Fluid-Structure-Interaction (FSI) test facility is a closed flow loop T-junction set-up 
which is installed at the Material Testing Institute (MPA), University of Stuttgart. As shown 
in Figure 2-1 it comprises a closed water loop with a three stage membrane booster pump 
and a circulation pump. 

Figure 2-1: Simplified scheme of piping and instrumentation of the FSI test facility 

85



The cold injection line (DN40, ID 38.9 mm) is fed directly with the pressurised water 
(ambient temperature, 75 bar) from the supply tank. The water for the hot injection line 
(DN80, ID 71.8 mm) is heated up via ceramic resistance heating which are attached to the 
outer pipe surface. The maximum water temperature is 280 °C. Both injection lines have 
lengths of more than 50 diameters and include rectifiers. The water flows are combined in 
a horizontally aligned sharp edge 90° T-junction (see Chapter 0) and mix in the outlet line 
(DN80, ID 71.8 mm) with a length of 3.4 m. The T-junction is surrounded by different 
interchangeable modules connected by means of flanges. One module of the main line is 
equipped with thermocouples TC (see Chapter 2.3 Thermocouple module), and for the 
main and branch line an individual optical module (see Chapter 2.4 Optical Module) is 
available to enable an optical access to the fluid flow. Figure 2-2 shows a view of the 
entire FSI test loop and a magnified cut-out including the T-brunch and the thermocouple 
module. 

Figure 2-2: Photograph of the FSI test facility (top), magnified view of T-branch and a 
module equipped with TCs (bottom) 

The facility can be operated in two operational modes. During the quasi-stationary tests 
(steady state thermal conditions and constant mass flow rates) the control values are left 
unchanged to keep the boundary conditions constant. While in the transient tests the mass 
flow rate of the branch pipe bm is altered from bm =0 kg/s to the nominal flow rate bm =0.1 

kg/s and the main pipe flow rate mm  remains at constant level and requested temperature. 
The main design parameters of the FSI test set-up can be summarised as follows: 

 maximum hot fluid temperature in main line m, max=280 °C,  
 cooled fluid temperature in branch line b=20 °C,  
 maximum mass flow rate of main line max,mm =0.4 kg/s, 
 maximum mass flow rate of branch line max,bm =0.1 kg/s, 
 maximum system pressure pmax=75 bar. 

T-branchThermocouple module
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Finally, an overview of all performed hot experiments is given in Table 2-1. 

Table 2-1: List of tests already conducted (experiments without application of optical 
measurement techniques - PIV and Near-Wall LED-induced Fluorescence) 

Temperature  / oC Mass flow rate  / kg/s 

Test 
no. Main pipe 

m 

Branch 
pipe 

b 

Main 
pipe 

mm  

Branch 
pipe  

bm  

System 
pressure 

p  / bar 
Operational mode 

1 195 20 0.4 0.1 75 quasi-stationary 
2 220 20 0.4 0.1 75 quasi-stationary 
3 150 20 0.4 0.1 75 quasi-stationary 
4 240 20 0.4 0.1 75 quasi-stationary 
5 195 20 0.6 0.1 75 quasi-stationary 
6 225 20 0.6 0.1 75 quasi-stationary 
7 235 20 0.2 0.1 75 quasi-stationary 
8 150 20 0.4 0.1 70 transient 
9 200 20 0.4 0.1 70 transient 
10 230 20 0.4 0.1 70 transient 
11 200 20 0.6 0.1 70 transient 
12 230 20 0.6 0.1 70 transient 
13 250 20 0.2 0.1 70 transient 
14 270 20 0.4 0.1 70 transient 

 

2.2 T-junction 

The forged T-junction (Figure 2-3) is made of austenitic steel 1.4550 (X6 CrNiNb 18-10) 
with reduced carbon content in accordance with the German KTA 3201.1 [6]. It is 
equipped with 40 TC connectors positioning shielded thermocouples (type K, 1 mm in 
diameter) in blind holes which have a minimal surface offset of 1 to 3 mm. 

Figure 2-3: T-junction drawings (left), T-junction instrumented with TCs and installed in 
the FSI test facility (right) 
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2.3 Thermocouple module 

The T-junction is surrounded by different interchangeable modules connected by means 
of flanges. For the main line a thermocouple module is available (Figure 2-4). It comprises 
24 shielded TCs (type K, 0.25 mm in diameter) soldered into clamp cones of high 
pressure compression connectors, 16 of which protrude 2 mm into the flow. The others, 
which are fixed in blind holes, have a minimal surface offset of 0.1 mm. The diameter of 
these TCs was selected as small as possible to minimise their thermal capacity. 

 

Figure 2-4: Sectional view of the thermocouple modul (left), instrumented thermocouple 
module installed in the FSI test facility (right) 

The sensitivities of the thermocouples for both configurations are currently under 
investigation in an independent study. The dynamic response of 1 mm and 0.25 mm 
thermocouples was simulated via computational fluid dynamics methods. It was proved 
that the investigation of transient temperature fluctuations in the flow needs 
thermocouples with a diameter of 0.25 mm or smaller. For the giving fluid dynamical 
boundary conditions thermocouples with a diameter of 1 mm attenuate noticeably the 
temperature fluctuations. Even for 0.25 mm thermocouples the attenuation must be taken 
into account for frequencies higher than 1 Hz. In Figure 2-5 the attenuation is plotted as a 
function of the frequency for a 0.25 mm thermocouple. A temperature fluctuation with a 
frequency of 10 Hz experiences a damping of -5.2 dB (relative to 1K). 

The dynamic response curves of 1 mm, 0.5 mm and 0.25 mm shielded thermocouples 
were investigated experimentally. On the basis of temperature step functions the 
attenuation of temperature fluctuations was calculated for frequencies between 0.005 Hz 
and 0.5 Hz. In contrast to the applications in the flow the dynamic response is nearly 
independent from the diameter of the thermocouple. It is dominated by the relatively high 
thermal resistance of the contact area. Preliminary results for the attenuation of a 0.5 mm 
thermocouple are also shown in Figure 2-5. A temperature fluctuation with a frequency of 
0.1 Hz experiences a damping of about -5 dB (relative to 1 K). 

88



Figure 2-5: Dynamic response of TCs in the fluid (simulation, left) and in the specimen of 
a high pressure TC connection (experiment, right) 

2.4 Optical modules 

The second type of module provides the optical access to the fluid. For each pipe diameter 
an optical module (Figure 2-6) is available. They comprise glass pipes surrounded by a 
pressure vessel filled with water. Flanges with glass windows enable an optical access to the 
glass pipes from outside and the application of optical measurement techniques. 

Figure 2-6: Optical module with glass pipe and flanges with observation windows 

3 Thermohydraulic conditions 

3.1 Flow map 

In literature the isothermal or rather quasi isothermal mixing in T-junctions is characterised by 
the momentum ratio rM . It is defined by the ratio of the momentum of the main branch 

mM and the side branch sM with the corresponding density  .and volume flux V . 

b

m
r M

M
M  ; 2

mmbmm VDDM  ; 22

4 bbbb VDM 
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On the basis of these definitions the flow is classified into three resp. four regimes. For the 
isothermal case the characteristic values for rM were identified by several authors [7], [8], 
[9]. In Figure 3-1 the regimes for different types of jets are separated and the operating range 
of the FSI test facility is marked with a grey box. 

Figure 3-1: Flow map for an isothermal T-junction configuration and operational range of 
the FSI test facility 

3.2 Application of the Particle Image Velocimetry 

For the validation of computational fluid dynamics (CFD) models it is essential to collect 
information regarding the boundary conditions. The mass flow rates and local temperatures 
are measured conventionally. For the determination of fluid velocity distributions laser-optical 
methods are used. In experimental fluid-mechanics imaging of particles distributed in the flow 
is a common method to investigate fluid velocities. A widely applied standard technique is the 
Particle Image Velocimetry (PIV) technique. For the classical two-components planar PIV 
(2C-PIV) an optical access with two perpendicular windows is needed. A laser light sheet is 
orientated through one window parallel to the pipe axis. A special PIV-camera is installed 
perpendicular to the light sheet and zooms on seeding particles in the flow illuminated within 
the light sheet. Comparing a time-series of images makes it possible to detect the movement 
of particle ensembles in the time intervals between the images. 

The application of PIV is only possible for a maximum temperature difference of about 30 K 
in the flow. Due to this reason the PIV technique is only used to determine the velocity 
profiles in the inlets of the T-junction. In Figure 3-2 the mean axial velocity profiles y for 4 

different mass flow rates and unheated conditions are plotted over the height of the radius of 
the side branch R .normalised by its inner diameter bD (axial position was by Dl 5.8 upstream 

of the T-junction). For all mass flow rates there is considerable asymmetric, non-turbulent 
velocity profile. The maximum velocity is shifted towards the bottom of the pipe. Its radial 
position depends on the mass flow rate. 
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Figure 3-2: Mean axial velocity profiles in the side branch inlet of the T-junction for 4 mass 
flow rates and unheated conditions (axial position 5.8by Dl ) 

The observed profiles are independent from the mass flow rate of the main branch, yet 
are changing if temperature of the main branch water is considerably higher than the side 
branch water. 

3.3 Characterisation of the flow 

The thermocouple equipped T-junction and the thermocouple module of the FSI test facility is 
used to investigate the buoyancy driven thermal mixing. The determined T-junction’s mean 
temperature distribution enables the distinction of flow regimes. In Figure 3-3 a selection of 
these flow configurations is shown. In dependence of the mass flow rate ratio of the main 
and branch line and the temperature differences of the mixing flows an ingress of hot fluid 
into the cold leg of the T-junction (Figure 3-3 a) , b), d)) or an stratified inflow of cold fluid 
upstream into the hot leg of the T-junction (Figure 3-3 c)) can be observed. In addition  

 

 

 

 

 

 

 

 

 

Figure 3-3: Flow regimes in the T-junction for different temperature differences and mass 
flow rates 
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Exemplary temperatures timelines of the T-junction wall (inner pipe surface offset 1.8 resp 
1.5 mm) for experiments performed at quasi-stationary mixing state (temperatures and mass 
flow rates of cold and hot inflows are constant, test 4 Table 2-1) and transient mixing state 
(mass flow rate of cold inflow increased from bm =0 kg/s to 0.1 kg/s, test 13 Table 2-1) are 
presented in Figure 3-4 resp. Figure 3-5. For the quasi-stationary condition a thermal 
stratification of the flows is probable due to the measured temperature curves. Because the 
temperature data are taken with a distance of 1.8 mm from the inner pipe surface, possible 
fluctuations could already attenuate over that distance. Therefore, fluid flow temperature 

measurements 2 mm away from the pipe wall at the axial position x/Dm=6 were carried out 
which yielded only negligible temperature fluctuations in the flow and thus supports the 
assumption of flow stratification. A part of the branch pipe flow seems to flow in upstream 
direction at the bottom of the main pipe. The control data of the last heating circuit could 
confirm this phenomenon as it needed more heating power to hold the temperature than all 
the other control circuits. The upstream distance from the axis intersection of the T-junction 
to the end of the last heating circuit is approximately 1.5 m. 

Figure 3-4: T-junction wall temperatures during quasi-steady state experiment (m=240 
°C, b=20 °C, mm =0.4 kg/s, bm =0.1 kg/s) at different radial positions and 
axial positions from axis intersection (x/Dm=1.6 resp. x/Dm=-1.6) 

For the transient condition the mass flow rate of the branch pipe needs approximately 100 s 
to reach the requested value of bm =0.1 kg/s (Figure 3-5). This is caused by the control 
settings of corresponding valve. Downstream the 9h-position is even more affected by the 
cooling than the 6h-position on the very downside. This effect is discernible because the 
temperature at 9h decreases a little steeper than the temperature at 6h. It seems that the 
cold branch pipe flow reaches the opposite part of the main pipe wall first. A second 
possibility could be a slight direction change of the cold flow when it already streams in the 
main pipe after it is turned round by the main pipe flow. 

m

b
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Figure 3-5: T-junction wall temperatures during transient experiment (m=250 °C, b=20 
°C, mm =0.4 kg/s, bm =0 kg/s to 0.1 kg/s) at different radial positions and axial 
positions from axis intersection (x/Dm=1 resp. x/-1 Dm=-1) 

The thermocouple module can be placed upstream and downstream of the T-junction for the 
investigation of the inlet temperature distribution resp. the thermal mixing. As an example 
system parameters for two cases are summarised in Table 3-1. 

Table 3-1: System settings and fluid parameters for two heated experiments 

 Case 1 Case 2 

Branch line  

(ID 39.3 mm) 

20b C   

6.1001b ³/mkg  

1.0bM skg /  

359bV hl /  

3244Re 
bD

 

20b C   

6.1001b ³/mkg  

1.0bM skg /  

359bV hl /  

3244Re 
bD

 

Main line  

(ID 71.8 mm) 

150m C   

921m ³/mkg  

4.0mM skg /  

1564mV hl /  

38502Re 
mD

 

200m C   

1.869m ³/mkg  

4.0mM skg /  

1657mV hl /  

52237Re 
mD

 

Relative 

density difference  
%76.8



main

mainbranch




%24.15


main

mainbranch




 

 

m

b 

mm

bm
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Both cases involve a cold water injection into the hot main line. For case 1, a main line 
water temperature of 150 °C was selected, while for case 2 it was increased to 200 °C. 
The resulting temperature gradients of 130 K and 180 K respectively cause density 
differences which influence the flow field due to buoyancy. In Figure 3-6 the contour plots 
of the temperature readings recorded with the thermocouple module are shown. The axial 
position is plotted on the abscissa and the circumferential position  on the ordinate. Here 
zero corresponds to the 6h-position and +/- 180° to the 12h-position. 

Figure 3-6: Contour plots of the temperature distribution downstream of the T-junction for 
m=150 °C and 200 °C (130 K, 180 K) 

In both cases the flow is clearly stratified. The cold fluid settles on the bottom of the pipe 
while the hot water flows above it. This configuration is stable and leads to a substantially 
reduced mixing. In case 1 the minimum and maximum temperatures detected by the 16 TCs 
in the fluid were about 65 °C respectively 130 °C. This corresponds to a maximum 
temperature difference of 65 K, resp. 50% of the inlet temperature difference. The same 
consideration delivers a value of 65% for the second case. Higher density differences cause 
longer mixing lengths which is a safety relevant issue, because longer piping segments are 
affected by strongly inhomogeneous temperature distributions. 

The orientation of the cold flow on the bottom of the pipe is another aspect of this flow field. 
While in the first case the coldest fluid portions change their angular alignment as function of 
the axial position, the flow seems to be perfectly aligned in direction of the pipe axis in the 
second case. The described phenomenon is associated with the meander like structure 
identified in other experiments for example in [10], [11]. 

4 Development of the Near-Wall LED-induced Fluorescence technique 

The shear layer between the hot and cold fluid flow is of fundamental importance as it is the 
zone with high temperature fluctuation intensities. Thin thermocouples can capture fast 
temperature fluctuations in the flow only for specific points in the flow field. The lack of 
spatially resolved temperature information lead to the development of the Near-Wall LED-
induced Fluorescence Technique (NWLED-IF) [12]. 

Basis for optical investigation of thermo-hydraulic problems are often fluorescent dyes which 
are dissolved in the liquid. Typically laser light is used to stimulate fluorescence light 
emission. The emission of a dye strongly depends on the excitation intensity, the 
concentration and for specific dyes from the temperature. With a known excitation it is 
possible to measure the local dye concentration or temperature distribution in the observed 
layer. Known laser based techniques are distorted by refractive index changes, hence flows 
with larger temperature differences cannot be investigated 
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Figure 4-1: Schematic experimental set-up for the Near-Wall LED-induced Fluorescence-
Technique 

In Figure 4-1 the schematic set-up for the NWLED-IF technique is shown. At the position of 
interest an optical access is needed. Instead of a laser light source a bright light emitting 
diode LED array is applied and aligned with the optical axis of the camera illuminating the 
pipe from one side. The dye concentration in the fluid is selected so high that all light is 
absorbed within a thin fluid layer. The length in which 95 % of the light is absorbed is defined 
as penetration length. With penetration lengths of about 1 mm, any refraction effect in the 
mixing zone can be neglected because the path lengths of the light rays are short. The 
camera detects the emitting light intensity from the illuminated thin dye layer which is 
associated with a temperature, a density, or a mixing scalar. Which of these quantities is 
determined depends upon the use of the dyes. If one dye is homogeneously distributed in 
the fluid the local temperature or density distribution can be measured. For the determination 
of a mixing scalar, two different dyes are used and injected separately.  

Several test rigs were built up to develop and evaluate the method. The test series included 
experiments at a cold T-junction facility which has geometrical and hydro-dynamical 
boundary conditions similar to the FSI test facility. By means of added sugar in one fluid flow 
it is possible to alter the density of the fluids without heating and therefore to simulate 
associated temperature differences (corresponding change of fluid viscosity is not regarded). 
In Table 4-1 the parameters of a representative experiment [13] are shown. 

Table 4-1: System settings and fluid parameters for a cold experiment applying aqueous 
sugar solution 

Branch line (ID 35.5 mm) 20 °C, 1500 l/h, Reb = 9576, 1065)38.16( brixsugarwater ³/mkg  

Main line (ID 71 mm) 20 °C, 3000 l/h, Rem = 14894, 2.998.,20  pressurestdCwater ³/mkg  

Combined line 20 °C, 4524 l/h, Re = 20066, 1015,20  mixtureCwater ³/mkg  

Density difference  
pressurestdCwater

pressurestdCwaterbrixsugarwater

.,20

.,20)38.16(



 




= 6.69 % 

Associated temperature 
difference 

106 K 

Measurement position x/Dm = 5 downstream of T-junction 

Penetration depth 1 mm 

Observation region  36 x 47 mm² 

Frame rate 15 fps 
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The selected density difference in this experiment can be associated with an equivalent 
temperature difference of 106 K. The NWLED-IF technique was used to investigate the fluid 
mixing 5 Dm downstream of the T-junction. In Figure 4-2 the experimental results are 
presented. On the left hand side the mean scalar flux distribution is shown. The same 
stratified flow condition as in the FSI test facility is observed. The thermal interphase (mixing 
scalar 0.5) is spatially resolved with sub-millimetre resolution. The right sight of the figure 
presents a snapshot of the deviation from the local mean. In this region the wall is in contact 
with portion of water from the main and branch line. Concerning fluctuation intensities the 
comparison with the thermocouple data presented in Figure 3-6 reveals a striking lack of 
information in the case of thermocouple measurements. Although the data-sets feature an 
evident similarity the TC data provides only a qualitative view of the global temperature 
distribution. With 16 thermocouples protruding into the flow, it is not possible to determine the 
location with the highest fluctuation intensities. The image-based NWLED-IF technique 
provides a much more detailed view of the shear layer. According to the available data the 
local temperature RMS-values can easily be underestimated if the thermocouples are not 
positioned correctly. A position change of 10 mm can cause a change of the determined 
RMS-value by a factor of 2 to 3. 

Figure 4-2: Mixing scalar from measured fluorescence light distributions at downstream 
position x/Dm=5 (left: snapshot, right: deviation from local mean), imaging 
dimensions (3647 mm2) 

5 Numerical Simulations 

5.1 Thermo-Fluid Dynamics – CFD simulations by IKE 

The applied numerics of thermo-fluid dynamic calculations of thermal mixing flows are based 
on large-eddy simulation (LES) which solves large scale turbulence directly, and therefore no 
special turbulence model is required. The main advantages of LES are that the general 
turbulence structure of thermal mixing flows can be mapped with an adequate approximation 
and small scale turbulence below the grid filter width has not be resolved because it is 
assumed to be nearly isotropic, and therefore simple algebraic functions, e. g. for the mixing 
length, can be used. Furthermore, in context of structural mechanics analysis of thermal 
fatigue the heat transfer interaction between the thermal mixing flow and the solid is of 
essential importance and hence has to be especially regarded in thermo-fluid dynamics 
simulations. This requirement is guaranteed in present LES by applying conjugate heat 
transfer with coupled boundary condition for the fluid-solid interface which assures continuity 
of the temperature field and the normal temperature gradient serving as input values for the 

47 mm 
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solid mechanics FEM simulations (see section 5.2). The description of the LES simulation 
details, i. e. physical models, numerical grid and numerical methods is outlined in [11]. 

As a representative simulation result in Figure 5-2 longitudinal views of temperature 
distribution (instantaneous, mean and RMS values) are depicted. The temperatures are 
presented in a normalised form defined as follows: 

 
coldhot

cold








  ,   
N

N

1i

*
i

**
mean





  ,    2***
rms    . 

The temperature difference and pressure are set to 100 K and 75 bar respectively and the 
parameters for this simulation are listed in Table 5-1. The computational domain ranges from 
3 diameters upstream, in both branch and main pipe, to 20 diameters downstream of the 
main pipe. The inlet flow is considered to be fully developed turbulent pipe flow. The 
intersection of the T-junction is modelled as sharp edges. The simulation grid contains ca. 5 
million cells for both fluid and solid region. The wall region contains 30 cells for the wall 
thickness with geometrically growing cell sizes towards the outer wall surface. ANSYS 
FLUENT 12.1 was used as CFD-software. 

Table 5-1: Geometry and flow parameters for LES 

Pipe 
(stream wise flow direction) 

 
Main line 

(x-direction) 
 

Branch line 
(y-direction) 

Inner pipe diameter  / m Dm 0.0718 Db 0.0389 

Wall thickness  / m bm 8.55·10-3 bb 4.7·10-3 

Temperature  / °C m 120 b 20 

Massflow rate  / kg/s mm  0.4 bm  0.1 

Reynolds number  / - Rem 30300 Reb 3300 

Prandtl number  / - Prm 1.44 Prb 6.94 

 

Figure 5-1, Figure 5-2 and Figure 5-3 show the general characteristics of the T-junction flow. 
The flow can be described as mixed convection flow with a strong stratification of the flow. 
Cold fluid from the branch pipe shoots down very quickly. The lateral momentum of the cold 
flow results in a sloshing movement as the fluid flows downstream (Figure 5-1 and Figure 
5-2). The stratification is very stable and the sloshing character of the temperature isosurface 
is maintained until x/20Dm downstream. The characteristic length between the local maxima 
of the stratification surface lies in between 5.5 - 5.8 diameter. The larges fluctuations occur 
directly at the intersection of the main and branch pipe and at the bottom of the T-junction 
(Figure 5-3). Due to buoyancy forces the hot fluid enters partly in the upper region of the 
branch pipe where large fluctuations can be found. The general flow pattern is steady in time, 
as demonstrated by the instantaneous temperature field at an arbitrary time step in Figure 
5-1(right). 
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Figure 5-1: Isosurfaces of the mean (left) and instantaneous (right) values of *=0.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2: Contours of instantaneous (top), mean (middle) and RMS (bottom) values of 

* in the xy-plane 

 

 

 

 

 

 

 

 

 

 

Figure 5-3: Contours of instantaneous (top), mean (middle) and RMS values (bottom) of 
T* in the xz-plane 
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Preliminary experimental studies were performed in [12] applying the optical measurement 
NWLED-IF technique and using sugar concentration to emulate density differences which 
can be associated to temperature differences of 110 °C. To demonstrate the resolution of 
thermal turbulent structures in the near wall region (1 mm wall distance) Figure 5-4 shows at 
axial position x/Dm=5 downstream and = 90 ° (9h-position, see Figure 3-4) the measured 
local mixing scalar of the sugar concentration (left) compared to the computed temperature 
deviation to the mean temperature (right). The numerical grid is projected on both the 
experimental and the computational pattern. The equivalent temperature deviation based on 
sugar concentration is of similar order in comparison with the computed case (simulation with 
adiabatic boundary condition). This is interpreted as an indication for a sufficient grid 
resolution to resolve structures of the thermal field in the near wall region. However, it should 
be pointed out that this is in a first verification step and therefore only a qualitative 
comparison of the shapes and sizes of the structures. 

Figure 5-4: Instantaneous deviation from local mixing scalar mean measured by NWLED-
IF (left) and mean temperature field calculated by LES (right) at 1 mm distance 
from inner pipe wall 

5.2 Structural Mechanics - FEM simulations by MPA 

For simulations of structural mechanics the finite element analysis software environment 
ABAQUS 6.11 is used. The finite element model consists of the piping of the experimental 
set-up (Figure 5-5). The mixing area is the part of the set-up with the T-branch and the 
exchangeable modules. This part is modelled more accurate i.e. with more elements. The T-
branch is the component with the finest mesh grid within the whole model because the focus 
of the research lies on this part. The supports of the set-up are also included in the numerical 
model. A contact formulation including friction with a coefficient of 0.1 secures the connection 
between the pipe and the support. The whole piping and the supports are modelled to get 
most notably the thermal and mechanical boundary conditions which have an effect on the 
mixing area and especially on the T-branch. 
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Figure 5-5: Finite element model of the experimental set-up 

The thermal boundary conditions are 

 the 9 heating control circuits being realised as 9 temperatures on the outer pipe 
surface (each control circuit covers a pipe length of approximately 2.5 m), 

 the temperature of the cooling water of 20 °C in the branch pipe, and 
 the mixed temperature of 238 °C from the circulation pump to the beginning of the 

first heating control circuit. 

The mechanical boundary conditions are 

 the positions of the two pumps which are completely fixed, 
 the supports also completely fixed, and 
 the deadweight of the piping and the inner pressure of 75 bar. 

The temperature fields at the inner pipe wall due to the turbulent mixing are calculated by 
fully coupled CFD simulations. Fully coupled means that the pipe structure are also modelled 
in CFD simulations and the boundary cells representing the transition from the fluid to the 
wall are so small that only heat conduction takes place inside the cells. Therefore, no heat 
transfer coefficient has to be defined, but if needed it can be specified on the basis of the 
simulation data. 

Figure 5-6: Concept of temperature data transfer to realize the fluid-structure interaction 

For the structural simulation only the temperatures on the inner pipe surface along the whole 
length of the CFD simulation model are taken [14]. These temperature data are transferred to 
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the inner pipe wall of the structural model (Figure 5-6). The mesh of the CFD model is much 
finer than the model of the structural simulation. The latter does not need mesh accurateness 
as it is required for fluid simulation. A mesh study was carried out to find the optimum mesh 
of the structural simulation model. Two simple pipe models are used for this study: a very 
fine shell model and a coarser volume mesh. The diameter of the shell model correspond to 
the inner diameter of the volume model. For this study the detailed mesh of the shell model 
remained unchanged. The object of interest is the volume model to get a sufficiently accurate 
structural simulation model. The objectives of the study are the mesh accurateness 
concerning the temperature and stress (strain) distribution as well as the right numerical 
contact formulation which secures a correct temperature field transfer from the shell to the 
volume model. If the temperature distribution on the shell surface and on the inner surface of 
the volume model is nearly the same, the correct contact formulation is found and the mesh 
is sufficient for the temperature distribution. Subsequently the mesh is refined until the stress 
state do not change anymore compared to the mesh used before. 

The modelled material is the stainless austenitic steel X6CrNiMoTi17-12-2 which is 
characterised by a wide range of plasticity [15]. The thermal and elastic material properties 
are taken from the German guidelines KTA [6] and are temperature dependent. For the 
plastic properties the in-house Ramberg-Osgood-curves for temperatures 20 °C and 270 °C 
are used, values inbetween these two temperatures are linearly interpolated by the finite 
element program. Two quasi-stationary conditions given in Table 5-2 were simulated. 

Table 5-2: Parameters of structural simulations conducted so far applying set-up 
geometry and fully coupled fluid-structure interaction 

Simulation 
m
  / °C 

b
  / °C mm   / kg/s bm   / kg/s p  / bar 

1 280 20 0.4 0.1 75 

2 120 20 0.4 0.1 75 

 

For both simulation cases the thermal input data from CFD calculations indicate that the 
turbulent flow mixing leads to a stable stratification of the mixed fluid. Temperature 
fluctuations are low and strongly attenuated after the heat transfer to the pipe wall. As a 
consequence bending of the main pipe takes place which was identified by the structural 
simulation. The T-branch removes from its support. The material stresses and strains are 

higher for the higher main flow temperature m=280 °C but never exceed the elastic limit. 

But there is also a main difference between the CFD results of the two simulation cases with 
consequences on the structural simulation. At the higher main flow temperature a portion of 
the cold fluid flows upstream into the main pipe. Thus, a thermal stratification in both 
directions down- and upstream the T-junction establishes. This phenomenon displaces the 
vertex of the bending in the upstream direction. 
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Figure 5-7: Tangential temperature distribu-
tion at inner pipe wall at position 
1 x/Dm=1 downstream for simu-
lation 1 

Figure 5-8:  Axial stress distribution at inner 
pipe wall at position x/Dm=1 
downstream for simulation 1 

For the simulation case 1 the temperature distribution around the inner circumference at axial 
downstream distance x/Dm=1 from the axis intersection of the T-junction is nearly symmetric 

to the vertical axis (Figure 5-7). Even the distribution of the axial stress ax is nearly 
symmetric to this axis (Figure 5-8). For comparison Figure 5-8 shows two axial stress curves, 
one curve for thermal loading only and the other one for all loadings, namely with thermal 
loading in combination with inner pressure and deadweight. As can be seen no strong stress 
differences exist. 

Figure 5-9: Vertical displacement (scaling factor 10) for simulation case 1 (m=280 °C) 

Figure 5-10: Vertical displacement (scaling factor 10) for simulation case 2 (m=120 °C) 

The thermal stratification of the flow induces a bending of the piping in the area of the fluid 
mixing zone. The vertex of the bending is for simulation case 1 nearly coincident with the T-
junction’s axis intersection (Figure 5-9). For the simulation case 2 the vertex of the bending 
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lies downstream approximately at position x/Dm=9.7, and the bending is decreased 
compared to case 1 to due to lower temperatures (Figure 5-10). The reason for the vertex 
shift is the lack of thermal stratification in the upstream direction of the main pipe. In case 1 
down- and upstream stratification exists, and therefore the vertex coincides nearly with the 
axis intersection of the T-junction. 

5.3 Comparison of experiments and simulation 

Both, experiment data and simulation results reveal remarkable thermal flow stratification 
phenomena. Immediately behind the mixing zone stable flow stratification takes place. The 
thermo-fluid dynamics simulations also presume the back-flow effect of the branch flow for 

main pipe flow temperatures m>150 °C. 

The thermal flow stratification results in bending of the piping which is visible and can be 
qualitatively confirmed in experiments. Bending is the normal reaction to thermal 
stratification, because the thermal expansion factor depends on temperature, and therefore 
the axial deformation varies vertically [16]. In order to verify the presented structural 
simulation results still quantitative strain and deformation measurements have to be 
performed by means of additional experiments. 

6 Summary and conclusion 

In the framework of an ongoing joint research project of MPA and IKE as a part of the BMBF 
network research project “Thermal Fatigue - Basics of the system-, outflow- and material-
characteristics of piping under thermal fatigue” experimental and numerical investigations 
(thermo-fluid dynamics and structural mechanics simulations) about the thermal mixing of 
single-phase liquid flows in a T-junction / piping configuration have been carried out. 
Therefore, the fluid-structure interactions test facility FSI (closed flow loop) for thermal fatigue 
investigations of thermal mixing of water in a T-junction was successfully implemented. The 
special features of the test facility are that the design is oriented on typical geometrical 
dimensions and thermo-hydraulic operating condition of nuclear power plants (main / branch 
line piping diameters DN80 / DN40, maximum pressure 75 bar, maximum temperature 280 
°C. 

Adequate thermocouple instrumentation of the FSI test facility was installed especially for 
acquisition of temperature fluctuations inside the T-junction wall as well as piping wall due to 
the fluid-structure interactions in the thermal flow mixing region. Furthermore, for flow velocity 
and flow temperature measurements two non-intrusive optical measurement techniques, the 
Particle Image Velocimetry (PIV) and the Near-Wall LED-induced Fluorescence (NWLED-IF) 
were applied. The NWLED-IF is a novel method, developed and qualified in the framework of 
the project, which allows to get qualitative and quantitative 2D temperature information from 
the flow field in the fluid mixing region close to the pipe wall structure.  

Experimental test campaigns were performed at 2 operational modes of the FSI Test facility, 
quasi-stationary experiments with different constant flow temperatures of the main line and 
different constant mass flow rates in the T-junction inlets (main and branch line), and 
transient experiments where the mass flow rate of the branch line was continuously varied 
from zero to nominal value at different constant flow temperatures and flow rates in the main 
line. Depending on the thermo-hydraulic inlet flow conditions of the T-junction as a rule a 
more and less strong and stable flow stratification of the hot and cold fluid could be observed 
in the mixing region downstream the T-junction. Additionally for some investigation cases an 
upstream flow of the cold liquid into the main line or vice versa from hot liquid into the T-
junction’s branch line has been found. 

The computational fluid dynamics (CFD) simulation results show that the thermo-fluid 
dynamical modelling of a T-junction mixing flow with the large-eddy simulation (LES) 
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including conjugate heat transfer is feasible and suitable to describe adequately the thermal 
fluctuation phenomena of mixing flows and the fluid-structure interactions. The general 
findings of the experiments could be confirmed e. g. the overall flow pattern with strong and 
steady in time flow stratifications in down- and upstream direction of the T-junction’s main 
line and the inflow of hot fluid into the branch line. The downstream stratification is 
characterised by swash like movement and temperature movement induced by lateral 
momentum of the cold flow. The shape and structure of the calculated temperature 
fluctuations close to the pipe wall look very similar to the experimental results of NWLED-IF 
measurements of mixing flows with simulated density differences and indicate a significant 
net heat flux into water (cold region) and into the pipe wall (hot region) due to lateral heat 
conduction in the wall material. Therefore, LES results with conjugate heat transfer are very 
helpful as input data for thermal fatigue analyses in structural mechanics studies. 

The structural mechanics FEM simulations were carried out fully coupled with calculated 
temperature fields from CFD turbulent mixing analyses as input. The whole flow loop was 
modelled whereas the focus of interest was on an adequate numerical discretisation of the T-
junction part, and two quasi-stationary cases with different constant main line fluid 
temperature (280 °C and 120 °C, branch line 20 °C) but same constant mass flow rates in 
the main resp. branch line at maximum system pressure of 75 bar were considered. In both 
simulations the strong thermal flow stratification induces low and strongly attenuated 
temperature fluctuations after heat transfer to the pipe wall resulting in a significant bending 
of the main line in vertical upwards direction which is of course for the higher temperature 
case larger but without exceeding the elastic material limit. However, the vertex of the 
bending shifted in axial direction of the main pipe due to the different material stresses and 
strains at varying temperatures. 

Summarising and concluding from so far achieved investigation results it can be pointed out 
that the FSI test facility provides experimental data which are very useful in LES and FEM 
modelling of fluid-structure interactions and for validation of corresponding simulations in 
thermal fatigue studies. Presented first LES and coupled FEM simulation results of transient 
thermal fluid mixing in a T-junction are very promising and may serve for a better 
understanding of the thermal fatigue mechanisms related to flow stratification effects with 
unsteady heat transfer phenomena. 
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