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ABSTRACT 
The flow and temperature fields out of a combustion chamber are characterized by high 

variations, spatially and temporarily. This also results in high turbulence generation. The 
downstream turbine stage is subject to swirling hot spots and therefore to gradients that have 
to be taken into account in the design and sizing of the turbine components. In addition, these 
spots are transported further downstream through the turbine and interact with secondary 
turbine flows. This paper presents comparisons between numerical calculations and 
measurements carried out in a cold combustor simulator – a turbine rig representative for 
engine OTDF and RTDF. The traverse measurements recorded after each airfoil row are 
compared with CFD calculations of a full turbine model including ID disc cavities. Simulating 
simultaneously the cold combustor and the turbine allows taking these temporal variations into 
account. The configuration has been computed using conventional RANS-URANS methods as 
well as Scale-Adaptative Simulation (SAS) for turbulence modeling, and shows that this 
advanced model improved the hot/cold mixing significantly. 
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NOMENCLATURE 
CFD Computational Fluid Dynamics 
ID  Inner Diameter 
LES Large Eddy Simulation 
OTDF Overall Temperature Distribution Factor 
RANS Reynolds Averaged Navier-Stokes  
Re  Reynolds Number 
RTDF Radial Temperature Distribution Factor 
SAS Scale Adaptive Simulation 
SST Shear Stress Transport 
Tratio Local to plane averaged Temperature ratio 

INTRODUCTION 
In the last decade, lean burn combustion chambers appear to be the most promising design for 

low NOx aero-engines. This type of design, characterized by a compact geometry leads to high 
interactions with the high pressure turbine. In general, combustion chambers produces  non-uniform 
inlet temperature profile for the high pressure turbine. At the turbine inlet, the flow is characterized 
by spatial non-uniformity of temperature, pressure and turbulence, by non-negligible swirl and high 
temporal flow and temperature fluctuations as enlighten by the TATEF2 project results (Chana et al., 
2009). This temperature distortion affects the rotor flow field resulting in a segregation of hot and 
cold gas and the increase in the temperature gradients (Butler et al., 1989). This influences the high 
pressure turbine design and lends the combustion chamber / high pressure turbine interactions a major 
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role in the turbine design. Qureshi et al. (2013) shows that the aerodynamic behavior is influenced by 
the combustor swirling flow and affects the performance of the high pressure turbine. Further 
investigation on the OTRF (Oxford Turbine Research Facility) demonstrate that the combustor 
induced instabilities (swirl, hot streak) are transported through the high pressure turbine and affects 
downstream components (Johansson et al., 2016).  That is why the FACTOR project has decided to 
develop a full rig including combustor simulator and high pressure turbine to focus on the combustor 
/ turbine interaction, including transport of instabilities, swirl and hot streaks, placed at DLR in 
Göttingen (Battisti et al., 2012). To design the combustor simulator, a separate test section has been 
developed at the University of Florence (Koupper et al., 2014) and has been numerically simulated 
extensively (Andreini et al., 2015 and 2016). At the University of Florence and DLR Göttingen, 
measurements have been carried out in a combustor simulator representing typical outlet profiles of 
modern low NOx combustion chambers, but operating without combustion to enable precise 
measurements (PIV, 5 holes probes). 

Additionally, numerical investigations of the combustor simulator with LES turbulence modeling 
have shown a very good agreement with measurements and are able to reproduce the flow field on 
such a combustor (Duchaine et al. 2017). Hilgert et al. (2017) performed an extensive study of 
turbulence model on the LSTR (Large Scale Turbine Rig) at TU Darmstadt and show that the use of 
the Scale Adaptative Simulation (SAS) enables to improve the prediction of the complex unsteady 
flow structures produced by the swirler. 

Consequently, all these effects separately considered have shown influences on the temperature 
migration through the turbine. In this paper, we propose to evaluate them (combustor-turbine 
interaction, Advanced turbulence modeling, Secondary air flow) all together, and to quantify the 
global improvement to the temperature predictions in the turbine.  

The present work numerically investigates the effect of the turbine inlet boundary conditions on 
the hot spot transport through a high pressure 1.5 turbine stage. Two cases are numerically calculated 
and compared with measurements achieved at DLR Göttingen.  

Case 1 uses the standard procedure by setting the measured profile at the 1.5 turbine stage inlet 
(time averaging of flow, temperature and turbulence). 

In Case 2, the combustor simulator is also modeled and calculated prior to the 1.5 turbine stage. 
This allows taking into account the temporal variation out of the combustion chamber.  For this case 
different turbulence modeling, or a combination of turbulence modeling are reported. 

EXPERIMENTAL CONFIGURATION 
The experimental device consists of a high pressure turbine composed of a row of cooled vanes 

(40 airfoils), a rotor composed of 60 airfoils and a strut (20 airfoils), as described by Battisti et al. 
(2012). Upstream of the turbine, a combustor simulator has been installed to simulate the flow and 
temperature distribution out of a combustor without having the high temperature loading due to real 
combustion. The combustor simulator periodicity covers 18°, meaning two vanes. It is composed of 
a swirler, a chamber and two panels of dilution holes (51900 and 33788 holes for the extern and intern 
wall respectively) enabling the mixing between cold and hot air. The hot air enters the chamber by 
the swirler.  
In the combustion chamber simulator, 66% of the air is injected through the swirler, 34% through the 
many effusion holes. The temperature ratio of the two flow paths is 1.72. This hot/cold flow 
repartition is representative for low NOx combustor design in modern aero engines. The combustor 
simulator design process and description is presented by Koupper et al., 2014. Several measurement 
technics are installed into the rig to record static pressure, temperature on static parts, infrared surface 
temperature and heat transfer, … The measurements used in this paper are recorded by a traverse 
system covering the 18° of the  combustor simulator and placed at each representative station of the 
device, after the combustor, after the vanes and after the rotor. A five hole design with 4 frontal and 
one back pressure hole for quasi static pressure is chosen. In addition the temperature is taken with a 
thermocouple applied on the top of the probe head. The thermocouples are calibrated to reach an 
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uncertainty of 0.25 – 0.48 K in the operating range of 283-530 K (Krumme et al., 2019). A precise 
and extensive description of the device and of the experimental procedure is reported by Krumme et 
al. (2019).  

NUMERICAL CONFIGURATIONS AND SETUP 
The numerical configuration of the CFD model, called Case 1, is composed of the high pressure 

turbine, including the cooled vanes, rotor, strut and the upstream and downstream disc cavities. Case  
1 is representative of the standard process for designing a high pressure turbine. The combustor design 
gives typically the exit profiles that are expected and are used as a constant at the inlet of the turbine. 
The same procedure will be used here. The configuration of Case 2 contains additionally the 
combustor simulator, including the swirler, the cavity and the dilution holes. For both cases, an 18° 
periodic model is used. The combustor – Vane 1 clocking has been chosen to be a passage clocking, 
meaning that the swirler is placed between two vane leading edge. These is identified to less generate 
interaction with secondary air flow, and to give better possibility to investigate the hot spot migration 
in the turbine. 

Numerical Configurations 
Case 1: 
The numerical model of Case 1 starts with 

plane 40 (inlet of vane row) and ends with 
plane 45 (outlet of strut). The boundary 
conditions are imposed at planes 40 and 45, as 
measured with the traverse system. The inlet 
conditions imposed are the total pressure and 
temperature, the velocity components and the 
turbulence in form of a 2D map. The exit 
conditions are a 1D radial profile of static 
pressure. All cooling and purge flow 
conditions are set according to the 
experimental device. All boundary conditions 
are summarized in Table 1. 

In the following figure (Figure 1), the 
measurement planes are reported in red, and 
all components highlighted with a separate 
color. 

 
Figure 1: Numerical domain of case 1  

Case 2: 
The numerical model of Case 2 starts 

directly upstream the combustor simulator (in 
orange in Figure 2) and is coupled with the 
high pressure turbine of case 1 at plane 40. 

Cold and hot flow are imposed as constant 
mass flow at the swirler inlet and cavities 
inlets. The cold flow reaches the combustor 
simulator through the dilution holes (85688 
holes for 360°), and mixes with hot gas 
coming from the swirler. All boundary 
conditions are summarized in table 1.  

Figure 2: Numerical domain of the case 2  
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Table 1: Boundary Conditions 
 Normalized mass flow Normalized Temperature 

Hot Gas Combustor Simulator 0.66 1 
Cold Gas Combustor 

Simulator 0.34 0.58 

Inlet 1.5 Turbine: P40 1 0.86 
Vane cooling 0.076 0.58 

Upstream disc cavity 0.015 0.58 
Downstream disc cavity 0.015 0.58 

 Static Pressure [Pa]  
Outlet 1.5 Turbine: P45 53881.3  

Mesh 
The mesh of each domain has been generated separately using ANSYS ICEM CFD Hexa and 

Tetra/prism (v19.0). The following table (Table 2) gives the details of the number of nodes of each 
type of elements and domain in millions. For all cases, the mesh has been built to have a low-Re near-
wall formulation in the turbine stage and ID disc cavities, being ensured by keeping the y+ value 
below 2. In the combustor simulator, as the flow is not a wall driven flow structure, the wall function 
formulation has been used with y+ values between 30 and 100. No strict mesh study has been carried 
out. However, the turbine meshing follow standard processes that are based on precise mesh definition 
to ensure mesh independency. The same mesh is also used for scale adaptive simulations (SAS), this 
enables to have a precise comparison between the model and to quantify the improvement using 
industrial standard. 

 
Table 2: Mesh details (in million) 

 Combustor 
Simulator 

Cooled 
vanes Blades Upstream 

disc cavity 
Downstream 
disc cavity Strut TOTAL 

Hexahedral - - 7.5 1.3 0.8 2 11.6 
Tetrahedral 28 10 1.6 - - - 39.6 

Prism - 25 2.4 - - - 27.4 
Total Elts 28 25 11.5 1.3 0.8 2 68.6 

Total Nodes 5.5 9.4 9.4 1.3 0.9 2.1 28.6 

Computational methods 
The CFD calculations are performed with ANSYS CFX v19.0. All simulations are unsteady and 

the time step is defined to discretize 100 steps per 6 degrees of rotation of the rotor. In addition to the 
URANS simulations (Case 1 and Case 2a), a calculation has been done by using the SST-SAS model 
in the combustor simulator (Case 2b) combined with the standard URANS-SST in the 1.5 turbine 
stage. The k-w SST turbulence model has been chosen as reference for its capabilities to be well 
adapted for thermal phenomenon, and for its possibility to be extended by the SAS turbulence model. 
A summary is given by the following table (Table 3). 

 
Table 3: Solver setup 

 Case 1 Case 2a Case 2b 

Numerical Domain 1.5 turbine stage 
Combustor Simulator 

+  
1.5turbine stage 

Combustor Simulator  
+  

1.5turbine stage 

Turbulence Model URANS-SST URANS-SST SST-SAS/URANS 
SST 
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The high resolution spatial discretization model is used for the URANS SST turbulence model. 
For the SST-SAS turbulence model, a blend factor blends between central-difference scheme for  LES 
Regions and high resolution for RANS Regions. The second order backward scheme is used for the 
temporal discretization. The rotor stator interface is a pure unsteady interface, using equal pitch of 18 
degree on both sides. 

The results shown in this paper are all time-averaged, after reaching the established regime.  The 
time-averaging for the Case 1 calculation is based on the turbine frequencies and represents 10 blade 
passages (i.e. 60 degree of rotation). For the Case 2 calculations, the combustor simulator induced 
frequencies are much higher (Koupper et al., 2015) and the solution must be averaged over a much 
longer period, in that case 6 ms. (i.e. 277 degree of rotation). In case 1, the established regime has 
been chosen after 20 turbine blade passages. In case 2a, a periodic regime has been observed after 3 
ms. In case 2b, the scale adaption stabilization has been preferred to state the established regime. The 
turbulent viscosity has been monitored and while stabilized, 3 additional ms have been used to define 
the established regime. In both cases the limited number of periods reached by the calculation doesn’t 
enable to perform frequency analysis (FFT).  

 

RESULTS 
Case 1 – 1.5 turbine stage 
The measured distribution of the flow and 

temperature at plane 40 are imposed as a temporal 
constant during the calculation. The following 
temperature profile (Figure 3) represents the 
measured temperature at plane 40 and is set 
without modifications at the Case 1 inlet. This 
distribution is composed of a swirling hot spot 
coming from the main inlet of the combustor 
simulation, out of the swirler. Rotation of the 
swirling flow is negative looking toward the rear. 
At the top and bottom parts of plane 40 cold flow 
areas are visible, coming from the dilution holes. 
The swirling hot gas has an entrainment effect on 
the cold flow as visible in the top part with the cold area moving radially inward at the right hand side 
of the hot spot. 

The hot spot transport through the 
turbine is compared between the 
measured distribution of the 
temperature and the simulated one at 
planes 41 and 42, before and after the 
rotor respectively. Figure 5 shows very 
clearly that the hot/cold mixing process 
is largely underestimated by the 
simulation. At plane 41, two spots are 
visible in the experiments (Figure 5(a)), 
as for the simulation results (Figure 
5(b)). The main hot spot is located on 
the right hand side of the plane 41 and 
the secondary spot, that appears more 
radially stretched in the simulation, is 
located on the left hand side. This second part is due to the amount of hot gas transported along the 
suction side. The colder flow in between comes from the vane cooling air and divides the hot area 

 
Figure 3: Case 1 Inlet boundary conditions 

(Plane 40) 

 
Figure 4: Hot spot transport through vane passage 

colored by Tratio 
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into two different ones. The two hot areas do not join each other before plane 41 (Figure 4).The 
tangential and radial position of the hot spot is well simulated (12°). It means that the swirling hot 
spot is well transported across the vane passage.  

However, the main hot spot reaches 1.08 (T-ratio) instead of 1.04 measured (Figure 5).The same 
observation can be done at the blade exit, P42 (Figure 5(c) and (d)). The spatial distribution and 
position of the spot is well simulated but the magnitude is largely overestimated. 

 

   
(a) P41: Experiment (b) P41: Case 1  

  

 

(c) P42: Experiment (d) P42: Case 1  
Figure 5: Temperature Ratio at Plane 41 and 42 

 
This leads to the conclusion that the standard procedure described before is not 100% well adapted 

to the design of a high pressure turbine taking into account the hot spots. The process can well specify 
the loading areas, and make the designers aware of specific zones that require cooling for example, 
but would lead to an other cooling distribution because of the missing cold/hot mixing process. 

Different reasons can be argued to explain this missing process. One of these is the loss of 
information at the turbine inlet (P40) by setting “steady state” boundary conditions, and thereby 
neglecting the temporal interaction between the combustor and the turbine, as shown by Duchaine et 
al., 2017. For this reason, a second case including the combustor simulator has been developed (Case 
2) and compared with the standard method (Case 1) and experiments. 
 

Case 2 – 1.5 turbine stage with combustor simulator 
Case 2 can be divided into two different setups, Case 2a and 2b. Case 2a is the same setup as Case 

1 but with the combustor simulator upstream of the turbine. Case 2b uses the SST-SAS turbulence 
model in the combustor simulator. The downstream high pressure turbine and the cavities are 
calculated with the standard URANS SST turbulence model. 

Case 2a does not enable to simulate correctly the flow and temperature distribution in the 
combustor simulator (Figure 6(b)). The mixing is largely underestimated and the plane 40 distribution 
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shows high gradient between cold and hot gas. Case 2b shows a quite good agreement at plane 40 
with the measurements (Figure 6(c)), qualitatively and quantitatively (Figure 7). This comparison 
stresses that Case 2a is not well adapted and will not be followed further in the investigations reported 
here. 

   
 

(a) Experiment (b) Case 2a (c) Case 2b  
Figure 6: Tratio at P40 

 
 

  
(a) RTDF (b) OTDF 

Figure 7: OTDF and RTDF at Plane 40 
 

As plane 40 is correctly simulated with Case 2b, it is possible to compare downstream at planes 
41 and 42, and evaluate the advantage of the extended model to the standard Case 1. Plane 41 shows 
a very good agreement with the measurements (Figure 8). At plane 42, meaning the flow downstream 
of the rotor, the hot spot is visible on the right hand side. The position of the simulated temperature 
distribution is well predicted (Figure 8). The quantitative agreement is also very good. At this 
position, almost only one spot is visible. The two hot areas created by the vane passage have merged 
together through the rotor. The hot/cold mixing processes are now very well simulated. This 
phenomenon can only be driven by the fact that the combustor simulator exit distribution is not 
constant  over  time. The generated pulsations and flow oscillations increase the mixing process. As 
shown by Figure 9, the temperature at plane 40 is largely varying with time. The primary hot streak, 
coming out from the swirler, rotates around its center following the swirl. A quasi-periodic 
phenomenon of 2ms can be observed. 
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(a) P41: Experiment (b) P41: Case 2b  

  

 

(c) P42: Experiment (d) P42: Case 2b  
Figure 8: T-ratio at plane 41 and 42 

 
 
 

    

 
t = 0.027 s t = 0.028 s t = 0.029 s t = 0.030 s 

Figure 9: T-ratio at P40 for 4 different times 
 
A more precise analysis of the quantitative agreement by comparing RTDF and OTDF that are 

commonly used for the design of turbines confirms the very good agreement between Case 2b and 
the measurements (Figure 10). The radial position of the minima-maxima as well as the level of the 
maximum are both well predicted. The comparison shows that for an OTDF of nearly 10% at the 
turbine inlet, 5% still exists at the vane outlet and only 2.5% after the rotor. This phenomenon is 
driven on the one hand by the swirling flow, but on the other hand by the low frequency pulsating 
flow from the combustor simulator. A precise investigation of the generated and transported 
frequencies would require a FFT analysis. The calculation used here did not reached long enough 
time statistically enable this. 

Quantitative advantages of the advanced method 
A comparison with Case 1 quantifies the possible reduction of maximal temperature loading by 

designing with a combined model instead of using a constant high pressure turbine profile. In our 
case  the reduction of RTDF reaches 3% and 5% for the OTDF at planes 41 and 42 (Figure 10). 
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Considering the design of a high pressure turbine with a typical turbine entry temperature of 1400 K, 
this reduction corresponds to 42 K for maximum averaged temperature and 70 K for the maximum 
temperature (hot spot), clearly not negligible. 

 

  
(a) P41: RTDF (b) P41: OTDF 

  
(c) P42: RTDF (d) P42: OTDF 

Figure 10: RTDF and ODTF at Plane 41 
 

CONCLUSION 
The investigations reported here show the limitations of the standard method of designing the 

turbine by using constant inlet profile and rather than combined combustor–turbine models. The 
difference in mixing processes is quite considerable as the combustors generate pulsating flow with 
high frequencies. Consequently improvement possibilities to design turbines have been enlighten. 
The first one is to take into account the low frequency generated by the combustor (swirling flow, 
hot/cold mixing processes, hot spots). This is possible by combining the combustor and the turbine 
in a single calculation as presented here. Maybe, using a time varying turbine inlet boundary condition  
may enable to capture these effect without increasing so largely the mesh size. Nevertheless, the 
backward interaction may have an effect that has to be quantify. A second main learning is that the 
use of a combined combustor – turbine model required at least scale adaptive simulation to well 
capture the flow structure and temperature mixing in the combustor. These conclusions confirm the 
substantial results of the FACTOR project which aims to demonstrate the high interaction between 
combustors and turbines, and thanks to an instrumented test rig, has given the possibility to quantify 
this and to develop new numerical methods to be able to model the interactions. The calculation time 
consumption of Case 2b in comparison to Case 1 is much larger (factor 10), by considering the 
combustor low frequencies but also capturing the blades-vanes interactions time scales. The next 
numerical challenge is to be able to capture both without being too detrimental for the calculation 
time.  
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