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ABSTRACT 
This paper presents CFD simulations of the transonic flow through the single-stage axial compressor documented in 

the “TUDa-GLR-OpenStage” test case of GLR. Before comparing the CFD results to the experimental data, the results 
were subject to a systematic quality assurance method, including quantification of iteration and discretisation errors. After 
computing the numerical errors, the paper compares simulations and data and discusses the influence of turbulence models 
and uncertainties on the results. 

The simulations were performed with the Simcenter STAR-CCM+ software on a sequence of three homogeneously 
refined polyhedra-prism meshes with a refinement factor of four between the different meshes. The mathematical model 
consisted of the steady-state averaged conservation equations for mass, momentum, and total enthalpy, complemented by 
two-equation eddy-viscosity turbulence models and an eddy-diffusivity model for modelling the turbulent heat fluxes. The 
rotor-stator interaction was modelled with a steady-state mixing plane algorithm. The calculations for the compressor 
speedline used a new boundary condition for an outlet-corrected mass flow rate, which allowed the calculation of a whole 
speedline, from choke to surge, with a single boundary condition type. 

INTRODUCTION 
The “Flightpath 2050” document of the European Commission presented societal, ecological, environmental and tech-

nical objectives for the further development of the aeronautics and air transport industry. One of the technical aspects was 
the thrust-to-weight ratio of jet engines. The components of a jet engine are the compressor, combustion chamber and 
turbine. The compressor is crucial because aerodynamic effects limit the achievable maximum pressure increase per stage. 
This limitation necessitates the use of multiple stages. Consequently, compressors account for up to 50 % of the length and 
weight and a substantial portion of the manufacturing costs of modern jet engines. Therefore, research on efficient 
compressors is critical in developing economically and ecologically optimised engine concepts. 

Over more than a decade, the Institute of Gas Turbines and Aerospace Propulsion (GLR) at Technical University 
Darmstadt has performed experimental and numerical studies on a transonic axial compressor stage, investigating different 
combinations of inlet guide vanes, rotors, and stators, e.g. Biela et al. (2008) and Bakhtiari et al. (2015). Recently, 
Klausmann et al. (2021) of GLR have published experimental data for a transonic compressor stage consisting of a rotor 
with 16 blades (Rotor 1), a stator with 29 blades (Stator 7), and an outlet guide vane with five blades as an open test case 
through the Global Power & Propulsion Society, GPPS (https://gpps.global). 

Jet engine compressors are highly optimised devices using three-dimensional blade designs. It is almost impossible to 
improve such geometrically complex blade components with analytical tools. As experimental investigations are expensive 
and time-consuming, CFD simulations have become an increasingly valuable tool for designing and optimising 
turbomachine compressors. Because of their direct influence on the compressor designs, the results of turbomachinery CFD 

http://www.gpps.global/
https://gpps.global/
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simulations must be accurate and dependable. This paper presents CFD simulations of the GLR compressor test case with 
the Simcenter STAR-CCM+ software. It addresses the need for increased numerical accuracy by applying a formal quality 
assurance procedure to the simulation results before comparing them to the experimental data. 

The subsequent section presents the GLR test case. The following sections describe the simulations’ mathematical 
models and numerical method, followed by a discussion of the results. The section on quality assurance quantifies the 
numerical accuracy and discusses uncertainties of the models, the boundary conditions, and the data. 

GLR TEST CASE 
Figure 1 shows the bladed components of the single-stage axial compressor provided by GLR in the Parasolid format. 

The labels “Rotor 1” and “Stator 7” stand for the blade designs investigated by GLR. Rotor 1 is an MTU Aero Engines 
design initially investigated in 1994. Stator 7 is a CFD-optimised design with reduced flow separation, as described by 
Bakhtiari et al. (2015). 

 
Figure 1: Transonic axial compressor stage components 

 
Rotational and flow forces can deform rotor blades of turbomachines. Therefore, the geometries of the CAD design, the 
“cold” geometries, can be different from the operating, the so-called “hot” geometries. In the present case, MTU Aero 
Engines had already added the deformations caused by rotational forces to the “cold” Rotor 1 geometry (Klausmann, 2022), 
i.e. the rotor geometry provided by GLR was “hot”. Besides the blades, the GLR data included the defining curves for the 
nose cone and the hub and shroud surfaces. The average tip gap for the “hot” conditions was 0.8 mm with a 10 % rise from 
choke to stall. Also, the tip clearance slightly increased along the axial chord length of the blade. The test rig had hub gaps 
between the rotor and the stator and between the stator and the outlet guide vane. As no geometry data was available, the 
simulations neglected the gaps. 

GLR supplied two data sets, one for the nominal operating conditions at 100 % and one at 65 % design speed. The 
simulations in this paper were for the 100 % case with the transonic flow in the rotor at a rotational speed of 20,000 rpm, 
a reduced mass flow rate of 16 kg/s and a relative tip Mach number of about 1.4. 

The data provided by GLR comprised performance numbers like total pressure and temperature ratio, isentropic 
efficiency, and power as a function of the reduced mass flow rate, one-dimensional circumferentially averaged radial 
profiles of the flow variables at two measurements stations, and two-dimensional contours of the flow variables at the stator 
outlet. The circumferentially averaged radial profiles resulted from area-weighted averaging of the two-dimensional field 
data, and the performance numbers resulted from radial averaging of the one-dimensional profiles. 

SIMULATION SETUP 

Geometry Model 
Figure 2 shows the geometry model of the simulations. The inlet plane of the computational domain was at the spinner 

tip. The outlet plane was downstream of the position of the outlet guide vanes. The five outlet guide vanes were not part of 
the geometry model as preparatory simulations showed that their influence on the results at the evaluation plane was 
negligible. The rotor-stator interface was a plane surface of rotation with its hub and shroud endpoints centred between the 
rotor’s trailing edge and the stator’s leading edge. 

Mesh 
The simulations were performed on three homogeneously refined polyhedra-prism meshes with a refinement factor of 

four between the three meshes. Table 1 shows the mesh sizes. The maximum skewness angle, minimum volume change 
and the maximum cell aspect ratio remained constant upon refinement, i.e. the meshes were scalable. 
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Figure 3 shows the mesh density of Mesh 1 and Mesh 3. For all three meshes, the average distance of the near-wall 
nodes was in the viscous sublayer, i.e. below five. The meshing times increased linearly with the number of cells. Following 
Roache (1998), the definition of the effective refinement factor is: 

𝑟𝑟𝑚𝑚 = �𝑁𝑁𝑚𝑚 𝑁𝑁𝑚𝑚−1⁄3  
 

 
Figure 2: Computational domain – meridional view 

 
 Mesh 1 Mesh 2 Mesh 3 
Cell number, 𝑁𝑁𝑚𝑚 1,195,479 4,752,559 19,248,034 
Effective refinement factor, 𝑟𝑟𝑚𝑚 - 1.58 1.59 
Cells in rotor domain 722,896 2,943,316 11,456,709 
Cells in stator domain 472,583 1,809,243 7,791,325 
Area-averaged 𝑦𝑦+ 2.5 1.3 0.7 
Meshing time, min. 4 14 54 

Table 1: Mesh statistics 
 
 

 
Figure 3: Surface mesh: Mesh 1 (left) and Mesh 3 (right) 

 
Figure 4 highlights the mesh topology at the rotor and stator blade surfaces. It illustrates the Mesh 2 resolution of the 

hub fillets, the leading-edge radius, and the mesh structure on the rotor blade tip. 

Mathematical Models 
The authors modelled the flow through the compressor as a statistically steady-state flow of a perfect gas with constant 

specific heat at constant pressure. The mean flow equations were the averaged mass, momentum, and total enthalpy 
equations in the absolute frame of reference for the stator domains and the relative frame of reference for the rotor domains. 
The dependent variables in the relative-frame momentum and energy equations were the relative velocities and the rothalpy. 

Because of problems with early separation and late reattachment in compressor flow predictions with the Shear Stress 
Transport (SST) model of Menter (1994), the present study employed the BSL model of Menter (1994) as the default model 
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and performed comparative simulations with the SST model. The eddy viscosity formula of the SST model was 
complemented by a realisability constraint proposed by Durbin (1996) to prevent excessive values at stagnation regions: 

𝜇𝜇𝑡𝑡 = min �
𝜌𝜌𝜌𝜌

max(𝜔𝜔;𝐹𝐹2𝑆𝑆 𝑎𝑎1⁄ ) ;
𝜌𝜌𝑐𝑐𝑇𝑇𝜌𝜌
√3𝑆𝑆

� 

 
Figure 4: Surface mesh on the rotor and stator blades: Mesh 2 

𝜌𝜌 and 𝜔𝜔 were the turbulent kinetic energy and frequency, respectively, 𝑆𝑆 the modulus of the strain rate, and 𝐹𝐹2 the 
damping function of the SST model. The empirical constants 𝑎𝑎1 and 𝑐𝑐𝑇𝑇 had values of 0.31 and 0.6. The BSL model used 
the same blending functions between the 𝜌𝜌-𝜀𝜀 and the 𝜌𝜌-𝜔𝜔 turbulence models as the SST model but employed the original 
eddy viscosity relationship of the 𝜌𝜌-𝜔𝜔 model, i.e. 𝜇𝜇𝑡𝑡 = 𝜌𝜌 𝜌𝜌 𝜔𝜔⁄ . In addition, the diffusion coefficient of the 𝜌𝜌-equation was 
adjusted from 1.18 in the SST model to 2.0 in the BSL model. 

The turbulent heat fluxes were related to the mean temperature gradients by an eddy diffusivity model with a constant 
turbulent Prandtl number of 0.9. The wall fluxes for the velocities and the enthalpy came from blended wall functions, 
employing linear and logarithmic near-wall velocity and temperature profiles. 

The present simulations used an implicit mixing-plane algorithm to model rotor-stator interaction as a steady-state 
process, using a mesh density-based bin structure with 62, 94 and 146 bins for the three meshes. 

Boundary Conditions 
The GLR data for the total pressure and temperature at the inlet were at a plane upstream of the spinner tip. In the 

present simulations, the measured profiles were shifted in the axial direction to the inlet cross-section of the computational 
domain at the spinner tip. This transformation assumed negligible total pressure and temperature changes between the two 
planes. For the simulations, the measured inlet profiles were transformed to ISA conditions by multiplying the total 
pressures by a factor of 1.028 and setting the total temperatures to 288.15 K. The mass flow rates resulting from the 
calculations were then equal to the reduced mass flow rates. The flow direction at the inlet plane was axial in the absolute 
reference frame. The turbulence intensity at the inlet plane was set to 4 %, and the eddy to molecular viscosity ratio was 
10. The inlet profiles were used for all simulations along the compressor’s speedline, although the experimental data 
showed slight variations for the different mass flow rates. 

For the speedline simulations, the authors employed the outlet-corrected mass flow rate. The outlet-corrected mass 
flow rate is a new boundary condition type in Simcenter STAR-CCM+. It is the recommended outlet boundary condition 
for simulating compressor speedlines, as it can manage the choke and surge ends of a compressor speedline. 

The relationship between the absolute and the outlet-corrected mass flow rate, �̇�𝑚𝑜𝑜𝑜𝑜, is analogous to the definition of 
the reduced mass flow rate: 

�̇�𝑚𝑜𝑜𝑜𝑜 = �̇�𝑚
�𝑇𝑇�𝑡𝑡,𝑜𝑜/𝑇𝑇0

𝑃𝑃�𝑡𝑡,𝑜𝑜/𝑃𝑃0
 

The user input is the outlet-corrected mass flow rate from which the solver calculates the absolute mass flow rate �̇�𝑚 
using mass-averaged values of the total pressure 𝑃𝑃�𝑡𝑡,𝑜𝑜 and temperature 𝑇𝑇�𝑡𝑡,𝑜𝑜 at the outlet. The index “0” above denotes the 
ISA reference conditions. Close to choke, the mass flow rate approaches the compressor’s constant critical mass flow rate, 
and the outlet-corrected mass flow rate acts as a pressure boundary condition. Towards surge, the total pressure ratio and 
the square root of the total temperature become almost constant, and the outlet-corrected mass flow rate acts as a mass flow 
rate boundary condition. 

All walls were modelled as hydraulically smooth, adiabatic and with a no-slip boundary condition in their coordinate 
system. The rotor shroud surfaces were counter-rotating in the relative frame of reference. The boundary surfaces in the 
circumferential direction had 1:1 periodic boundary conditions. 
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Solver Settings 
The simulations were performed with the coupled solver of Simcenter STAR-CCM+ described by Weiss and Smith 

(2013). A bounded “Second-Order Upwind” scheme was employed to discretise the convective fluxes in the model 
transport equations. The variable gradients needed for the Second-Order Upwind scheme and the diffusive fluxes were 
calculated with the Hybrid Green-Gauss (GG) & Least Squares Method (LSQ). The “Automatic CFL Control Method” 
controlled the simulations’ pseudo-time steps. The simulations were performed on a Linux cluster with 36 cores and a 2.30 
GHz clock rate. 

The convergence monitors for the iterative solution were the coefficients of variation (CoV) of the total pressure ratio, 
isentropic efficiency, and mass flow rate. The coefficients of variation are the ratio of the standard deviation 𝜎𝜎(𝑚𝑚) of a 
target quantity over its floating mean value 𝜙𝜙�(𝑚𝑚) for 𝑚𝑚 = 25 pseudo-time steps: 

𝜆𝜆(𝑚𝑚) =
𝜎𝜎(𝑚𝑚)
𝜙𝜙�(𝑚𝑚)

 

The convergence criterion for the design-point simulations was 1 × 10-5, i.e. the change of the target quantities with 
the iterations was below 0.001 %. The r.m.s.-residual norms of the mass, momentum and energy equations and the 
imbalances of the global mass conservation in the solution domain were also monitored but not used as convergence 
criteria. Only results that fulfilled the convergence criteria are presented in the next section. The simulations showed 
excellent scalability from Mesh 1 to Mesh 2, requiring similar iteration numbers for the different operating points of a 
speedline. On Mesh 3, the iteration numbers doubled relative to Mesh 1 and Mesh 2. The average number of iterations for 
all operating points was 268 on Mesh 1, 282 on Mesh 2 and 439 on Mesh 3. 

RESULTS AND DISCUSSION 
It is essential to establish the numerical accuracy of simulation results before judging the performance of the simulation 

method and the implemented models. Numerical errors follow a hierarchy from round-off over iteration to discretisation 
errors.  

The present simulations were conducted in double-precision. Hence, round-off errors were negligible. Iteration errors 
for the total pressure and temperature ratio and the isentropic efficiency were below 0.001 %, as determined by the 
convergence criterion for the CoVs. The next item in the error hierarchy was the quantification of discretisation errors. 
They are defined as the difference between the solution on a given mesh, e.g. Mesh 1, and the solution on an infinitely fine 
mesh. The latter is typically obtained by Richardson extrapolation, see Roache (1998). 

Figure 5 shows the results for the total pressure ratio and the isentropic efficiency for the three meshes as a function 
of the average mesh width, followed by a quadratic extrapolation to zero-mesh width, i.e., to an infinitely fine mesh. The 
total pressure ratio and the isentropic efficiency increased with mesh refinement because diffusive discretisation errors 
decreased for the finer meshes moving the results on the finer meshes further away from the data. The differences between 
the extrapolated and the computed values were proportional to the discretisation error. Table 2 shows the discretisation 
errors in the form of the Grid Convergence Index (GCI) proposed by Roache (1998) for the BSL and SST models. The 
definition of the GCI is: 

𝐺𝐺𝐺𝐺𝐺𝐺𝑚𝑚 =
3

𝑟𝑟𝑚𝑚
𝑝𝑝 − 1

�
𝑓𝑓𝑚𝑚 − 𝑓𝑓𝑚𝑚−1

𝑓𝑓𝑚𝑚
� 

The exponent 𝑝𝑝 is the truncation error order of the discretisation scheme. It was set to 𝑝𝑝 = 1 to obtain a conservative 
error estimate. The symbol 𝑓𝑓𝑚𝑚 represents the computed target quantities on the mesh level 𝑚𝑚. Table 2 shows all GCIs below 
1 % for Mesh 2 and Mesh 3. Therefore, the remaining differences between data and simulations must come from the 
employed mathematical models, systematic differences between the computational model and reality, and uncertainties of 
the experimental data. 

Figure 6 shows the simulation results obtained with the BSL model and the data for the total pressure ratio and the 
isentropic efficiency over the reduced mass flow rate. The simulations on all three meshes were close across the whole 
speedline. They over-predicted the reduced mass flow rates at choke by 1.1 %. The last operating point for which an 
iteratively converged steady-state solution was possible with the BSL model was at a reduced mass flow rate of 14.5 kg/s. 
The diagram for the isentropic efficiencies has two data sets: Data_1 are the efficiency data supplied by GLR. Data_2 have 
been re-calculated from 

𝜂𝜂 =
�̇�𝑚𝑐𝑐𝑃𝑃𝑇𝑇�𝑡𝑡,15�Π(𝛾𝛾−1) 𝛾𝛾⁄ − 1�

𝑁𝑁
 

using the values of the mass flow rates, total temperatures, total pressure ratios and power input of the GLR data set. The 
reasons for the differences are that GLR used humidity-corrected flow properties for the adiabatic coefficient 𝛾𝛾, the specific 
heat at constant pressure, and the density used to calculate the mass flow rate. These property values were not part of the 
GLR data set (Klausmann, 2022). Also, GLR evaluated these quantities and the reference values for the total pressure and 
temperature ratio in the settling chamber of the test rig, whereas the simulations, in the absence of this information, used 
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the values at the measurement plane “15” upstream of the rotor spinner tip. These uncertainties should be considered when 
making quantitative comparisons between simulations and data. 

To check the sensitivity of the results to changes in the turbulence model, the authors repeated the calculations on 
Mesh 2 with the SST turbulence model. Figure 7 compares the two models’ total pressure ratio and isentropic efficiency. 
Both produced qualitatively equivalent results between a reduced mass flow rate of 15.3 kg/s and the choke condition, with 
slightly lower total pressure ratios for the SST model. However, a characteristic of the SST model is separating too early 
and reattaching too late for some compressor flows. This behaviour also occurred for the present test case and did not allow 
converged steady-state results below a reduced mass flow rate of 15.3 kg/s. A further check of the turbulence model 
sensitivity included the streamline curvature and system rotation correction of the SST model proposed by Arolla and 
Durbin (2013) in a calculation at the design point conditions. The results have the label “SST-CC in Figure 7. This model 
enhancement reduced the total pressure ratios further at the design condition. Table 3 shows the relative differences between 
the three models to the data at the best-efficiency design point. 

 
Figure 5: Total pressure ratio and isentropic efficiency for the design point 

 
Model Quantity  Mesh 1 Mesh 2 Mesh 3 Extrap. 

BSL 
Total pressure ratio 

Value, - 1.5272 1.5296 1.5320 1.5352 
GCI, % 0.43 0.27 0.26 - 

Efficiency 
Value, % 88.68 88.88 89.04 89.24 
GCI, % 0.61 0.39 0.30 - 

SST 
Total pressure ratio 

Value, - 1.5098 1.5158 1.5238 1.5351 
GCI, % 1.07 0.68 0.88 - 

Efficiency 
Value, % 88.33 88.62 88.96 89.43 
GCI, % 0.89 0.56 0.64 - 

 
Table 2: Grid Convergence Indices for the target quantities 

 
 

 
Figure 6: Total pressure ratio and isentropic efficiency speedline: BSL model 
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In a final set of calculations with the BSL model, the effect of humidity in the test section was considered by decreasing 
the fluid density by 0.7 %. This change in the fluid properties reduced the total pressure ratio at the best-efficiency point 
from 1.5296 to 1.5121, i.e. by 1.1 %. This change was of the same order as the switch from the BSL to the SST model; it 
provided an additional perspective on the relative accuracy of data and simulation results. 

 
Figure 7: Total pressure ratio and isentropic efficiency speedline – turbulence model influence 
 

Model error, % BSL SST SST-CC 
Total pressure ratio 2.60 1.67 1.32 
Efficiency 2.26 1.96 1.74 
Total temperature ratio 0.35 0.1 0.02 

 
Table 3: Model errors of the integral target quantities 

 
Figure 8 shows circumferentially averaged total pressure and temperature profiles for the design-point conditions at 

the measurement plane downstream of the stator. GLR conducted the measurements with a combined total pressure and 
temperature rake, which carried eleven probes whose outer diameter was 3 mm and whose inner diameter was 2 mm. The 
diagram on the left-hand side of Figure 8 highlights the probe size and provides an impression of the data’s spatial re-
solution. The simulations with the BSL model were on average 3 % above the data for the total pressure ratio. The SST 
model yielded lower total pressures in better agreement with the data. The streamline curvature correction brought data 
and predictions even closer. However, all three models overpredicted the total pressure ratios close to the hub and shroud 
surface. As the numerical errors were minor, c.f. Table 2, the differences between data and predictions in Figure 8 must 
either come from shortcomings of the turbulence model, the steady-stator rotor-stator interaction models or boundary 
condition uncertainties. Possible other reasons include the different resolution of the experiments and the simulations, 
different reference stations (settling chamber in the experiments and Plane 15 in the simulations), geometric uncertainties 
like the exact values of the rotor tip gap width and the rotor blade untwist, and from the measurement system’s generic 
accuracy. The total temperature ratios in Figure 8 agreed better with the data for the SST and SST-CC models. However, 
the better performance of the SST models at design conditions came at the price of a limited mass flow rate range towards 
the surge margin. 

 
Figure 8: Circumferentially averaged total pressure and temperature ratio profiles at Plane 30: Mesh 2 
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Figure 9 maps the experimental design-point data onto the computational plane at the stator exit plane, Plane 30. The 
data have a much coarser resolution than the simulations. Therefore, the experimental contour lines are not as smooth as 
the simulations. As there were no measurements at the wall, the regions below the last data point at the hub and above the 
last data point at the shroud resulted from extrapolation. The simulations with all three turbulence models reproduced the 
shape and thickness of the stator wake well. The SST and SST-CC calculations exhibited more significant loss regions 
where the passage vortex hit the evaluation plane near the shroud. As indicated by the circumferentially averaged total 
pressure profiles, the simulations had higher total pressure values in the centre of the blade passage, with the SST-CC 
model coming closest to the date for the best-efficiency operating point. 

 
Figure 9: Total pressure contours at Plane 30; data (left), BSL, SST, SST-CC (left-to-right): Mesh 2 

CONCLUSIONS & OUTLOOK 
The present study simulated the flow through the single-stage axial compressor investigated at GLR and documented 

by GPPS as an open test case with the Simcenter STAR-CCM+ software. Two turbulence models were used, the BSL and 
the SST model. Before comparing the simulation results to the experimental data, the authors quantified the numerical 
accuracy of the results by performing simulations on a homogeneously refined sequence of meshes and applying 
Richardson extrapolation to the results. 

The simulations predicted the speedline characteristic of the total pressure and temperature ratio and the isentropic 
efficiency well, with the BSL turbulence model allowing for lower mass flow rates than the SST model. The reduced mass 
flow rate at the choke condition differed by 1.1 % from the data; the total pressure ratio and isentropic efficiencies were 
over-predicted by 2.6 % at the design conditions. However, these numbers must be interpreted carefully because of 
systematic differences between the simulations and the data and the general measurement uncertainty. The systematic 
differences were due to different reference conditions in the experiments and the simulations and geometric uncertainties, 
e.g., tip clearance width and blade untwist, the position of the inlet boundary conditions and struts in the test section. The 
shape of the predicted total pressure and temperature profiles at the stator exit agreed qualitatively with the data with a 
similar quantitative over-prediction as the integral values. 

Future work on the test case is targeted at reducing the systematic differences between model and reality and assessing 
the influence of the steady-state rotor-stator interaction model on the simulation results by performing unsteady-state 
simulations. The effect of a laminar-turbulent transition model on the results will also be evaluated. The total pressure and 
temperature contours at the stator exit showed regions of constant total pressure in the centre of the blade passages followed 
by sharp gradients in the blade wakes. An adaptive mesh that puts more cells in the wakes and fewer cells in the centre of 
the blade passage would yield more economical and numerically accurate solutions. This point will also be investigated in 
future research. 
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