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ABSTRACT 
Radial compressors applied in automotive turbochargers 
require high efficiency and pressure ratio over a wide 
operating range. However, due to the large number of design 
parameters, iterative design techniques and manual tweaking 
easily become arduous and unfeasible In order to account for 
the performance requirements and achieve the desired 
aerodynamic capabilities, automatic optimisation techniques 
have found wide application.  

This paper introduces a strategy for a three-dimensional, 
multipoint aerodynamic shape optimisation and seeks to 
optimise an automotive radial compressor. In detail, the 
method couples the computational fluid dynamics (CFD) 
solver of ANSYS CFX with a genetic algorithm in MATLAB 
to maximise isentropic efficiency at a target operating point 
near surge, while ensuring no significant reduction in 
performance is incurred near the choke margin. 

A CFD model data including inlet pipe, single flow 
passage, diffuser as well as volute was validated using 
experimental data and used for optimisation considering 13 
geometrical parameters. The numerical results indicated an 
efficiency improvement of around 1.9 percentage points in the 
target optimisation region with negligible decrease in 
performance near the choke line. Experimental testing of the 
optimised compressor confirm an increase in efficiency of 
around 1-2 percentage points with respect to the baseline 
model, while peak efficiency is increased by 3.0 percentage 
points with the choke line remaining virtually unchanged.  

INTRODUCTION 
Radial compressors are nowadays a widespread 

application found in a variety of industrial fields. Amongst 
these fields is the automotive industry, where rising concern 
over the ecological footprint of road transport, the depletion of 
fossil fuel resources as well as stringent regulations pertaining 

to emission requirements have influenced the development of 
internal combustion engines (ICE) to a great extent. Along 
with a continuing powertrain electrification, manufacturers 
have reacted upon these trends by engine downsizing. In order 
to counteract the penalty in power as swept volume is reduced, 
turbo- or superchargers are employed. Both systems use radial 
compressors to increase the density of charge air and thus 
allow more fuel to be burned at the same stoichiometric 
air/fuel ratio. The combination of downsizing and turbo-
/supercharging technology warrants enhanced fuel economy 
and pollutant emission. 

The fluid dynamics taking place within a radial 
compressor is intricate and characterised by a three 
dimensional flow pattern. With ever improving reliability and 
fidelity of computational fluid dynamics (CFD) modelling, the 
understanding of the turbomachinery flow physics and loss 
mechanisms was greatly enhanced, (Newton et al., 2012; 
Wilkosz et al., 2014; Zhou et al., 2014;  Sundstroem et al., 
2014). CFD also facilitates the design process of radial 
compressors, which can be based on initial 1D models (Sanz 
et al. 2011; Aghaei et al., 2007) or on inverse design 
techniques (Sun et al. 2015; Mileshin et al., 2003). 

However, compressor design represents a multi-objective 
and multi-point problem with conflicting requirements 
ranging from high efficiency and pressure ratio over a wide 
operating range to long cycle life. On top of that, geometric 
parameters defining the shape of turbomachinery each have a 
knock on effect on the performance variables, so that 
conventional iterative design modifications prove to be time 
consuming and the respective results often suboptimal. As a 
result, research efforts have been dedicated to using CFD in 
combination with numerical optimization methods to deliver 
compressor designs that comply with the requirements. 

Optimisation seeks to determine the optimum 
combination of input parameters that are subjected to certain 
constraints in order to determine a minimum of the objective 
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function. The objective function can involve a single or 
multiple objectives that need to be balanced against each 
other. Furthermore, it can incorporate a combination of targets 
at different operating points across the compressor map. In 
most cases, the objective function will not feature a single 
extremum, but multiple peaks and troughs whose global 
optimum gradient-based optimizers often fail to predict (Van 
den Braembussche et al. 2008). This can be effectively done 
using stochastic algorithms, such as evolutionary algorithms. 

Due to the large number of design evaluations the 
computational cost is high, so that many studies were 
conducted at using approximation models in their optimisation 
process (Samad et al. 2009; Wahba et al., 2001; Bonaiuti et 
al., 2006). Kim et al. (Kim et al. 2012) separately optimised 
an impeller wheel and a vaned diffuser of a centrifugal 
compressor. The procedure was based on a response surface 
method (RSM), considered four parameters and was 
conducted at a single operating point. The optimised impeller 
was experimentally tested at a slightly lower rotational speed 
and compared to CFD results indicating a reduction in terms 
of choke margin and a virtually unchanged total pressure ratio.  

Wang et al. (Wang et al. 2006) as well as Ha and Kang 
(Wang et al. 2011) used the Kriging model to optimise 
centrifugal compressors. The former used eight design 
parameters and aimed at improving efficiency at the design 
point. The method yielded a 2.49 per cent increase in 
isentropic efficiency, which was attributed to a reduction in 
secondary flow intensity at the exducer. The latter used three 
geometric variables and included the effects of the volute 
using a 1D model, as introduced by Japikse (Japikse, 1996). 

As CFD evaluations require considerable computational 
effort, a series of research efforts were dedicated towards 
optimisation using genetic algorithms (GA) in combination 
with neural networks (NN). Kim et al. (Kim et al., 2010) 
successfully carried out multi-objective shape optimisation of 
a centrifugal impeller using a genetic algorithm coupled with 
a radial basis neural network (RBNN). The study considered 
four design variables that define the meridional hub and 
shroud contours and design of experiments (DoE) was used to 
select the design points within the design space. The pareto 
optimal front (POF) indicated optimization potentials of 0.65 
to 0.19 per cent for efficiency and 0.86 to 1.40 per cent for 
total pressure ratio. 

The research of Cosentino et al. (Cosentino et al. 2001) 
combined a GA with an artificial neural network (ANN) 
considering 15 geometric parameters to determine an 
optimum design of a centrifugal compressor. Cho et al. 
(Cosentino et al. 2012) also combined a GA with ANN 
considering eight different parameters. The ANN achieved a 
prediction error of 1 per cent compared to CFD and the 
subsequent GA optimization indicated an efficiency 
improvement of 1.4 per cent.  Ibaraki et al. (Ibaraki et al. 2012) 
employed a GA and ANN to perform multiobjective 
optimisation on a baseline impeller wheel.  Two designs were 
created, with both designs aimed at providing higher peak 
efficiency and operating range. The first design achieved a 
peak efficiency that is higher by 0.5 per cent, while the second 

design showed a decrease in peak efficiency of about 1 per 
cent.  

This discrepancy emphasises the difficulty when 
optimising a design. A performance benefit in the numerical 
model may not materialise when tested experimentally. There 
are few research studies however, that confirming the 
numerical results via testing. This can render results 
misleading, in particular when the benefit is miniscule. 
Furthermore, it prevents insights into the effects the 
optimisation study has on other regions of the performance 
map. In the present study a multipoint optimization strategy is 
introduced, which directly couples a GA with a three-
dimensional, steady state RANS analysis to perform a 
numerical optimisation of a radial compressor. The 
optimisation procedure seeks to determine a global optimum 
of isentropic efficiency at the target optimisation region near 
surge to, while ensuring simultaneously that the choke margin 
does not decrease below a certain limit. A flow field analysis 
is carried out to determine regions where the optimized design 
reduced loss sources. Finally, the results of the optimisation 
study are verified by experimental data.  

The structure of this paper is hence as follows; first of all 
the numerical setup for the CFD study will be discussed 
followed by a validation study through experimental data 
derived from the University of Bath turbocharger gas stand. 
After that, the modus operandi of the optimisation routine are 
given as well as the geometric parameters and objective 
function.  Results of the optimisation and flow field study, as 
well as the experimental results are introduced before the main 
conclusions are drawn. 

 

NUMERICAL SETUP 
Numerical computations of the compressor were done 

using the commercial software package ANSYS-CFX R16.1 
This code solves the three dimensional Reynolds-averaged 
Navier-Stokes (RANS) equations using a hybrid finite-
element/finite-volume approach for the discretisation of 
continuity, momentum and energy equation. The flow is 
considered to be fully turbulent using Menter's SST (Menter, 
1994) model for turbulence closure, which particularly lends 
itself to flows experiencing separation under an adverse 
pressure gradient (Menter, 2003). Convergence is deemed to 
be obtained as soon as the normalised root mean squared 
(RMS) residuals decrease below 1 ∙ 10-5 and total-to-total 
isentropic efficiency ηTT

is and total-to-total pressure ratio ΠTT 
have settled to stationary levels. Moreover, domain 
imbalances need to drop below 0.01 %. Isentropic efficiency 
is determined as the ratio of the actual enthalpy change 
between out- and inlet to the isentropic change in enthalpy. 
Pressure ratio is calculated from the ratio of total, absolute 
pressure between out- and inlet. 

. The original CAD data of the compressor was processed 
and simplified using ANSYS DesignModeler, removing fillet 
radii and cavities behind the rotor. The spatial domain shown 
in Figure 1 consists of three distinct regions: an inlet domain, 
a single flow passage and the volute. Both inlet and volute 
domain are stationary, while the impeller region is set as a 
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rotating domain. This allows the simulation to be carried out 
in steady state while accounting for Coriolis and centrifugal 
effects. Diffuser and shroud walls however were assigned a 
counter-rotating wall velocity, so that they remain stationary 
in the absolute frame of reference. Correspondingly, interfaces 
between rotating and stationary domains are designated as 
frozen rotor interfaces.  

 
Table 1 Computational Setup and Boundary 

Conditions 
Analysis type Steady-state 
Impeller speed 180,000 rpm 
Medium Air, calorically perfect gas 
Walls Hydraulically smooth 
Interface type Frozen rotor 
Inlet boundary condition Stagnation temperature and 

pressure 
Outlet boundary condition Mass flow outlet 
Turbulence model Menter’s k-ω SST 
Advection scheme High resolution 
Turbulence numerics High resolution 

 
A stage or mixing plane interface was considered but proved 
challenging in terms of numerical stability at operating points 
near surge. In order to ensure that the fixed relative position of 
rotor and volute do not give erroneous results, full rotor 
simulations in steady state where conducted with a frozen 
rotor interface and compared with the single passage 
simulations as shown in Figure 2. 

The extent of the inlet domain ensures that the domain 
inlet is at a sufficiently large distance from any recirculating 
flow that may occur when the compressor is operated near 
surge.  

 
 
 
 
 

 
 
 

 The single passage corresponds to 1/6 of the entire impeller 
wheel with periodic boundaries in circumferential direction. 
It contains main blade, splitter and the vaneless diffuser. It 
features a 0.3 mm tip gap taken into account in the model.. 
Table 1 summarises all boundary conditions and the numerical 
setup used throughout the study. At the inlet stagnation 
properties are imposed complying with the ambient conditions 
met during the experimental testing (around 100 kPa and 300 
K). At the outlet a mass flow boundary is imposed. All walls 
are non-slip with zero heat flux. 
 

 

Figure 1 Computational Domain Including Inlet 
Pipe, Single Flow Passage and Volute 

 
 
 

 

 

 

 

 
 
 
 

 

Figure 2 Comparison of CFD Results with Experimental Data for an Impeller Speed of 180,000 rpm 
 

Table 2 Mesh Statistics and Quality 

Mesh Configuration Passage Cell No. Total Cell No.  푦+ Min. Face Angle Max. Element Vol. Ratio 
Coarse 0.18 ∙ 106 0.98 ∙ 106  19.0 19.6° 34.1 

Medium 0.64 ∙ 106 1.44 ∙ 106  3.0 21.6° 23.9 
Fine 1.14 ∙ 106 1.94 ∙ 106  1.9 21.3° 26.9 
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MODEL VALIDATION AND GRID SENSITIVITY 
The unstructured grid of the inlet domain was discretised 

with ANSYS MESHING using tetrahedral elements with six 
prismatic elements in the near wall region. It contains 300,000 
elements. For the mesh of the single passage the meshing 
capabilities of ANSYS TURBOGRID using a blockstructured 
grid of good quality. The average non-dimensional wall 
distance of the first cell was set within the laminar sublayer 
for medium and fine mesh 푦+ enabling a good resolution of 
gradients in the near wall region. The volute mesh was 
generated based on a blockstructured mesh in ANSYS ICEM. 
It comprises around 500,000 hexahedral elements, with a 
minimum quality of 0.4. The mesh size in the volute was kept 
constant during the study. Pertaining to near flow modelling 
in the scroll, the 푦+ value at the target optimisation point (OP2) 
is 32, while near choke at OP6 it is at 39, which results in the 
application of automatic near-wall treatment. 

 

Table 3 Discretisation Error for Efficiency and 
Pressure Ratio at Two Operating Points  

 

 
Figure 3 Blade Loading for Main Blade and Splitter 

at Off-Design Conditions (OP2) 
 
Discretising the spatial domain induces an error that 

needs to be quantified in order to establish reasonable 
confidence in the numerical results. This becomes particularly 
important as optimisation procedures encompass a large 
number of design evaluations. The grid sensitivity study 
follows the procedure outlined by Celik (Celik, 2008). To do 
so, three distinct meshes of the impeller and diffuser section 
where created with different levels of refinement and 
boundary layer resolution. The mesh statistics of theses grids 
is given in Table 2. It highlights the cell count for impeller 
region, the total cell count, 푦+ as well as the quality metrics in 
the impeller region. 

The CFD model was run on the seven operating points 
along the speedline for all three discretisation levels and 

compared against experimental data obtained from the 
University of Bath turbocharger test stand. Figure 2 shows the 
comparison of numerical and experimentally computed 
isentropic efficiency and total pressure ratio on the ordinate 
and mass flow rate on the abscissa. The graph reveals that 
efficiency is slightly underpredicted for most operating points, 
while pressure ratio being predominantly higher than in the 
experiments.  Furthermore, the numerical model predicts 
onset of choke earlier. However, trends are reasonably well 
depicted and overall there is good agreement with the 
experimental data. The steady-state full rotor simulations do 
not deviate substantially from the single passage runs, thus 
confirming the application of the frozen rotor interface to be 
accurate. Looking at the entropy change across each 
component as done in Figure 4, it shows that while volute 
losses remain initially constant, they increase substantially as 
one approaches choke. As a result, it is deemed necessary to 
include the volute when performing multi-point optimisation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Entropy Delta along a Single Speedline 
 

OPTIMISATION METHOD 
A general optimization problem can be formulated as 

done in Equation 1.  

	
푀푖푛.푂퐹 = 푂퐹 푃 푋 ,푋 ,푤푖푡ℎ		푋 (1, 2, … ,푛)	

푋 ≤ 푋 ≤ 푋
		(1) 

The optimization then seeks to minimise the objective or 
fitness function OF. The objective or fitness function is in 
general function to performance parameters P(Xj) and the 
design variables Xj. 

In this study, a multipoint optimisation is performed using 
an elitist GA implemented in MATLAB coupled to the CFD 
solver. The optimisation considers two operating points, OP2 
and OP6, both near the extremities of the performance map. 
The former operating point represents the target optimisation 
region, where efficiency shall be increased, while the latter 
operating point is close to the choke line. The routine seeks to 
maximise efficiency near OP2 while ensuring the choke 
margin is not compromised too harshly. 

 
 

 ηis
OP2 ΠTT

OP2 ηis
OP6 ΠTT

OP6 
r21 1.32 
r32 1.57 
p 4.1 2.2 4.1 5.3 

φa
32 0.3 % 2.6 % 1.7 2.0 

φextr
32 0.01 % 1.0 % 0.1 % 0.04 % 

GCI32
medium 0.1 % 1.9 % 0.4 % 0.3 % 
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Figure 5 Geometry Parameterisation Affecting (a) Blade Shape and (b) Meridional Contour

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Optimisation Flow Chart 
 
Initially, the impeller geometry was parameterised using 

13 design variables, shown in Figure 5. The number of blades 
are kept constant, as well as the wheel diameter, blade height 
and tip gap. Bezier curves with control points were used to 
define blade camberlines as well as hub contour line providing 
full control ensuring a smooth and continuous shape. These 
control points are used to alter main blade and splitter leading 
edge shape, blade angle and backsweep. In addition, they 
enable variation of blade stacking angle. A variable pitch 
fraction is considered allowing a reduced distance between the 
splitter and the main blade suction and pressure surface 
respectively. In the meridional contour four control points are 
considered. This includes splitter length, hub contour shape 

and the main blade sweep angle. The flow chart outlining the 
procedure undertaken is shown in Figure 6. 

After selecting the design variables and parameterising 
the geometry an initial population that covers the design space 
is created and run in CFD. The initial population and each 
generation comprise 35 design points. To reduce the 
computational effort the design points are first run at OP6 near 
the choke line. Only design points whose efficiency does not 
fall below 0.93 percent of the baseline model at OP6 are taken 
over to be run at the target operating point OP2. Design points 
that fall below the threshold limit are assigned a large penalty 
value that decreases linearly the closer the efficiency at OP6 
approaches the threshold value. All other design points are 
assigned a fitness value that is proportional to its efficiency at 
OP2. 

Once the initial population is solved the GA uses 
selection, crossover and mutation to generate the next 
generation of design points. The best two design points are 
carried over to the subsequent generation (elitist selection), 
while 80 % of the generation size is produced by exchanging 
genetic material (crossover). The final five design points are 
determined via mutation, in order to prevent the algorithm 
from being trapped in a local minimum. Iterating continues 
until one of the stopping criteria are met. This can be the case 
when the maximum number of 15 generations are reached, the 
change in the average fitness value between two subsequent 
generations is smaller than 1 ∙ 10-6 or the best fitness value 
does not change over the course of five generations. 

 

RESULTS AND DISCUSSION 
The design optimisation included eight generations 

evaluation 280 different designs in the process. This entailed 
a total number of 508 CFD simulations. Each design point 
requires about one hour for geometry variation, meshing and 
simulation time on a single node with a 24 core Intel Xeon E5 
3.40 GHz processor. 
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Figure 7 Pareto Front for Isentropic Efficiency 

 
 Figure 7 shows the resulting Pareto Front outlining the 

trade-off relationship between the efficiency near choke and 
the efficiency near surge. The graph also indicates a cut-off 
towards the left hand side due to the imposed constraint 
regarding OP6 efficiency. Thus, further relaxation of the 
choke margin constraint would allow a further improvement 
in the target optimisation region. The best two candidate 
designs having maximum efficiency gain are shown as well. 
Both give an efficiency improvement of around 1.9 percentage 
points (pp), while one features a 3.1 pp deficit in efficiency at 
OP6 and the other a mere 0.2 pp decrease.  

Figure 8 Comparison of Blade Shape for Baseline (a) 
Hub and (b) Shroud and Optimised (c) Hub and (d) 
Shroud 

 
A comparison of baseline and optimised camberline and 

blade shape at both hub and shroud as well as Bezier curve 

control points is given in Figure 8. While blade thickness was 
not considered in the optimisation in order to avoid 
compromising structural integrity, a clear change in splitter 
length and pitch fraction towards the main blade suction side 
becomes apparent. In the optimised design inlet blade angles 
are slightly larger, while near the trailing edge blade angle is 
smaller. 

The oil-streak lines coloured in static pressure shown in 
Figure 9 show the effect these geometry changes have on the 
flow structure. The results imply that the gain in efficiency 
stems mainly from a reduction of flow separation that occurs 
on the main blade suction surface as surge is approached. This 
occurs as more momentum is being transported along the 
suction surface effectively retarding the onset of flow 
separation. The figure also shows the change in geometry with 
an increased main blade sweep angle and almost zero stacking 
angle. Secondary flow near the leading edge hub and near the 
tip indicate the proximity to surge. 

 

Figure 9 Oil-Flow Lines on Main Blade Suction 
Surface between Baseline (Left) and Optimised 
(Right) 

 
Looking at the entropy generation, as given in Figure 8, across 
inlet pipe, impeller, diffuser and volute at the target 
optimisation region, it becomes apparent that the optimisation 
routine has, as expected, decreased the entropy generation 
across the impeller, while entropy change across the 
remaining components stayed relatively constant.  

 
 
 

Looking at the entropy generation, as given in Figure 8, across 
inlet pipe, impeller 
 
 

 
 
 

 
Figure 10 Entropy Delta Across Compressor 
Components 
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The optimised design was subsequently manufactured using 
the same 5-axis flank-milling technique used for the baseline 
design. This in conjunction with the unaltered volute signifies 
that the optimised design yields similar manufacturing costs 
to the baseline design.  

Testing the optimised geometry that implied a 1.9 pp 
improvement at OP2 and an unchanged choke margin at OP6 
on the gas stand and plotting isentropic efficiency versus 
corrected mass flow rate for the 180,000 rpm speedline gives 
the graph shown in Figure 11. Near the surge line an 
improvement of around 1-2 pp, while the improvement in the 
heart of the map is about 3 pp. The choke margin remains 
almost unchanged. Although the actual efficiency 
improvement in the target region is less than predicted by the 
numerical results, the prediction with respect to the choke 
margin was accurate.   

Figure 11 Experimental Isentropic Efficiency versus 
Corrected Mass Flow Rate at 180,000 rpm 

 
A comparison of the entire compressor map for baseline and 
optimised design is given in Figure 12. The maps depict 
speedlines ranging from 80,000 to 230,000 and 220,000 rpm 
respectively and show isentropic efficiency contour lines non-
dimensionalised by the peak efficiency of the baseline model. 
Towards lower massflow rates both maps show the position of 
the hard surge line. It becomes apparent that the peak 
efficiency in the heart of the compressor map was increased. 
Furthermore the efficiency towards surge in the target 
optimisation region was increased accordingly. Nonetheless, 
this increase in efficiency seems to come at the cost of a 
reduced surge margin, which becomes especially pronounced 
as impeller speed is increased. This shift of the hard surge line 
is further exemplified in the back to back comparison in Figure 
13. 

There is no standardised method of ascertaining 
compressor surge (Andersen et al., 2008). In general, surge 
can refer to hard or mild surge. Hard surge implies complete 
flow reversal, pronounced vibrations and instability of the 
entire system, while mild surge indicates the onset and is 
usually determined via a surge metric. In this study, hard surge 
is compared among baseline and optimised design and is 

defined by a large pressure amplitude of around 50 kPa and an 
FFT frequency of around 8 Hz. 

 
Figure 12 Baseline Compressor Map (Top) and 

Optimised Compressor Map (Bottom)  
 
Predicting surge in CFD is particularly difficult to 

achieve. Unsteady RANS simulations on the one hand take a 
considerable amount of time to resolve the low frequency 
characteristics rendering it a very costly solution and as such 
not attractive for optimisation studies. Steady state 
simulations that inherently ignore transient phenomena 
estimate the onset of surge through a deterioration of 
convergence rate and oscillations of variables of interest and 
residuals. This approach, however, proves to be inaccurate 
(Vezier et al., 2013; Ding et al., 2006). One remedy can be to 
estimate surge or a detrimental effect on operating range 
indirectly by looking at blade loading and include it in the 
objective function. This is proposed by Van den 
Braembussche (Van den Braembussche, 2006) stating that the 
inclusion of blade loading in the objective function can 
facilitate performance at off-design conditions by penalising 
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unfavourable loading difference between splitter and main 
blade. 

 
Figure 13 Direct Map Comparison of Baseline 

(dashed, blue lines) and Optimised Design (solid, 
red lines)  

CONCLUSIONS 
This study introduced the aerodynamic optimisation of a 

turbocharger radial compressor through a coupled GA-CFD 
simulation. The CFD model included inlet pipe, a single flow 
passage with diffuser and the volute and was run in steady-
state. A multi-point optimisation using 13 geometric 
parameters was performed considering two different operating 
points. The main objective of the study was to enhance 
isentropic efficiency near surge while minimising the decrease 
in choke margin. The candidate design indicated an efficiency 
gain of approximately 2 pp, with the choke margin virtually 
unchanged.   

Further analysis revealed that the improvement in 
efficiency stems from a reduced entropy generation across the 
impeller section achieved by a reduction in the extent of the 
separation region on the main blade suction side.  

The experimental testing of the optimised geometry 
confirmed a 1-2 pp efficiency improvement at the target 
operating point, while the peak efficiency was improved by 
around 3 pp and the choke margin remaining unchanged. The 
experiments indicated a reduction in surge margin for higher 
impeller speeds, emphasizing the need to include blade 
loading in future optimisation efforts. 

NOMENCLATURE 
 

Symbols 
E entropy in J/kg-K 
M‘ non-dimensional meridional coordinate 
k turbulent kinetic energy in m2/s2 
p method order 
r mesh refinement factor 
y+ non-dimensional wall distance 

η isentropic efficiency 
Π pressure ratio 
θ Azimuthal position in rad 
ω specific turbulence dissipation rate in s-1 

Subscript 
a  approximate 
ext  extrapolated 
cor  corrected 
TT  total-to-total 

Abbreviations 
BL   baseline 
CFD   computational fluid dynamics 
GA   genetic algorithm 
GCI   grid convergence index 
OF   objective function 
OP   operating point 
pp   percentage points 
PS   pressure surface 
RANS    Reynolds averaged Navier-Stokes 
SS   suction side 
SST   shear stress transport 
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