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ABSTRACT 
A numerical optimization of a volute housing is performed to identify important geometric 

parameters and find an optimal volute geometry. For this purpose, an automated tool for the 
geometry generation of a volute housing is employed. The numerical model is validated using 
a centrifugal compressor of a turbocharger for light commercial vehicles and passenger cars. 
Validation results show a good accuracy of the numerical model compared to test bench 
measurements. A single-objective genetic algorithm is used for the optimization of the volute 
housing with the average isentropic efficiency as objective function. Several different typical 
shapes are used as initial conditions. Four different operating points are simulated for each 
geometry at a design speed of 100,000 min-1. The results reveal that a volute with an inlet 
eccentricity of 0.85 offers a superior compressor efficiency compared to tangential and 
symmetrical volute inlet conditions. 
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NOMENCLATURE 
e  eccentricity    𝜂𝜂is  isentropic efficiency 
f  objective function   𝜃𝜃  circumferential angle 
k  turbulent kinetic energy  Πtt  total pressure ratio 
�̇�𝑚  mass flow rate    ω  turbulent dissipation 
p, ptot static/total pressure     
w  specific work 
�̇�𝑉  volumetric flow rate 
x, y, z Cartesian coordinates 
y+  dimensionless wall distance 

INTRODUCTION 
Greenhouse gases like carbon dioxide (CO2) are the main reason for climate change. A 

reduction of these emissions is inevitable to stop global warming. Next to energy industries, traffic 
and transportation emit a significant amount of CO2. For this reason, politics impose increasingly 
stricter emission standards for vehicles. One way to comply these limits is downsizing. Thereby, a 
smaller engine is used in combination with a turbocharger. As a result, a smaller engine with the 
same performance as a naturally aspirated engine can be designed. This leads to increased 
efficiency, lower CO2 emissions, and reduced weight. 

The essential components of a turbocharger are the turbine and the compressor. The latter 
typically consists of an inlet port, the compressor wheel and the volute with an exit pipe. The 
compressor wheel is well understood and studied thoroughly in recent decades (e.g. Eckardt (1976), 
Hellstrom et al. (2012), and Ziegler et al. (2003a,b)). In contrast, the volute and its influence onto 
the compressor performance and efficiency are less investigated in scientific research. In particular, 
the number of publications regarding different design parameters of the volute housing is rather low. 
However, this part plays an important role in the compressor flow due to the following reasons 
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according to Ayder and Van den Braembussche (1991): (1) the influence of the overall performance 
of the centrifugal compressor, (2) the pressure distortion at off-design conditions, and (3) effect on 
the stability limits of the compressor. Furthermore, Worster (1963) states the volute determines the 
point of best efficiency of pumps and compressors rather than the compressor wheel. Therefore, it is 
vital to understand the influence of design parameters onto the volute and compressor performance. 

Investigations of different volute geometric parameters were performed as early as the 1940s. 
However, experimental investigations of different volute geometry configurations are limited due to 
production costs and time. In recent years, more research was conducted regarding the volute design 
in compressors, fans and pumps using numerical simulations, such as Yang et al. (2011), Kim et al. 
(2012), Mojaddam et al. (2012), Abdelmadjid (2013), and Chen et al. (2015). One advantage is that 
designs can be tested virtually and no production costs arise. Nonetheless, the total number of 
investigations in open literature concerning the volute geometry is small. 

According to Ayder et al. (1993), the overall performance of a volute is determined by five 
geometry specifications: 

• area of cross section 
• shape of the cross section 
• radial position of the cross section 
• location of the volute inlet 
• tongue geometry 

The focus of this work lies on the location of the volute inlet and its influence onto the compressor 
performance. 

LITERATURE OVERVIEW 
First research about different volutes inlets was conducted by Lendorff and Meienberg (1944), 

and Hübl (1975). The latter investigated a single-stage centrifugal compressor with different volute 
inlet positions as shown in Figure 1. Although the differences in work per unit mass are only minor, 
the tangential inlet volute yields an improved efficiency by up to 2.5 %.  
 

 
Figure 1: Influence of different inlet positions (left) onto the work per mass unit (right, top) 
and the efficiency (right, bottom) according to Hübl (1975). 
 

Hassan (2007) experimentally analysed the impact of different volute parameters onto the 
compressor performance. These parameters include volute area ratio and volute inlet location. The 
outcome of the work is that asymmetrical shapes offer a larger range of stable operations, higher-
pressure coefficient and mass flow rate compared to symmetrical shapes. These results are 
supported by the work of Abdelmadjid et al. (2013), which comes to a similar conclusion (see 
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Figure 2). Chen et al. (2015) argue that the reason for these differences can be found in the varying 
shear stress losses. Compared to the single vortex using a tangential inlet, a symmetrical inlet 
produces a double vortex structure. This reduces the distance between the opposite flow directions 
and increases the radial velocity gradients close to the diffuser outlet. Both effects result in an 
increase of shear stress and therefore higher losses. 

The presented publications show the superior performance of a tangential volute inlet compared 
to symmetrical ones. However, there are no investigations of other types, such as a slightly off-
centered inlet. The question remains, if there is another inlet position, which has not been identified 
yet. 

 

 
Figure 2: Different volute cross section shapes (left) and their total pressure ratio (right, top) 
and isentropic efficiency (right, bottom) as a function of the corrected mass flow rate 
according to Abdelmadjid et al. (2013). 
 

GEOMETRY GENERATION 
One essential requisite for a numerical optimization is the automated geometry and mesh 

generation. The former is especially challenging in case of a volute. In contrast to blades, the 
creation of a volute geometry is much more complex due to the non-symmetrical, fully three-
dimensional shape and the complex tongue. For these reasons, a design program for the automated 
generation of the volute geometry has been developed. It is written in the object-oriented 
programming language C++. The creation of the geometry is completely automated and does not 
require any additional user intervention. The geometric definition of the volute can be seen in 
Figure 3. 

The cross-sectional shape of the volute is represented by a third order B-spline with eight 
control points. These curves offer a large range of geometric freedom while using only a few 
parameters. By altering the coordinates of these points the shape of the spline changes. The number 
of control points is a trade-off between the geometric freedom of possible shapes and the number of 
adjustable parameters for the optimization. The more parameters, the more complex and 
computational expensive the optimization will be. Therefore, their number is limited to eight. The 
cross-sectional area of the volute channel is a linear function of the azimuth angle. 
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Figure 3: Definition of the volute geometry in top-down view. 
 

The automated generation of the volute can be summarized in four steps, which are shown in 
Figure 4. (1) At first, based on the user input, the volute cross-section and the radial diffuser are 
created at 𝜃𝜃 = 2𝜋𝜋. (2) The volute splines are rotated in circumferential direction with respect to the 
rotation axis of the compressor wheel and their size is adjusted to match the volute cross-section 
area. Additionally, the axial diffuser is extruded from the volute exit shape and morphed along the 
axial direction to form a circular diffuser exit. (3) Based on this, triangulated surfaces in STL format 
(stereo lithography) are created for each single part of the volute. (4) The fillet surface is generated 
by calculating the intersection between volute and axial diffuser surface and forming a smooth fillet 
at this location.  

 
Figure 4: Steps of volute geometry generation. The surface mesh and spline representation are 
simplified for better illustration. 

 
The open-source meshing tool snappyHexMesh, which is part of the open-source CFD-library 

OpenFOAM version 2.4.0, is used for the volume mesh generation of the volute. This program 
automatically creates an unstructured hexahedral mesh based on the STL surfaces as input 
geometries. Five prism cells are used to model the boundary layer at the wall. This results in an 
average dimensional wall distance of y+ = 16 – 24. 
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GENETIC OPTIMIZATION PROCEDURE 
A single objective genetic optimization is performed using the software toolkit Dakota (see 

Adams et al. (2014)). Genetic algorithms offer the advantage of a global search. Therefore, they use 
the complete parameter space to find the optimized solution and are less likely to get stuck in local 
extrema. Unlike gradient-based methods, function objective derivatives are not needed during the 
genetic optimization process which results in higher robustness and better parallel performance. The 
chosen optimization method is from the SCOLIB library called coliny_ea. The objective function f 
is the arithmetic average of the total-to-total isentropic efficiency 𝜂𝜂is at design speed                                   
𝑛𝑛 = 100,000 min−1 for four operating points at (0.12 – 0.19) kg/s mass flow rate 

𝑓𝑓 =  
1
4
�𝜂𝜂is,𝑖𝑖 .
4

𝑖𝑖=1

 (1) 

This way, the performance of the compressor is maximized for a specific operating range, not at 
design point only. Although the total pressure rise is an important characteristic of the compressor, 
it is not considered in the function object evaluation. This decision is based on a statement of Baloni 
and Channiwala (2012) that the volute takes no part in the energy transfer onto the fluid. Therefore, 
all considerations in volute design deal with losses. For this reason, a single objective optimization 
is assumed to be sufficient since a rise in isentropic efficiency also results in an increase in total 
pressure ratio. 

The design parameters of the optimization are the coordinates of the eight control points of the 
two-dimensional volute cross-sectional spline. The first and last control points are fixed. Therefore, 
there are twelve modifiable parameters. Upper and lower bounds are used to limit the points and 
ensure feasible designs. Only the volute shape is changed while the radial and axial diffuser as well 
as the tongue of the volute remains unchanged. Therefore, improvements of the compressor 
performance can be related to changes in volute. Each set of design parameters results in one unique 
volute geometry. The generations during the optimization consist of 50 individuals. The initial 
generation is made of both predefined and randomly generated volute shapes to start with a large 
diversity (see Figure 5). The mutation rate is 30 % and the crossover rate 80 %. This high mutation 
rate reduces the chance that the optimization algorithm does get stuck in local extrema. 

 
Figure 5: Selection of different volute cross-sectional shapes for the initial population of the 
genetic optimization. Other shapes are a random combination of these base geometries. 

NUMERICAL MODEL 
The investigated turbocharger was designed for light commercial vehicles. Its design point is at 

a rotational speed of n = 100,000 min-1. This corresponds to a mass flow rate of �̇�𝑚corr = 0.12 kg/s 
of air, a total pressure ratio of 𝛱𝛱tt = 2.05 and an isentropic efficiency of the compressor side of 
𝜂𝜂is = 0.736. The impeller consists of 7 blade sets, each containing one main blade and one splitter 
blade at a constant tip clearance of 0.3 mm. The trailing edge diameter is 65 mm. The diffuser is 
vaneless with a tapering span. 

The computational domain is divided into three different regions. Due to the complex geometry, 
the inlet domain is meshed using a tetrahedral/prism hybrid mesh with 5 prism layers at the walls. 
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The impeller is meshed using a block structured hexahedral mesh. The inlet domain and the 
compressor wheel are connected to the volute mesh introduced in the previous section using frozen 
rotor mesh interfaces. The upstream interface with a ring-type cross section has a distance of 2 mm 
to the leading edge of the compressor wheel while the downstream interface has a distance of 1 mm 
to the trailing edge. Preliminary investigations showed a negligible influence of the circumferential 
rotor position onto the total pressure ratio and the isentropic efficiency. The mesh is locally refined 
at crucial regions, such as leading edge of the impeller blades, the tip clearance and the tongue of 
the volute. The mesh consists of approximately 4 x 106 cells, where about 50 % of all cells are 
located inside the compressor wheel part. The average dimensionless near-wall distance y+ is 24 for 
the inlet and volute region and 16 for the impeller. The turbocharger compressor inlet and outlet 
have diameters of 65 mm and 42 mm, respectively. The inlet pipe upstream the ported shroud and 
the outlet pipe downstream the volute are extended using an extrusion mesh in order to reduce the 
influence of the inflow and outflow boundary conditions onto the main flow. Furthermore, this also 
matches the inlet and outlet boundaries with the measurement positions of the test bench. 

A density-based solver is used for the simulation of the radial compressor (see Heinrich and 
Schwarze (2014) for more details). The Simple Low-dissipation AUSM (SLAU) scheme introduced 
by Kitamura and Shima (2010), and Shima (2008) is employed for the flux calculation with Weiss-
Smith (1995) preconditioning and local time stepping. Spatial discretization is second order. The 
SST k-ω model with rotation and curvature correction of Smirnov and Menter (2009) is used to 
model the turbulence in combination with wall functions. The air is defined as perfect gas with 
Sutherland's law for viscosity modelling. The Multiple Reference Frame (MRF) approach is used to 
account for the rotation of the compressor wheel. The flow is considered to be steady-state. 

The boundary conditions are chosen to match the parameters of the test bench measurements. 
The stagnation pressure at the inlet is set to 101,325 Pa with a temperature of 297.15 K. The 
turbulent intensity is set to 10 % and the turbulent length scale to 5 mm. At the outlet, the mass flow 
rate is specified. Other variables at the outlet are treated with zero gradient. The walls are defined as 
adiabatic and surface roughness is not considered. 

RESULTS 
Validation of Baseline Volute Geometry 
The total pressure ratio and the isentropic efficiency of the compressor for three different 

rotational speeds are presented in Figure 6. In general, all numerical results show a good agreement 
to the test bench measurements. The total pressure ratio is overpredicted for all operating conditions 
with differences of about 3 % at 53,000 min-1 and up to 6 % at higher rotational speeds. The 
performance trends are predicted very well and the choke limit is computed correctly. The 
isentropic efficiency is estimated very well for 100,000 min-1 and 123,000 min-1. However, at low 
speeds, it is significantly overpredicted. 

 

  
Figure 6: Total pressure ratio and isentropic efficiency for the baseline compressor. 
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53k min-1 
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Sources for the differences between experiment and simulation are diverse, such as modelling 

simplifications, losses inside the impeller backside cavity, and the lack of real mesh movement. 
Furthermore, the over-prediction in isentropic efficiency at low rotational speeds can be accounted 
to the definition of the walls as adiabatic. This neglects the heat transfer between turbine and 
compressor side of the turbocharger via heat radiation and heat conduction through the housing. 
Despite the differences between simulation and experiment, it is more important for the 
optimization to predict the trends correctly rather than hit the absolute values. 

Genetic Optimization Convergence 
40 generations with 2000 individual volute geometries were investigated during the genetic 

optimization. The function object, which equals the average isentropic efficiency, for each 
individual is plotted in Figure 7 (left). The biggest increase can be seen in the first few hundred 
individuals. After approximately 20 generations, the stage performance of the compressor stays 
nearly constant. The shapes for each generation vary strongly during the optimization. However, as 
the genetic optimization progresses, poor performing individuals are sorted out and fitter shapes 
dominate. In the end, a trend towards circular shaped cross sections is noticeable. The cross-
sectional volute shape with the best performance is shown in Figure 7 (right).  

 

 

Figure 7: Function object for each individual (left) and optimized volute shape (right). 
Influence of Volute Inlet Location 
The performance of the volute is not only related to the shape of the volute cross section but 

also the actual location of the volute inlet. Its position can be characterized by the dimensionless 
parameter volute inlet eccentricity e, which is defined as shown in Figure 8 (left). A value of zero 
indicates a symmetrical volute inlet while values close to -1 and 1 stand for a tangential inlet 
position. An eccentricity close to -1 was not investigated due to limitations in installation space, 
which is obstructed by the oil circulation system and the turbine side of the turbocharger. The 
results of the optimization show that a value of approximately 0.85 leads to the best compressor 
performance (see Figure 8, right). A volute with a perfect tangential inlet (e = 1) does offer a 
slightly worse performance while a symmetrical inlet results in a very poor efficiency. 

Three volutes with different inlet locations are analyzed in detail to explain the influence of the 
eccentricity onto the volute performance. Figure 9 shows these three geometries: (1) symmetrical 
inlet (e = 0), (2) tangential inlet with e = 1, and (3) volute with an eccentricity of 0.85. The 
corresponding isentropic efficiency at 100,000 min-1 can be seen in Figure 10. The results are quite 
similar close to design conditions at �̇�𝑚 = 0.12 kg/s. Despite the similar performance at low flow 
rates, the three models offer very different results at high flow rates. At high off-design conditions, 
a symmetrical inlet offers an inferior performance compared to tangential inlet locations. Its 
isentropic efficiency is up to 6 % lower. However, the highest isentropic efficiency is achieved with 
an eccentricity of 0.85 resulting in 𝜂𝜂is = 0.65 at �̇�𝑚 = 0.19 kg/s. 

 Optimized shape 
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Figure 8: Definition of the eccentricity e (left) and its effect onto the function object f. 
 

 
Figure 9: Volute channel locations with different eccentricities e. 

 
 

 
Figure 10: Isentropic efficiency for three different volute inlet positions. 

 
The reason for the different performance at high flow rates can be found in the flow patterns 

inside the volute channel. Figure 11 shows the magnitude of the meridional velocity at volute exit 
and the corresponding velocity vectors. As stated by Chen et al. (2015), a double vortex is formed 
in case of a symmetrical inlet (shape A) leading to higher shear stress losses. Circular shapes with a 

x
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non-symmetrical inlet (shape B and C) result in a large vortex with a velocity minimum at the 
center of the volute channel. This flow structure is more favorable as velocity gradients are lower 
and thus shear stress losses. The velocity profile of shape C is more homogeneous and near-wall 
velocities are lower compared to shape B. As a result, the losses inside the volute channel are lower 
and the average total pressure at the volute exit is higher as shown in Figure 12. Shape C offers the 
highest �̅�𝑝tot with a difference of approximately 10 mbar compared to shape B and 90 mbar to 
shape A. 

The straight lower wall of shape B, arising from a tangential inlet with e = 1, leads to higher 
near-wall velocities at the lower wall of the volute channel. As a consequence, larger velocity 
gradients result in higher flow losses. Shape C with e = 0.85 features a slightly curved lower wall. 
Therefore, the jet downstream the volute inlet can be deflected by the primary vortex. This leads to 
lower near-wall velocities and a shortened jet. 

 

 
Figure 11: Meridional velocity magnitude and vectors at the volute exit for three different 
volute inlet positions at �̇�𝒎 = 𝟎𝟎.𝟏𝟏𝟏𝟏 kg/s 
 

 
Figure 12: Total pressure contour plots at the volute exit for three different volute inlet 
positions at �̇�𝒎 = 𝟎𝟎.𝟏𝟏𝟏𝟏 kg/s. 

�̅�𝑝𝑡𝑡𝑡𝑡𝑡𝑡 = 1.64 bar �̅�𝑝𝑡𝑡𝑡𝑡𝑡𝑡 = 1.72 bar �̅�𝑝𝑡𝑡𝑡𝑡𝑡𝑡 = 1.73 bar 

Total pressure [bar] 

1.45 1.5 1.6 1.7 1.8 
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CONCLUSIONS 
The paper describes a genetic optimization of the volute of a centrifugal compressor to improve 

volute and compressor performances. Based on the results, the dependency between eccentricity e 
of the volute inlet location and the isentropic efficiency of the compressor is investigated. As a 
result, a symmetrical inlet offers the worst performance. However, a tangential inlet with e = 1 does 
not lead to the best performance. The highest efficiency can be achieved using a volute with an inlet 
position of e = 0.85. The reasons are the development of a more favorable flow pattern inside the 
volute channel, which results in a more homogeneous velocity distribution and thus lower shear 
stress losses. 
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