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ABSTRACT 
Small air driven alternators serve as a practical solution to be a power source for miniature 

electronic equipment. An air-breathing radial outflow turbine can be easily manufactured and 
implemented to a variety of terrestrial and aerial vehicles for auxiliary power generation. The 
flow characteristics of such turbines need to be understood in order to maximize the power 
output with a compact design. The present study aims to document a numerical optimization 
strategy to improve the performance characteristics of small radial outflow turbines. The 
geometry is parametrized such a way that it allows automatized geometry and grid generation 
depending on the decided geometrical variables. The optimization was then performed with in 
house tool of VKI. The optimum design provided 33% higher power output than the initial 
design at the same rotational speed and mass flow rate. The final turbine geometry is without 
the hub gap and has smaller and higher blades. 
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NOMENCLATURE 
h  average cell size 
m  mass flow rate 
r  radius 
T  torque 
U  peripheral velocity 
V  absolute velocity, volume of a computational element 
W  relative velocity 
DOE pitch  
OPT optimization  
POP population 
PS  pressure side 
SS  suction side 
β  pitch  
ω  rotational speed 

INTRODUCTION 
The tendency to exploit efficient power generation opportunities at any scale has increased in the 

last decades with the applications of wind energy, organic cycle fluids etc. The alternators driven by 
the turbines may empower the electrical equipment with different energy demand depending on the 
application. Since the amount of energy extracted from a turbine to the alternators affects the 
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compactness of the machine, the geometrical optimization of turbines gains importance for small 
scale machines. The design, type, and size of the turbines differ depending on the need for energy and 
the available geometrical environment of the aimed application. The present work focuses on small 
scale turbine geometries which have an axial inlet and radial outlet. The platform, in which the turbine 
located, has a trajectory motion and at a certain height from the ground, the equipment for illumination 
purpose is triggered by the electrical components. That is where the turbine comes in to feed the 
electronics through the alternator which converts the turbine shaft power to useful potential. The 
current study focuses on the optimization in terms of power output from the turbine impeller. Through 
the conduit at the front part of the air vehicle, the air can get in as a result of the ram effect and meet 
the turbine impeller for power generation. The axial inlet flow guided by the 90 degrees bend 
consequently turns the turbine and vented from the radial outlet of the flow path. 

Since the power output from a turbine is focused, torque becomes the main interest as the 
objective. Torque obtained from the turbine is due to the change in fluid momentum (Koppela 2011) 
as calculated by the Euler’s formula (Eq.1). Fig. 1 shows the absolute and relative velocities of the 
turbine which is considered as baseline. The magnitude of relative velocity W2 and its angle β are 
important for the torque output and consequently power output which is aimed to be maximized.  
 
𝐓𝐓 = �̇�𝐦𝐫𝐫𝟐𝟐(𝐖𝐖𝟐𝟐 𝐜𝐜𝐜𝐜𝐜𝐜(𝛃𝛃) −𝛚𝛚𝐫𝐫𝟐𝟐)  [1] 

 

 
Fig. 1 Velocity triangles of the impeller 

 
Air driven radial outflow turbines in literature is scarce. A turbine alternator study to achieve 

better turbine design is investigated and methods to limit the rotational speed is offered (Campagnuolo 
and Fine, 1983). Another way of limiting the rotational speed is to let the overhanging aft part of the 
blades free to deform with centrifugal forces (Trouplin 1989). This brings a disadvantage on low 
speeds that flow easily escapes to the gap at the hub. Nonetheless, the rotational speed is limited with 
this approach. The design of the spinner (the central part at the center of the impeller) is also made 
such a way that it is formed of deformable leaves. The leaves deform under unpredicted high 
centrifugal forces to block the number of blade to blade passages and help regulate the speed of the 
turbine spin (Campagnuolo and Curto 1974). 

Radial outflow turbines driven other working fluids have been investigated since they are widely 
used in Organic Rankine Cycle applications as the expanders for low power output. A novel 
preliminary design approach coupled with an optimization algorithm using an evolutionary algorithm 
is proposed by Casati et al. (2014) Maximum efficiency is aimed to be achieved for a mini Organic 
Rankine Cycle turbine. They offered a design guide for the radially outflow turbine concept if low 
power application is needed. 

The current study aims to propose a genuine optimization strategy to improve the performance of 
an axial inlet - radial outflow turbine. The geometrical parameters of the end walls and the blading 
affecting the performance of the machine is defined based on CFD simulations and allowed variations 
for these parameters are set. The power output is selected as the figure of merit for the optimization. 
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METHODOLOGY 

Computational Tool 
FINE/Turbo 9, finite volume solver was used to perform the numerical simulations. The 3D 

Reynolds-Averaged Navier Stokes (RANS) equations were solved with second order accuracy in 
space. The solver has a structured multi-block approach which allows to handle complex geometries. 
Combining this approach with a multigrid convergence acceleration method, the code covers a wide 
range of flow regimes. Regarding the spatial discretization, central scheme was chosen. The Spalart–
Allmaras (S–A) one-equation model was used for the turbulence closure. 

 
Fig. 2 Numerical domain 

 
Figure 2 depicts the schematic of the numerical domain. The turbine is located inside the duct 

which has an axial inlet and the turbine blades encounter the flow after it is diverted to radial direction. 
Total and static pressure boundary conditions are set at the inlet and outlet, respectively. Constant 
rotational speed is given to the turbine rotor. 

A generic radial outflow turbine geometry was parametrized using high order Bézier curves to 
obtain an initial geometry for the optimization. Blade geometries are defined with camber line and 
thickness distribution. Such high order definition of airfoils ensures smoothness and second order 
continuity of surfaces (Farin 1993). Bézier curves are defined by using the equation set given in Fig. 
3 where the P0, …, Pn are the coordinates of each point that defines the Bézier polynomial 
(Hazewinkel 1997). In the definition, n is the order of the Bézier polynomial and the polynomial 
calculated at are variable range of t. Once the proper location of the Bézier control points are 
determined, the same blade geometry as the prototype or baseline can be obtained. Fig. 3 shows the 
geometry of the blade fitted by Bézier curves of non-dimensional camber line and thickness 
distribution and the control points for thickness distribution and the camber line which are defined by 
4th order and 6th order Bézier polynomials, respectively. To assure the smoothness and avoid 
discontinuity at the leading and trailing edges, 2nd and 6th Bézier points are located vertically with 
respect to first and last points. 

 
Fig. 3 Blade geometry generation with Bézier curves 
 

The numerical domain was created using Autogrid5. The computational mesh composed of 
structured hexahedron cells following a H&I-type topology. For the gap region, special treatment 
with ZR-effect option of Autogrid is used. A y+ value lower than 1 was set to achieve accurate 
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definition of the boundary layer (Roache 1994). Expansion ratio normal to the wall is kept lower than 
1.2. The maximum expansion ratio for all domain is kept below 2.5. In total, the number of cells for 
the final numerical domain including inlet conduit, a single blade passage, and outlet duct yielded 
2,187,215 elements.  

A through grid independency study following the proposed methodology by Celik et al. (2007), 
which is based on the grid convergence index offered by Roache (1994) and Freitas (1993), was 
pursued in order to ensure minimum numerical uncertainty or discretization errors. Power output was 
used as the figure of merit for the grid independency study of three grid topologies. Based on the 
theory, the average cell dimension for the grids needs to increase by a refinement factor around 1.3 
(Celik et. al. 2007), meaning the number of cells has to be at least doubled at each step for 3D 
domains. Average grid size is calculated with Eq. 4 where N is the number of elements in the domain 
and V is the volume of each cell. Average grid size (the volume of the domain is divided by number 
of cells its cubic root) is calculated through 𝒉𝒉 = �𝟏𝟏

𝑵𝑵
∑ 𝑽𝑽𝒊𝒊𝑵𝑵
𝒊𝒊=𝟏𝟏

𝟑𝟑
  where N is the total number of elements in 

the domain and V is the volume of each cell. 
The refinement factors, in other words average cell size ratios r21 and r32 are 1.21 and 1.62, 

respectively, where 1st grid is the finest, 3rd grid is the coarsest grid depicted in Fig. 4. 
 

 
Fig. 4 Blade to blade view of 3 grid levels 

 
Table 1 shows the objective function, which is power output, with different average cell size 

values. N1 shows the finest grid having the unity dimensionless height, h. Relying on the small 
difference between medium and fine grids, second grid topology is used for the optimization high 
fidelity simulations. With the selected grid, every CFD simulation takes 90 minutes with 5 cores of 
Intel(R) Xeon(R) CPU E5-2690 v3 @ 2.60GHz CPU. 

 
Table 1 Grid dependency and relative errors 

Grid # of nodes Obj. Function r Error % 
N1 9288k 20.58 1.62 0.92 
N2 2187k 20.77 

1.21 1.54 N3 1249k 21.09 

Optimization Strategy 
The initial turbine geometry is set to be optimized to maximize power output. For such a single 

objective optimization problem, and objective function f(x) has to be defined and minimized to 
achieve an optimized design (Eq. 2). The optimization process works to minimize a certain objective 
function. Through the search of its minimum, the derivatives of the objective function may be used 
as in non-zero order methods. In zeroth order optimization, only the value of the objective function 
itself is used. Although there can be various orders of optimization approaches depending on the order 
of objective function derivatives, such as zero order for the value itself or first order for the first 
(Verstraete 2010) and second order for the second order (Vanderplaats 1984 and Verstraete 2008) 
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derivative of the objective function, zero order method is decided to be used as the objective function 
for this work as the power output of the turbine. The selected geometrical parameters of interest are 
provided in the geometrical targets for optimization loop. 
 
𝒇𝒇(𝒙𝒙��⃗ ) = 𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒊𝒊𝒐𝒐𝒐𝒐  [2] 
𝒈𝒈𝒐𝒐(𝒙𝒙��⃗ ) ≤ 𝟎𝟎 [3] 
𝒉𝒉𝒌𝒌(𝒙𝒙��⃗ ) = 𝟎𝟎 [4] 
𝒙𝒙𝒊𝒊𝒍𝒍(𝒙𝒙��⃗ ) ≤ 𝒙𝒙𝒊𝒊 ≤ 𝒙𝒙𝒊𝒊𝒖𝒖(𝒙𝒙��⃗ ) [5] 

𝒙𝒙��⃗ = �
𝒙𝒙𝟏𝟏
⋮
𝒙𝒙𝒏𝒏
� [6] 

 
Design variables are represented with �⃗�𝑥 design vector which is shown in Eq. 6. In the present case, 

the geometrical parameters of the turbine geometry which are explained later on form that vector. 
Equations 3 to 5 are the constraints that have to be satisfied. For the inequality constraints, the power 
value is defined for the present project to avoid non-negative power. The range of design variables 
are shown in Eq. 5. They have to be defined in such a way that their interval should include the 
possible optimum design result. 

Effective parameters of the present case are assessed with preliminary simulations. In addition to 
the blade profile of the impeller, blade height, width of the gap near the hub and the curvature of 
shroud are considered as the other geometrical parameters that might affect the power output from 
the turbine. Since the torque or power output is dependent on the blade to blade profile area change, 
the blade profile is considered as it shall be improved. To alter the blade profile, the limits are set for 
the camber line and thickness distribution Bézier points. In total, there are three floating (in vertical 
direction) Bézier points for camber line and five for the Bézier curve defining thickness distribution. 
Fig. 5. shows the control points and the limits of the variables. The initial and ending points of both 
the camber line and thickness curves are kept fixed. The other eight points were given the degree of 
freedom in vertical direction. Blade stagger angle is also considered as a geometrical parameter. 
Stagger angle is defined with respect to its chord axis. For the initial case, it is zero as can be seen 
from Fig. 5. Blade stagger angle was varied between -5º to 36º with respect to its leading edge location 
(Fig. 5, origin of graph at the left which shows the blade geometry., origin). Moreover, the blade 
height is also considered as a geometrical optimization parameter as it provides larger blade to blade 
passage. The preliminary simulations showed that higher there may be an optimized blade height 
which is larger than the baseline geometry. Although larger blade height has larger wetted surface 
which increases the frictional area, the assessment of blade height shows that it has a positive effect 
on power output. For the initial case, blade height is at 56% of the hub to shroud distance. For the 
optimization it was varied from 55% to 95%. Gap at the hub region is also one of the geometrical 
parameters which was removed or kept as it is, in other words, 0 or 1. 

 
Fig. 5 Variation of control points of blade geometry 



 
 
 

6 
 
 
 

 

 
Fig. 6 Tools used with CADO 

Following the definition of geometrical variables and constraints, a relevant Design of 
Experiments (DOE) is created to generate the initial set of solutions forming a database. A devoted 
algorithm is created to generate turbine blades and the complete computational domain from the 
Bezier control points (Farin 1993), hub and shroud curves proposed by the DOE and the optimizer. 
Then grid is automatically generated to maintain the same mesh resolution for each turbine. High 
fidelity simulations of turbine geometries in DOE are performed to generate an initial solution 
database. Once this database is generated then optimization can start. Then, the optimizer tool uses 
the database to obtain the geometries for next generations. A metamodel assists to the evolutionary 
algorithm during this process to reduce the computational cost of the optimization. A single objective 
differential evolution step (in other words generation of a new “optimum” geometry) is performed by 
metamodel after it is trained based on the available database. Then the best individual selected and 
offered by the metamodel is sent to high fidelity solver (CFD) to have its high fidelity result. The 
database is updated for the next iteations. Detailed explanation regarding the usage of metamodels 
can be found in Verstraete (2008). From this point on the optimization process includes one high 
fidelity and one low fidelity loops. At the end of each low fidelity loop, an optimum is obtained and 
fed to the database through a high fidelity analysis. Same procedure is repeated until the objective 
function results of the optimum points are not changing or are not increasing significantly any more. 

 
To summarize, the optimization of the turbine is performed with the following steps: 
1. Recuperate the geometrical information and generate it digitally. Initial geometry was 

provided by another organization. Authors does not have information of the design phase. 
2. Adapt the geometry to the CFD tool to be able to analyze before and during the optimization. 
3. Perform preliminary simulations, decide the regions of the domain to modify. To be able to 

generate new geometries at each step, the parts of the domain is parametrized and they are 
able to be generated using Bézier curves. 

4. Prepare the necessary file formats to automatically generate the grid and to perform CFD 
simulations.  

5. Prepare the optimizer tool and perform the DOE simulations. The geometrical targets to 
modify and the CFD result folder to calculate the objective function at each step are provided 
to the optimizer.  

6. Once DOE results forms the initial database of results, optimizations iterations can be started. 
 

RESULTS 
Optimization campaign was started with DOE suitable to the number of geometrical parameters. 

A full factorial DOE taking into account a wide range of variability on the individuals can ideally be 
created by 2n+1 evaluations are generated where n is the number of parameters (Verstraete 2010). 
However, it was not practical to start with a DOE having 8,193 evaluations considering the 
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computational resources since there are 13 geometrical parameters. Instead, a reduced order 
experimental design with 25+1 cases, altering the parameters taking their values at 20% and 65% of 
the previously defined limits, was pursued for the optimizer to train the metamodel. The first 
evaluation was the composed of averaging the limits which means the value at 50% is taken for the 
first DOE evaluation. 

Fig. 7 summarizes the optimization campaign which comprises DOE followed by the optimization 
afterwards as a function of power output. For the DOE, a total of 24 cases were evaluated because 
seven geometries proposed by the DOE resulted in non-realistic geometrical parameter. The optimizer 
achieved a turbine geometry with maximum power output after 114 optimization generations. The 
optimum design achieved a 33% improvement on the mechanical power output of the turbine. At the 
111th iteration, the maximum value of the objective is achieved and the optimization part was stopped 
after 3 more iterations. 

Figure. 8 highlights the geometrical evolution from the baseline to the optimized turbine. Blade 
geometry including camber line and thickness distribution, blade height and the gap at the hub are 
significantly changed by the optimizer tool. The optimum case has much smaller chord length being 
63% of the baseline value. This implies the fact that the rear part of the baseline geometry is not 
generating work as observed from the blade loading in the preliminary simulations. Such a change in 
the geometry provides shorter, but effective blading design. Figure. 8-b compares Bézier curves of 
blade camber line along the chord and thickness distributions along the camber line of the 
corresponding blades. The optimized geometry is more cambered and thicker at the front part and 
less cambered at the rear part as compared to the baseline case. This leads a front loaded blade on 
which loading gradually decreases toward the trailing edge. The final geometry has much larger 
stagger angle which is 17º higher than the baseline. On the z-r plane, the blade height is increased by 
almost 25% or the passage. The optimizer entirely eliminates the hub gap to reach better performance 
(Figure 8-c). 

 
Fig. 7 Evolution of the performance parameter throughout the optimization campaign 
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Fig. 8 Baseline (black) and optimized (red) geometries 

 

 
Fig. 9 Blade loadings of baseline (left) and optimized (right) blade geometries  

Figure 9 depicts normalized static pressures along the blade surfaces at 3 different sections (HUB, 
MID and TIP sections are taken at 10%, 50% and 90% percent of the corresponding blade, 
respectively) of baseline and optimized cases. The baseline configuration has a majorly front loaded 
blading due to the blade geometry and the existence of the gap which will exclusively be discussed 
in the manuscript. The baseline loading is mainly concentrated at the hub. However, the optimized 
loading is more evenly distributed along the blades height. On the other hand, inverse loading is 
observed at the leading edge vicinity of the optimized blades because of the elevated blades stagger. 
The optimizer preferred to have such a blading that allows negative loading at the very front part and 
much higher positive loadings at the middle and rear parts. The blade loading is comparable at the 
hub and mid sections while there is almost no loading at the tip section. 

A more detailed view of the flow field with Mach number distribution on blade to blade plane is 
presented in Fig 10. For both designs, the flow is subsonic with highest Mach number around 0.35. 
At the hub section, flow acceleration is seen along the whole passage in baseline case, however the 
acceleration is stronger at the middle and rear part of the passage in optimized impeller. High velocity 
flow migrates towards the pressure side at the baseline case and while the flow nicely follows the 
passage at the optimized case. The amount of acceleration is bigger at the optimized case due to larger 
area change through the blade to blade passage. For the baseline case, flow decelerates at the rear part 
of the blade down to very low Mach numbers around the suction side surface but keeps being attached. 
The pressure side has higher speeds at the rear part of the blade for the baseline case, on the other 
hand there is no negative loading. The geometry of the blade which allows flow turning prevents the 
negative loading here providing the change in the flow momentum. The optimized case has higher 
Mach numbers at the suction side along the entire blade except the very frontal part. Very low speeds 
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are seen at the pressure side due to blade incidence and camber at the front part. Lastly, the stagnation 
point is moved towards the suction side in the optimized case. 

Mid-section Mach number distributions show similar characteristics to the ones of the hub section 
for both baseline and optimized cases with relatively lower Mach number values. The baseline case 
flow has a little higher velocity at the front and rear part of suction side surface. The optimized case 
has very low speed at the rear part of suction side. But there is no inverted loading thanks to the flow 
turning by the geometry itself. The leading edge is not moved towards the suction side in optimized 
case which makes the inverted loading part smaller at the front part of the blade. 

At the tip-section, the accelerations are much smaller in both cases resulting in very low speeds 
along the blade passages. The velocities are slightly higher at the pressure side vicinity through the 
blade to blade passage, but the loadings are very close to zero thanks to compensation by favorable 
flow turning. On the tip section, flow does not seem like it is migrating towards the pressure side 
unlike other spanwise location. 

 
The contours of azimuthally averaged radial velocity and the stream traces are calculated to 

achieve a general understanding on the spanwise flow (Fig. 11) Flow is diverted from axial to radial 
direction by the end walls and it passes through the bladed region right downstream. Flow near the 
shroud is highly altered by the optimization. A large recirculation depicts a separation zone extended 
towards the outlet for the baseline case. Whereas, the separation is more compact at the shroud corner. 
Highest flow acceleration is observed close to the hub for the baseline case and is at the middle part 
of the duct in the optimized case. At the hub region, the flow separates just upstream of the leading 
edge and reattaches right downstream. That circulation may be eliminated by altering the hub 
geometry, nevertheless it is excluded for this optimization campaign due to its negligible effect. The 
gap captures an important part of the flow entrained starting from the mid-section of the bladed 
region. Consequently, loading of the baseline is penalized but the hub gap leakage at the rear part of 
the blade passages. 

 
Fig. 10 Relative Mach number contours and streamlines at blade to blade planes 

 
Fig. 11 Azimuthally averaged radial velocity contours and streamlines 
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Fig. 12 Power and efficiency at different rotational speeds 

Table 2 Exit relative Mach number and flow turning 
RPM BASE M OPT M BASE Δβ  OPT Δβ 
51% 0.132 0.140 67.1 67.7 
70% 0.183 0.195 67.2 67.7 

100% 0.257 0.271 67.7 68.2 
118% 0.320 0.341 67.2 67.9 
132% 0.375 0.401 66.6 67.5 

A performance comparison of two cases was done at different rotational speeds (Fig.12). The 
power output exponentially increases with the increasing rotational speed for both turbines. However, 
the optimized turbine significantly outperforms the baseline geometry for higher spin rate. 
Corresponding efficiencies show a step increase for RPM levels after the optimization thanks to more 
uniform acceleration, higher blade heights, shorter blade chords allowing less frictional losses and 
removal of the hub gap. An efficiency augmentation as high as 9% is achieved. 

 
Table 2 compares main global flow parameters at different rotational speeds. Exit Mach numbers 

are higher for optimized case in all rotational speeds. Similarly, flow turnings, which are also an 
effective parameter for work extraction from a turbine, are increased in the optimized case. Both exit 
velocity and flow turning phenomena has a favorable effect on the power output of the turbine, hence 
proves the improvements depicted in Fig 12. 

 

CONCLUSION 
An optimization strategy is proposed to improve the performance of air driven radial outflow 

turbines. Such devices stand for a practical solution to be a power source for miniature electronic 
equipment. In order to initialize the optimization, the geometric parameters strongly affecting turbine 
performance was determined. Blade geometry, chord length, shroud and hub gap, stagger angle as 
well as solidity was let to vary during the optimization process. The limits for variation for these 
geometrical parameters were defined by taking into account the flow field of the baseline geometry. 
All numerical simulation within the study were performed with Numeca Fine/Turbo solver suite. 
Design of experiment refining the best combinations of the optimization parameters showing the 
highest effect on the power output was performed. In order to have a realistic approach, a reduced 
order design encompassing 33 individuals was considered to establish an initial DOE. Following the 
training of the metamodel, VKI’s in-house optimization algorithm (CADO) achieved an optimized 
design after 114 generations with an increase of 33% of the power output of the turbine. 

The resultant optimized geometry had higher and shorter blades reducing the blade surface area 
which is one of the source of frictional losses. The new blade geometry is more cambered at the front 
part and less cambered at the rear part while stagger angle is significantly increased. The gap at the 
hub was removed to prevent flow leakage from the blade passages. To investigate different sources 
of losses such as hub and tip gap, friction, trailing edge, end walls and other parts of the domain and 
their contribution can be a challenging future study. Geometries are also simulated at different 
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working conditions to ensure the optimize geometry outperforms at all relevant settings. It was 
observed that the improvements by optimization is more pronounced at higher rotational speed.  
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