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ABSTRACT

The expander of an organic Rankine cycle (ORC) is a critical component for the overall system per-
formance. If a designer is able to increase the turbine efficiency by 10%, the overall cycle efficiency
increases by 4%. However, methodologies and dimensionless diagrams used for steam and gas turbine
design are unreliable for ORC turbines because of two reasons. First, the expansion process takes place
in the dense gas region, where the ideal gas law equation is not valid. And secondly, the working fluid
features a small enthalpy drop due to its molecular complexity, bringing about a large pressure ratio per
turbine stage that, combined with the relative low speed of sound of the organic fluid, results in a highly
supersonic flow in the stator outlet.

This work presents an aerodynamic optimization, by means of a genetic algorithm, of a cantilever rotor
of a single stage high expansion (∼100) ORC turbine, operating with toluene (C6H5CH3) as a working
fluid. The rotor blade geometry is defined by 18 geometrical parameters and is generated using an in-
house blade design tool. The mechanical integrity of the blade geometry is assured by constraints on the
minimal thickness of the blade. The resulting rotor geometry is evaluated using a Reynolds-averaged
Navier-Stokes solver in a quasi-three-dimensional (Q-3D) framework to account for the increase of area
over the rotor stage. A mixing-plane model connects the stator and rotor domains, making the simulation
steady state. To model the non-ideal gas properties the EOS by Robinson et al. (1985) is used. The
objective of the optimization is to minimize the total enthalpy at the outlet of the turbine stage.

The optimized geometry successfully reduces a large flow separation in the rotor blade suction side which
was present in the original design. As a result, the entropy production is reduced and the total-to-static
efficiency has increased by 4.3%. In the future the design will be manufactured providing the possibility
of assessing the performance of the blade and the corresponding flow solution.

INTRODUCTION

In the past 50 years, the use of Organic Rankine (ORC) cycle-based systems to generate power from
heat has steadily increased up till an estimated installed capacity of 2701 MW as of December 31st 2016
(Tartière and Astolfi, 2017). A major advantage of ORC’s with respect to the traditional Rankine cycles,
is the possibility of optimizing the cycle in terms of thermodynamic and techno-economic aspects by
choosing different working fluids and expansion machines. Because of this potential for customization,
ORC systems can be designed and optimized for a wide variety of heat sources. For instance they are
used to convert waste heat from internal combustion engine exhaust, geothermal heat sources, biomass
applications, solar thermal applications and many other (Alshammari et al., 2018). Furthermore, because
of their low operational costs and small installation size they are very much suited for commercial use
for low power applications (<10 MW) (Alshammari et al., 2018).

Designing a highly efficient turbine for ORC-applications is important because the overall cycle perfor-
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mance is very sensitive to the efficiency of the turbine as the thermodynamic one is low due to the relative
low temperature of the heat source. Traditional design methods for turbines are unsuited to design ORC
turbines because they don’t take into account the vapour properties of the working fluids. Close to the
critical point, these properties deviate from the ideal gas properties and the speed of sound is much lower
than for instance, steam or air (Colonna et al., 2015). This has large consequences for the design of
the turbine (Colonna et al., 2008). Furthermore, because of the low speed of sound within the turbine,
supersonic and/or transonic flow can be present. This results in shock waves within the machine that
introduce significant additional losses, which should be accounted for in the design method.

One of the design methods for turbines that is capable of taken into account the complexities in designing
ORC-turbines is the so-called shape optimization method. In this method the shape of a turbine, deter-
mined by a high dimensional parameter space, is optimized by means of an optimization algorithmwhere
the performance of each design is evaluated by means of a Computational Fluid Dynamics (CFD) simu-
lation. These methods can be further divided into two categories: the gradient-based and the stochastic
design method.

In gradient-based design methods the optimal shape is found by using the gradients of the objective
function (with respect to the design variables) to progress towards the optimal design. Because the
design of turbomachinery often requires a large number of design parameters, the adjoint method is the
most appropriate technique to determine the gradients in a cost effective manner (Peter and Dwight,
2010). This method is characterized by the relatively low number of steps necessary to reach a optimal
design but is also prone to end up in a local optimum. Examples can be found in (Anand et al., 2018),
(Pini et al., 2014), and (Vitale et al., 2017). This method is most suitable to find small shape changes
with respect to an original design.

As an alternative to the gradient-based design techniques, stochastic methods are used for shape opti-
mization algorithms. In particular Genetic Algorithms (GA) are often used as they are able optimize
non-smooth objective functions, are easily constraint, and deal with multiple objectives without requir-
ing any gradients (Reeves and Rowe, 2002). Because these algorithms sample a large part of the design
space they are much less prone to end up in a local minimum. To reduce the inherent computational
costs of the method, an approximate model is often used in the optimization procedure. In the work by
Jubori et al. (2017a) this method has been used to perform a multi-objective optimization of a radial-
inflow ORC-turbine, improving the power output of the initial design by 11.98%. Further examples can
be found in (Jubori et al., 2017b), (Persico et al., 2018) and (Pasquale et al., 2013).. This method is most
suitable to find new optimal shapes that deviate substantially from the original design.

In this work we will re-design a rotor for a single stage high expansion (∼100) ORC turbine, operating
with toluene (C6H5CH3) as a working fluid. To determine the new rotor design, an aerodynamic opti-
mization, by means of a GA, is performed, where a novel blade parameterization is used to generate rotor
geometries. First, we will present the methodology, where the novel parameterization for a cantilever-
type rotor is explained, the details of the CFD simulations and the chosen optimization strategy. Then,
we discuss the outcome of the optimization procedure and compare the optimized shape with the origi-
nal shape. And finally, a small discussion follows where we will reflect on possible improvements and
future work.

METHODS

The method to determine the optimal blade shape for the investigated turbine will be presented in three
parts: (1) the parameterization method of the blade shape, (2) the methods used to resolve the flow fields,
and (3) the overall-optimization method for finding the optimal design.
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Blade Shape Generator
The Blade Shape Generator (BSG) is a tool that can design a rotor blade for a cantilever-type turbine as
a function of 18 parameters. In general, the design procedure can be summarized as follows: the blade
shape is a consequence of a desired flow line that turns the flow as gradual as possible through the rotor-
stage with an as gradual as possible area increase. The procedure, depicted in figure 1, consist of four
steps: (1) a flow line optimization (2.1) where a desired flow line through the rotor stage is determined,
(2) a channel optimization (2.1) that leads to a channel with an optimized width distribution through the
rotor stage, (3) a shroud optimization (2.1) that results in a shroud distribution, and (4) the tip construction
(2.1) that will construct the leading and trailing edge of the blade.

Figure 1: Schematic of the design procedure of the Blade Shape Generator (BSG), with the four
steps underlined. In the bold ellipses the variables that will be optimized to find the best design, in
the dotted ellipses the variables that will be optimized within the BSG, and in the dashed parallel-
ograms the variables that are fixed. (See table 1a for the values).

Flow line optimization In the first step of the procedure a desired flow line through the rotor-stage is
found by means of a genetic optimization. Five inputs are required: the radii of the leading and trailing
edge (rl, rt), the angles of the flow line at those radii (βl, βt), and the stagger angle (δ) of the flow line.
(See figure 1.) Given these parameters, the flow line is constructed by means of a Bezier curve with 2
control points. These control points are placed along two lines such that the inlet and outlet angle of the
flow line are as specified. (See figure 2a.) What remains as free variables are the positions of the control
points (Ll and Lt) along their corresponding line. These positions are found by solving the following
minimization problem:

min
Ll,Lt

σf =
1
N
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s.t. rt < rctr, t < rint,
rint < rctr, l < rl

(1)

where yf, and xf are the coordinates of the flow-line, rctr,t and rctr,l the radii of the two control points, rint
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the radius where the two direction lines intersect, and N the number of discrete elements in the flow line.
By minimizing the standard-deviation of the second derivative, a flow line is found that has a constant
change of its first derivative, meaning the flow is turned as gradual as possible.

(a) The construction of the flow line de-
picted in red including the Bezier control
points (×)

(b) The construction of the channel.

Figure 2: Blade parameterization in the rθ-plane

Channel optimization The second step is to construct a channel by means of the flow line. An extended
flow line will act as the channel center, and the width of the channel will be determined by means of an
optimization procedure. Four inputs are required: the desired thickness of the leading and trailing edge
(tl and tt) , the exponent γ in the width distribution relation (equation 3), and the number of blades Nb.
(See figure 1.) Given these inputs, the width of the channel at the trailing and leading edge (Wl and Wt)
will be determined by solving the following minimization problem:

min
Wt,Wl

ε = (t(rl) − tl)2 + (t(rt) − tt)2

s.t. 1 <Wt <∞,

1 <Wl <∞

(2)

where the width of the channel,W, as a function of distance s along the flow line is given by:

W(s) = Wl −Wt

lγ
sγ +Wt. (3)

The required extension distances dl and dt (see figure 2b) are determined with another gradient-based
optimization procedure ((Nelder andMead, 1965)) within the minimization problem given in equation 2.
The thickness of the blade t, as a function of radius r, is calculated by rotating the bottom side of the
channel upwards with an angle equal to 360/Nb, and taking the difference between that rotated bottom
and the top of the channel. (See figure 2b.) The solution to the minimization problem is found using a
gradient-based optimizer ((Kraft, 1988)).

Shroud Optimization The third step is determining a shroud distribution for the rotor stage. Five inputs
are required: the inlet and outlet radii (ri and ro), the inlet height, hi, and the height of the blade at the
leading and trailing edge (hl and ht). (See figure 1.) This leaves 4 variables free: the height and angle
of the shroud line at the outlet (ho and αo), and the shroud angles at the leading and trailing edge of
the blade (αl, αt). (See figure 3b.) These free variables are varied to solve the following minimization
problem:
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min
αl, αt, αo,ho
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s.t. αl < 10,
ho > ht

(4)

where the area A at location i is given by:

Ai =
M
∑
j=1

Wi

M
h(ri, j) (5)

with h as the shroud height,M the number of discrete elements used to discretize the width of the chan-
nel at each location along the flow line, and N the number of discrete elements of the flow line. (See
figure 3a.) By minimizing the standard deviation of the second derivative of the area distribution, a
shroud distribution will be determined such that the area increase along the flow line will be as gradual
as possible.

(a) The discretization of the channel (b) The shroud parameterization.

Figure 3: Example of an optimized channel

Tip construction The last and final step is the tip construction procedure. Four non-dimensional dis-
tances at suction and pressure side, for both the leading and trailing edge (s∗l−s, s

∗
l−p ,s

∗
t−s, s∗t−p), need to be

specified. (See figure 1.) First, an approximate camber line is calculated by averaging the θ-coordinate
of the top and bottom side of the blade, for each radius r. Second, to construct the trailing edge a normal
line is drawn from this approximated camber line, to the suction side of the blade at non-dimensional
position s∗t−s, with the non-dimensional distance s∗ = s

L , and L the length of the camber line. A spline will
then be fitted through the intersection point (×) and the tip of the camber line. (See figure 4.) By speci-
fying the derivatives at the start and end of this spline, the suction side will become continuous. Similar
procedures are applied for the other edges. This will close the blade shape and ends the parameterization
of the rotor.

Figure 4: The construction of the leading and trailing edges: On the left the construction of
the trailing edge using the non-dimensional distances s∗ along the approximated camber line
(depicted in blue), and on the right the construction of the leading edge.
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CFD Simulation
Given the blade shape and the shroud constructed using the BSG, the flow fields for all the designs are
resolved by means of CFD simulations using the open-source software SU2 (Palacios et al., 2013). To
reduce computational complexity, each flow field is solved for a quasi-three-dimensional (Q3D) domain
where the flow is solved along an assumed meridional line in the center of the shroud and the hub. This
line is taken to be equal to half of the shroud height for each radius r. To account for the increase of area,
the thickness of themesh, as a function of the radius, is increased proportional to the shroud height.

To create the mesh for the different domains an in-house mesh tool is used. The stator domain is dis-
cretized with a structured mesh, including a boundary layer mesh. The boundary of the rotor blade is
discretized using an O-mesh, but has an unstructured mesh for the rest of the domain, with two finer
unstructured meshes at the leading and trailing edge. In the spanwise direction both of the meshes have
three nodes. In the boundary layer mesh the first elements are clustered close to the wall to ensure that
y+ ≈= 1.

The following 4 boundary conditions are specified: (1) at the inlet, flow angle (α1), total temperature
and pressure (T01, P01), (2) at the outlet, static pressure (P3), (3) between the stator and the rotor, a
mixing plane model, and (4) for the top and bottom surfaces, symmetry conditions. (See table 1b for
the corresponding values.) For all the surfaces, except the top and bottom, the non-reflecting boundary
condition as presented by Giles (1990) is applied. To model the eddy viscosity the turbulence model of
Spalart and Allmaras (1992) is used, the thermodynamic properties of toluene are calculated using the
Equation of State (EOS) by Robinson et al. (1985) (with the critical pressure (Pc) and temperature (Tc))
and the transport properties, thermal conductivity (k) and viscosity (μ), are taken to be constant. (See
table 1b for the values.) All equations are solved with a second order differentiation scheme, where lim-
iters of Van Albada et al. (1997) and Venkatakrishnan (1995) are used for the momentum and turbulent
equations respectively.

Optimization method

Figure 5: Diagram of
the objective function f.

To obtain the optimal blade design, the following minimization problem is
solved using a genetic algorithm:

min
βl, βt, δ,Nb,hl

h03 = f(βl, βt, δ,Nb,hl)

s.t. hl < 30,
Nb ∈ {31,37,41,43,47,53,59},

(6)

where f is the objective function to be optimized. This function consists of
three steps: (1) the BSG that will create the blade profile and the shroud,
(2) the transformation of the geometry into a Q3D mesh, and (3) solving
the RANS equations using SU2. The final output of the function is the total
enthalpy at the outlet of the rotor (h03). (See figure 5.) To ensure fulfillment
of the second constraint (equation (6)), the variable Nb will be set equal to
the nearest number in the set.

An initial population (npop) of 100 individuals is created and the algorithm
is run for 10 generations (Ngen = 12). The mating and mutation probability
(Pmat, Pmut) are taken to be equal to 0.9 and 0.02 respectively. To prevent du-
plicate individuals in the same generation, the mating and mutation strategy
are adjusted such that only unique individuals will be created. To prevent
individuals from being simulated twice, a list is kept of all the individuals
that have been simulated, and if a new individual is created with the same
genes, the fitness will be set equal to the already assessed individual. To
scale the variables the following scaling is applied:
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x∗ = x − xmin
xmax − xmin

(7)

where x∗ is the scaled variable. For the corresponding minima and maxima of the variables, see ta-
ble 1c.

Table 1: Variables used in the optimization, where the subscript orig refers to the original geom-
etry.

(a) BSG variables

Parameter Value Units

BSG rl rl−orig [mm]
rt rt−orig [mm
γ 1 [-]
tl 1 [mm]
tt 1 [mm]
ri rl−orig ⋅ 1.1 [mm]
ro rt−orig ⋅ 0.8 [mm]
hi hi−orig [mm]
hl hl−orig [mm]
s∗l−s 0.02 [-]
s∗l−p 0.05 [-]
s∗t−s 0.02 [-]
s∗t−p 0.05 [-]

(b) Q3D/SU2 variables

Parameter Value Units

Q3D r3 r3−orig [mm]
r2 r2−orig [mm]

SU2 T01 600-500 [K]
P01 3.3-2.9 [MPa]
α1 45 [°]
P3 0.01-0.1 [MPa]
Pc 4.109 [MPa]
Tc 591.79 [K]
k 0.08029 [Wm−1K−1]
μ 18.53 [µPa s]

(c) GA variables

Parameter Value Units

GA Ngen 12 [#]
npop 100 [#]
Pmat 0.9 [-]
Pmut 0.05 [-]
βl,min 0.8 ⋅ βl−orig [°]
βl,max 1.2 ⋅ βl−orig [°]
βt,min 0.8 ⋅ βt−orig [°]
βt,max 1.2 ⋅ βt−orig [°]
δmin 0.1 ⋅ δorig [°]
δmax 0.2 ⋅ δorig [°]
Nb,min 0.8 ⋅Nb−orig [#]
Nb,max 1.2 ⋅Nb−orig [#]
ht,min 0.9 ⋅ ht−orig [mm]
ht,max 1.1 ⋅ ht−orig [mm]

RESULTS
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Figure 6: Mean total enthalpy per generation

Figure 6 shows the mean total enthalpy at the out-
let of the turbine for different generations. It can
be concluded that the optimization is progressing
towards a minimum. The convergence of the opti-
mization eems to be reached as the total enthalpy
doesn’t go down for the last numbers of genera-
tions. This indicates that the optimization reached
convergence, however due to the stochastic nature
of the optimization this is not garantueed. Further-
more, it also shows that in order to increase the
power output of the turbine the height of the blade
at the trailing edge (ht) needs to be increased; i.e.
the flow needs more area to expand.

Table 2: Performance of
new design with respect to
original

Difference Units

Δηt−t 2.296 [%]
Δηt−s 4.368 [%]
Δpturb 4.024 [kJ kg−1]
ΔKE3 -8.141 [kJ kg−1]
ΔP2 0.148 [bar]

Comparing the angles of the original and the optimized blade, we can
observe that the optimized design has a higher leading angle (22.08%)
but a smaller trailing and stagger angle than the original, -13.21% and
-81.8% respectively.

In figure 7 the relative Mach number is plotted for the original, and the
optimal design. In both cases the flow enters the rotor stage with a su-
personic velocity in the relative frame of reference. One can observe the
bow shocks at the leading edge of the rotor caused by the low rotational
speed of the blade (Otero Rodriguez et al., 2019). In the case of the orig-
inal geometry a large flow separation at the suction side of the blade is
visible. In the optimized blade design, a much more gradual expansion
is obtained, thereby reducing this separation bubble substantially, and in
turn lessen the entropy generation in the rotor stage.

Looking at the direction of the flow leaving the rotor stage we can observe that in the optimal design the
relative outlet angle of the flow (in the θR-plane) has increased by 33.72%, this in turn leads to a lower
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absolute outflow angle (≈ 0.3°) and thus less kinetic energy leaving the rotor. Furthermore, the mismatch
between the relative flow angles and the blade angles are significantly reduced in the optimized design,
meaning the blade is more in-line with the flow.

The power output of the optimized turbine has increased substantially with respect to the original, as can
seen in table 2. The total-to-static efficiency has increased with 4.37% because of two reasons, (1) the
reduction of kinetic energy leaving the turbine, and (2) less entropy generation due to the reduction of
the separation wake. Furthermore, because of the increased thickness of the blade (i.e. a reduction of
expansion area), the pressure at the interface of the rotor and the stator (P2), has increased by 0.148 bar,
leading to an increase of the degree of reaction of the turbine (4.31%).

Figure 7: RelativeMach for the original design (left) and optimized design (right). (NB. Scaled
for confidentiality.)

DISCUSSION

The optimization has lead to a new design that, according to the simulations, will improve the power
output of the turbine considerably. However, because the flow is resolved in a Q3D manner, 3D flow
effects are not accounted for. As is shown in the article by Otero Rodriguez et al. (2019) these effects can
be substantial and the proposed increase of the shroud height can lead to extra losses due to separation at
the shroud. Simulations and/or experimental data can help to quantify these effects in later studies.

Observing that the flow is still not completely in-line with the blade angles, it is expected that the optimal
design presented in this study is not the global optimum and that optimizing for more generations and
free parameters, will lead another design with a better performance.

We intend to improve the presented design method in the future. Envisioned adjustments are: (1) in-
cluding real gas properties ((Lemmon and Span, 2006)) by means of table interpolation, (2) including a
surrogate model to reduce computational costs, and (3) increase the design space by varying more pa-
rameters. The presented rotor design will also be manufactured so that the simulations can be validated
with experimental data.
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NOMENCLATURE

Symbol
α Angle Shroud/Flow (°)
β Angle Flow Line (°)
δ Stagger Angle Flow Line (°)
ε Error (-)
γ Exponent in Channel Width Equation (-)
μ Viscosity (µPa s)
A Area of Channel (mm2)
f Objective Function (J kg−1)
h Shroud Height/Enthalpy (mm)
k Thermal Conductivity (Wm−1K−1)
l Length of Camber Line (mm)
L Distance of control point (mm)
N Number (#)
P Pressure/Probability (Pa/-)
p Specific Power (Pa/-)
r Radius (mm)
s Distance along Camber Line/Flow Line (mm)
T Temperature (K)
W Width of Channel (mm)
x Carthesian coordinate on x-axis (mm)
y Carthesian coordinate on y-axis (mm)

Subscript
0 Total Conditions
1 Inlet Stator
2 Interface Stator/Rotor
3 Outlet Rotor
b Blades
ctrl Control Point
f Flow Line
gen Generation
i Inlet Shroud Line
l Leading Edge
mat Mating
max Maximum
min Minimum
mut Mutation
o Outlet Shroud Line
orig Original
p Pressure Side
pop Population
s Suction Side
t Trailing Edge
turb Turbine

Superscript
∗ Non-Dimensional
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