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Despite the high thermal efficiency achieved by modern heavy-duty diesel engines, over
40% of the energy contained in the fuel is wasted as heat either in the cooling or the
exhaust gases. By recovering part of the wasted energy, the overall thermal efficiency of
the engine increases and the pollutant emissions are reduced. Organic Rankine cycle
(ORC) systems are considered a favourable candidate technology to recover exhaust gas
waste heat, because of their simplicity and small backpressure impact on the engine
performance and fuel consumption. The recovered energy can be transformed into
electricity or directly into mechanical power. In this study, an axial turbine expander for
an ORC system was designed and optimized for a heavy-duty diesel engine for which real-
world data were available. The impact of the ORC system on the fuel consumption under
various operating points was investigated. Compared to an ORC system equipped with a
radial turbine expander, the axial design improved fuel consumption by between 2 and
10% at low and high engine speeds. Finally, the benefits of utilising ORC systems for waste
heat recovery in heavy-duty trucks is evaluated by performing various drive cycle tests, and
it is found that the highest values of fuel consumption were found in the NEDC and the
HDUDDS as these cycles generally involve more dynamic driving profiles. However, it was
in these cycles that the ORC could recover more energy with an overall fuel consumption
reduction of 5 and 4.8%, respectively.
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INTRODUCTION

Waste heat recovery (WHR) from reciprocating internal-
combustion engines, whether in automotive/transport
(Milkov et al., 2015) or stationary power generation or co-
generation applications (Simpson et al., 2019; Le Brun et al.,
2020) can increase overall efficiency, and reduce fuel
consumption and emissions. The transportation sector in
particular has been growing and is currently responsible for
almost 15% of global energy consumption. On-road
transportation is responsible for 12% and light and heavy-
duty engines for 8% of the overall energy consumption (Cipollone
et al., 2016). The automotive industry is currently intensifying
research due to severe regulations on exhaust gas emissions (Di
Battista et al., 2015). An analysis of the European Commission
showed that over 80% of greenhouse gases emitted from human
activities into the atmosphere are composed of carbon dioxide
(Milkov et al., 2015). Of that percentage, around a quarter is
attributable to transport. Even though the overall efficiency of
modern engines for optimum operating load may reach up to 37%,
the typical on-road performance is closer to 20% (Johnson, 2007).

Waste heat recovery (WHR) technologies are becoming
increasingly practical for use in heavy-duty diesel engines
(Teng et al., 2007), primarily based on: thermoelectric
generation (TEG), turbocompounding (TC) and the organic
Rankine cycle (ORC) (Karvountzis-Kontakiotis et al., 2016).
Stobart and Milner (2009); Stobart et al. (2010) performed
experimental studies proving that TEG can produce fuel
savings between 3.9 and 4.7%. Nevertheless, this technology is
still at early stages of development, and some materials and
manufacturing methods make it an expensive option especailly
in larger-scale transport WHR applications. Wilson (1986)
reported that mechanical turbocompounding can improve
brake specific fuel consumption by up to 6%. Furthermore,
electrical turbocompoundingcan contribute to fuel saving of
over 5% (Hopman, 2004). In recent years, WHR systems based
on ORC systems have been at the focal point of research for road
vehicle applications (Peralez et al., 2017). ORC systems offer
potentially higher efficiencies, for on-road vehicle engines, than
turbocompound and TEG (Jeihouni et al., 2016). In this work, an
axial turbine for anORCWHR systemwas designed and optimized
to determine the feasibility of this technology in automotive
applications and to allow for a direct impact assessment of axial
vs. radial turbine expanders in automotive applications under
representative, legislated drive cycle scenarios.

WASTE HEAT RECOVERY—GENERAL AND
ORC CONSIDERATIONS

Generally, the typical on-road efficiency of an IC engine is about
20% as part of the energy released by the fuel is lost in the exhaust
and cooling systems (Johnson, 2007). Heavy-duty diesel engines
under optimum conditions could reach an efficiency of over 40%
(Teng et al., 2007). WHR technologies can be used to recover part
of the wasted energy. WHR involves capturing and reusing the
waste heat energy for generating mechanical or electrical work.

The temperature of the wasted heat is a measure of availability
and quality. The higher the temperature, the greater the amount
of energy that can be extracted and recuperated (Moroz et al.,
2015).

Regarding automotive applications, WHR is gaining more
significance. In theory, it is possible to increase the efficiency
by up to 20% by incorporating such technologies. Although there
are some key points to consider:

• The development of a thermodynamic cycle and
components in compliance with the automotive constraints;

• The minimization of the impact on the vehicle architecture
and performance;

• The cost sustainability and the feasibility of the technology;
• The compliance with the current and future GHG emissions
regulations.

The energy recovered from the exhaust of an IC engine will lead
to an improvement of fuel consumption and increase of engine
power, or even engine-downsizing, to further reduce emissions.

Despite these advantages, there are still some challenges for
ORC WHR in automotive applications. First, creating a compact
WHR unit which integrates the turbine expander, the pump and the
generator. Second, integrating the WHR unit with the engine and
the exhaust system, especially in part-load and transient operation.
Third, innovating control strategies for an efficient utilisation of the
heat at part-load conditions. Fourth, improving the heat rejection
and reducing the cooling drag. Finally, WHR systems must be able
to integrate in a vehicle with a hybrid powertrain.

General
The Rankine cycle is a closed-loop thermodynamic cycle which
converts heat into mechanical power. This mechanical power can
be used to perform mechanical work or to produce electricity.
Using a highmolecular mass organic fluid, with low boiling point,
allows for the recovery of heat from low temperature heat sources,
which for a great number of applications would be unusable. The
layout of a basic Rankine cycle system and a T-s cycle diagram are
presented in Figure 1A. The first step in this cycle uses engine
exhaust to heat the fluid up in an evaporator in order to capture
the waste heat available (Process 2–3). The superheated vapour
(point 3) then passes through a turbine expander to generate
mechanical or electrical power; this device can be either a positive
displacement machine or a turbomachine (process 3–4). After the
fluid undergoes expansion, it flows through a condenser in order to
discharge low-grade thermal energy to the atmosphere (Process 4–1).

An important advantage of the ORCWHR is that the efficiency
of the ORC is not dependent on the exhaust gas pressure. Thus, the
efficiency is only affected by the temperature and themass flow rate
of the exhaust gases (Moroz, 2015). Also, the use of organic fluids
suppresses the need of incorporating a superheater in the design.

On the other hand, ORC systems present some drawbacks
which can complicate their implementation in certain types of
vehicles. In light-duty vehicles packaging and low cycle efficiency
due to the inherently low temperature of the heat source (relative
to conventional power generation applications), especially at low
and part-loads, can be a problem (Moroz, 2015). In heavy-duty
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vehicles, the available energy in the exhaust is higher and the
space not as limited as in smaller vehicles. Cummins (2006)
successfully integrated its ORC system to a Class 8 tractor,
Figure 1B.

Another disadvantage concerning ORC systems is the working
fluid. Common working fluids are sometimes flammable and
toxic. The selection of the optimum working fluid is vital.

ORC systems can produce either mechanical or electrical
power from the recovered heat. One solution is to deliver the
mechanical power generated by the expander of the Rankine
cycle to the powertrain system of the IC engine. According to
Sprouse and Depcik (2013), reciprocating expanders have good
controllability with respect to the response to fluctuating waste heat
conditions. Furthermore, the expander can be coupled to the
engine either directly or via a belt transmission. However, the
use of a turbine is not that simple, as its rotational speed is
approximately ten times higher than that of the combustion
engine, therefore, direct coupling is not possible. Moreover, as
the efficiency of the turbine is bound to its rotational speed, the
matching process seems complicated even for a gearbox.

When producing electrical power, the expander can be
connected to a generator either through a shaft or a gearbox.
There are various options to utilise the electrical power. As the
ORC system can produce up to a 10% of the engine power, one

option is to feed the power to the alternator. Or the energy can be
saved in batteries for use in other vehicle systems, such as the air
conditioning, or to hybrid systems.

The economic feasibility of these systems in automotive
applications depends, beyond the capital cost of the technology
itself, on the fuel price and the prevailing emissions regulations.
The capital cost of an ORC system, depends highly on the chosen
technological solution, the size of the production series and the
modularity of the system (Sprouse and Depcik, 2013).

Working Fluids
The selection of a suitable working fluid is a fundamental step in
the optimum design of ORC systems as the performance and
efficiency of the system will be influenced by the working fluid
(Vivian et al., 2015). The working fluids can be divided into three
groups according to the slope of the condensation curve in the T-S
diagram: wet, dry and isentropic, as shown in Figure 2A.
Isentropic and dry fluids are preferred as they prevent
condensation in the expander and a superheater is not needed
(Moroz, 2015).

In the literature there is great number of studies on the
selection of optimum working fluids for ORC systems
depending on the application. However, there is no clear
consensus on the identification of any particular optimal fluid

FIGURE 1 | (A, top) Rankine cycle system layout and T-s cycle diagram and (B, bottom) installation of the waste heat recovery (WHR) system in a Class 8 tractor.
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(Chen et al., 2010; Vivian et al., 2015). Several authors have
provided guidelines or indicators to follow to select the most
optimum working fluids, as illustrated in Figure 2B (Qiu, 2012;
Kulkarni and Sood, 2015). Many researchers identify the
temperature of the heat source as the main criterion for
choosing the ORC working fluid (Milkov et al., 2015).
However, the boiling point of the fluid, shown in Figure 2C,
cannot be the only criterion, as the cost and the environmental
impact must be considered as well (Eichler et al., 2015). Nouman
(2012) carried out a comparative study of more than 100 fluids
from different perspectives and concluded that the final selection
should be a trade-off between thermodynamic, environmental
and safety properties.

The most commonly used fluids are: R134a, R245fa, R1233zde
and ethanol (water mixtures). In this study, Novec 649 was also

investigated. Datla and Brasz (2014) compared R245fa and
R1233zd for low-temperature ORC applications, with
preferred by numerous ORC OEMs (Honeywell 2010).
Honeywell compared R245fa with R134a and water, among
other fluids in ORC applications and produced a study to
replace the first two for low global warming fluids (Zyhowski
et al., 2010).

Expanders
In addition to the selection of the working fluid, the selection of
the expander type plays a critical role in the design, operation and
overall performance of ORC systems. The selection of the
expander depends on the working fluid, the expander type, the
shaft speed, pressure ratio, inlet temperature, mass flow rate and
the nominal power range, or overall system scale (Moroz et al.,

FIGURE 2 | (A) Slope of the saturation curve of an organic fluid (Moroz et al., 2015), (B) Criteria for ORC working fluid selection and (C) suitable organic fluids
classified by the heat source temperature (Milkov et al., 2015).
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2015). ORC expanders can be divided into two categories:
volumetric expanders and turbines. Volumetric expanders
operate on the principle of reversed volumetric compressors
use in refrigeration cycles and heat pump applications. The
most common volumetric expanders are screw (Alshammari
et al., 2018a; Pantaleo et al., 2019), piston (Markides et al.,
2013; Chatzopoulou et al., 2019) and scroll (Capata and
Hernandez, 2014).

ORC WHR turbines are either radial or axial. In large scale
ORCs, the turbine expanders are mainly based on conventional
turbine technology with shaft seals, reduction gear, air cooled
generator and lubricating oil system. However, the interest
towards small scale ORC is increasing, especially for waste
heat recovery in automotive applications. In systems which
produce a small power output, volumetric expanders are
considered, due to their good off-design performance
compared to small scale turbomachinery (Sprouse and Depcik,
2013).

The energy in the exhaust system of a vehicle is low compared
to industrial plants. The automotive ORC systems produce less
power, operate at moderate pressure ratios and have lower
efficiency compared to industrial turbines. So volumetric
expanders may not be the best solution for automotive
applications. On the other hand, the design of turbines is
challenging as they tend to be small and operating at high
speed, with high relative losses. Additionally, organic fluids
have a low speed of sound, leading to supersonic flows which
create increased losses. However, due to the small specific
enthalpy drop and large volumetric flow rate, it is possible to
design turbines with relatively simple geometry and good
efficiency (Pesiridis, 2014). According to Moroz et al. (2015),
the application of turboexpanders ranges from power ratings of
10 kW to over 1 MW, with radial turbines preferred for
applications under 500 kW and axial turbines for more than
500 kW.

Drive Cycles
A drive cycle is the representation of vehicle speed vs. time. It is a
very powerful tool for assessing the fuel consumption and
emissions of different vehicles and WHR systems. The driving
cycle is usually performed on a chassis dynamometer where
tailpipe emissions are collected and analysed. Alternatively, the
driving cycle is performed on an engine mounted on an engine
dynamometer by controlling the engine torque and speed
(Nicolas, 2013).

There are two types of drive cycles, the modal cycles like the
European standard NEDC, or Japanese 10–15 mode and the
transient cycles like the FTP-75 or Artemis cycle. The modal
cycles are a compilation of straight acceleration and constant
speed periods and are not representative of a real driver
behaviour, whereas transient cycles involve many speed
variations, typical of on-road driving conditions (Nicolas, 2013).

The drive cycles used for this study are the New European
Driving Cycle (NEDC), the Artemis Highway driving cycle, the
Highway Fuel Economy Test Cycle (HWFET) and the EPA
Heavy Duty Urban Dynamometer Driving Schedule (HDUDDS).

The NEDC was the reference cycle in Europe for light duty-
vehicles until Euro6. The NEDC comprises an urban part called
ECE, which is repeated four times, and an extra-urban part, the
EUDC. More suitable for assessing heavy-duty vehicles are the
other three driving cycles. The Artemis cycle is based on a
statistical study carried out in Europe. The HWFET is used to
assess fuel economy over a highway driving cycle. The HDUDDS
cycle has been developed for chassis dynamometer testing of
heavy-duty vehicles (ECOpoint, 2017). The characteristics of
these cycles are summarised in Figure 3.

METHODOLOGY

General
Following the previous literature survey, the engine and the ORC
were modelled using the GT-Power gas dynamics code. A
MATLAB code was developed to calculate the parameters of
the ORC turbine using as input the data obtained from the GT-
Power models. With the MATLAB-calculated parameters, the
turbine CAD model was created in SolidWorks. Then,
Computational Fluid Dynamics (CFD) analysis of the designed
turbine was performed using ANSYS CFX. The CFD-analysis was
an iterative process whose outputs optimized the turbine
geometry. Then the turbine map was generated and the radial
turbine substituted in the ORC system. The results obtained from
the simulations of the new ORC system were implemented in the
various drive cycles to analyse the generated power and the
reduction in the fuel consumption under realistic vehicle
driving conditions. The methodological approach used in this
work is illustrated in Figure 4.

CFD Analysis
All simulations were performed in ANSYS CFX with the aim of
optimizing the geometry of the turbine to obtain a high power
with moderate isentropic efficiency. This was achieved as seen
earlier in this paper. Figure 5 represents the meridional view of
the turbine stator (red) and rotor (blue).

The MATLAB code maintained the relative Mach number
below unity. Figure 5B is a section of the stator and rotor. The
relative Mach number is displayed in the whole domain. There
was no supersonic flow in the stator and only a small region in the
rotor where there was a minimal area where the flow reached of
supersonic velocity at 40% chord length.

The effect of that pointed shape can be seen better when
plotting the streamlines of the velocity. The streamlines flowed
along the wall and, at the point of the curvature, joined adjacent
streamlines producing flow acceleration. Despite the supersonic
velocity regions, the streamlines illustrate a smooth flow
transition in Figure 5C.

Figure 5D, on the other hand, illustrates the flow passing
through the rotor-stator system profile. No recirculation vortices
are present due to the sufficient blade twist being applied through
the application of free vorticity at design stage. However, in
Figure 5E, the flow reaches supersonic velocities in the upper
side of the rotor profile. In addition, the small clearance set
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between the rotor tip and the shroud does not allow for significant
cross-over flow over the rotor blade, indicating reduced loses.

Engine Modelling
The IVECOCursor 11A, 6-cylinder, heavy-duty diesel engine was
chosen as the baseline engine for this work as shown in
Figure 6A. The power and torque curves, from the
manufacturer, were set as a target for the model. The engine
model was later used to connect the ORC to the exhaust system.
The engine and ORC simulation was developed in the
commercial software GT-Power.

The exhaust-gas temperature and the mass flow rate were
calculated for various operating points as shown in Figure 6A.
These values were then used for the calculation of the ORC
WHR system. The completed GT-Power model is shown in
Figure 6B.

In addition to the engine model, the ORC was also modelled
in GT-Power. The model consisted of a shell and tube
evaporator, a plate condenser, a reservoir, a pump and an
expander, as shown in Figure 6C. Running several
simulations using the same setup for every fluid the choice
was made based on the working fluid which had the better
performance in terms of power produced and efficiency of the
expander; that fluid was R134a.

After the selection of the working fluid, the final model was
generated. The following assumptions were made (Andwari et al.,
2017) and input were as shown in Table 1:

• No pressure losses in the evaporator and the condenser;
• The organic fluid exit temperature from the evaporator,
equals to the exhaust gas temperature;

• The organic fluid exit temperature from the condenser
equals the coolant temperature.

The efficiency of the ORC was calculated from (Alshammari
et al., 2018b):

ORC Efficiency (%) � Wt

Qin
(1)

whereWt is the turbine power output andQin the heat available in
the evaporator.

The net power was calculating by subtracting the power of the
pump from the turbine power:

Pnet � Wt −Wp (2)

The BSFC was calculated from:

BSFC � mf

Pb
(3)

where mf is the fuel mass flow rate and Pb is the brake power of
the engine. However, due to the additional power recovered from
the ORC, the new BSFC was calculated from:

NewBSFC � mf

Pb + Pnet
(4)

Turbine Rotor Design
Before designing the turbine, the operating conditions had to be
specified from GT-Power simulation. The turbine is part of the
ORC heat recovery system of a heavy-duty diesel vehicle such as a
truck. Therefore, the engine will mostly operate around medium
rpm so the design point was considered accordingly. The engine
speed of 1,200 rpm was chosen as the point from which the data
in the simulation were used for the preliminary calculations of the
blade geometry.

For optimizing the blade geometry, in addition to the above
initial conditions for the engine, the following initial conditions
were used for the turbine:

• Turbine rotational speed—60,000 rpm
• Blade speed (U)—120 m/s
• Flow coefficient (&phiv)—1.2
• Nozzle loss coefficient (λ)—0.5

FIGURE 3 | Velocity profiles over time for the drive cycles employed in this study with tabulated principal specifications for the drive cycles employed in this
study, below.

Frontiers in Mechanical Engineering | www.frontiersin.org June 2021 | Volume 7 | Article 6765666

Soldado et al. Axial Turbo-Expanders for ORC WHR

https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


In addition to the values of temperature, pressure and mass
flow rate obtained in the simulation, the diameter of the inlet
pipe in the ORC model was considered as a geometrical

constraint for the maximum radius at the tip of the turbine.
Furthermore, the number of blades were unknown as well as the
blade height.

A MATLAB code was developed to use the previous
conditions and assumptions as input. As there were multiple
parameters, the code performed iterations for different number of
blades and a range of values for the mean turbine radius. The
minimum blade height was set as a constraint.

The stator and rotor blades were drawn in ANSYS Geometry,
as cambered airfoils, as shown in Figure 7.

For designing the blades, first, three planes were created at a
distance equivalent to the hub, mean and tip radii. The next step
was to draw the profile of the blade using straight lines, arcs and
tangents. For drawing the profiles, the initial values for the
following parameters were calculated using the aforementioned
MATLAB code: leading inner angle, leading outer angle, leading
radius, leading length, trailing length, trailing inner angle, trailing
outer angle, trailing radius and chord. The values of these
parameters were later modified for the optimization analysis.
The tool skin joined the three profiles generating the full body of
the blade. The following step was to create the flow path. This was
done on the xz-plane or yz-plane as the axis of rotation was the
z-axis as defined in the theoretical chapter. In addition, a surface
element containing the blade profile was generated. The final step
was to use the function export points. By selecting the flow path
and the surface element, as well as the number of blades of the
stator, a domain for meshing was produced and transferred to
TurboGrid.

Computational Fluid Dynamics
Methodology
Mesh
The CFD analysis was crucial for defining the performance of the
turbine. The blade design was meshed using the TurboGrid
module of ANSYS Workbench. Figure 8 shows the meshed
domain, which is enclosed between the inlet, outlet, hub and
shroud. To reduce the computational cost of the simulation, only
one blade of the rotor and one of the stator were meshed. The
position of the inlet and outlet boundaries were modified
depending on the blade total length.

To generate the mesh, in TurboGrid the number of nodes
option was chosen. The total number of nodes was divided by two
and 200,000 nodes were allocated to each blade, allowing for extra
nodes for changes in the geometry of the blade during
optimization. In order to get more accurate results, the mesh
around the blade surface, hub and shroud was refined.

Solver
The solver used for the CFD analysis was CFX of the ANSYS
package. After importing into CFX the meshes of the stator and
rotor blades, these were positioned so that both domains were
very close to each other but without intersecting. The stator mesh
was set as a stationary mesh whereas the rotor mesh was defined
as rotating around the z-axis. Finally, the working fluid R134a was
assumed an ideal gas with properties calculated by REFPROP
software.

FIGURE 4 | Methodology applied in this work.
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Boundary Conditions
The stator and rotor domains were established as stationary and
rotating, respectively, with R134a as the working fluid with heat
transfer modelled within ANSYS, as well. Generally, in the
simulation of axial turbines, the total pressure and
temperature are imposed at the inlet of the stator while the
static pressure is imposed in the outlet of the rotor. These values
were obtained from the simulations performed in GT-Power. No-
slip condition was imposed on the walls of the blades, hub and
shroud. The shroud was considered counter-rotating due to the
rotational movement of the rotor mesh. Symmetry conditions
were set on the surfaces in-between the blades of the stator and
the rotor.

Convergence Criteria
The convergence control was set to 200 iterations with a physical
timescale of 0.001 s and a residual target for convergence to

0.00001. Additional parameters were monitored to check that the
simulation was producing appropriate results. For instance, the
mass flow rate difference between inlet and outlet had to be zero.
Also, the total-to-static efficiency was monitored for this single-
stage turbine set-up.

Blade Optimization
Preliminary blade calculations were performed by the MATLAB
code. The first parameters to be optimized were the number of
blades on the stator and rotor. Then the geometry of the stator
blades was optimized, followed by the geometry of the rotor
blades. Optimization started from the hub moving to the tip. The
parameters of each blade profile were optimized for highest
efficiency, parametrically, in the following sequence: leading
inner angle, leading outer angle, leading radius, leading length,
trailing length, trailing inner angle, trailing outer angle, trailing
radius and chord. The resulting models can be found in Figure 9.

FIGURE 5 | (A) Meridional view of the turbine stator (red) and rotor (blue) and (B) relative mach number field in stator-rotor couple and (C) velocity streamlines in
stator-rotor couple; (D) velocity streamlines showing no vorticity, and (E) supersonic flow identification in a single rotor-stator couple.
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Implementation of the ORC Turbine
Once the design of the axial turbine was optimized, more
simulations were performed in ANSYS CFX for various
rotational speeds and outlet pressures. Thus, an ORC
turbine map was generated. The map was then implemented
in the ORC and engine models in GT-Power. The GT-Power
then simulated the power generated by the ORC turbine, the
power of the pump and the heat exchanged in the evaporator
and condenser. Therefore, the efficiency of the ORC system
was calculated.

Drive Cycle Modelling
A series of drive cycles were simulated on GT-Power on the
modelled engine with and without the ORC WHR system. The
BSFC, BMEP and FMEP maps obtained for the modelled engine
with and without the ORC WHR system were used as inputs to
the drive cycles. The cycles simulated were the New European
Driving Cycle (NEDC), Artemis, HWFET and UHDDS. Fuel
consumption in l/100 km was calculated under realistic driving
conditions.

RESULTS AND DISCUSSION

Data from the engine, the ORC system, the CFD simulations and
drive cycle simulation is analysed and evaluated.

Engine Model
The investigated IVECO 11 engine, produces the, provided by
the manufacturer, power and torque curves shown in Figure 10
(b). The geometry of the cylinders and other specifications,
presented in Figure 3, were used as an input to the GT-Power
model. The simulated power and torque curve for the engine
are, also, shown in Figure 10A. There is good agreement
between the manufacturer data and the GT-Power model.
Furthermore, the values provided by the manufacturer and
the values simulated in GT-Power are compared in
Figure 10B. The relative error has higher values in the low
engine speeds at the torque simulation.

The simulated BMEP at maximum torque was 25.4 bar, which
was the same value given by the manufacturer. The manufacturer
BSFC at maximum power and maximum torque are 196 and
194 g/kWh, respectively. Whereas the calculated values for the
BSFC were around 200 g/kWh.

To validate the model developed in GT-Power the power and
torque curves were plotted after performing the simulation of the
engine at different rpm.

FIGURE 6 | Engine and engine-ORC model specifications (A) IVECO
Cursor 11 specifications (B)GT-Power engine model and (B)GT-Power ORC
cycle system model

TABLE 1 | ORC inputs as calculated from GT-Power engine model.

Engine speed (rpm) 900 1,100 1,300 1,500 1,700 1,900
Mass flow rate (g/s) 240 345 458 527 548 561
Temperature (K) 802 753 695 705 702 709
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FIGURE 7 | Stator (A) and rotor (B) blade geometry.

FIGURE 8 | Turbogrid mesh detail of turbine rotor.

FIGURE 9 | Stator (A) and rotor (B).
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ORC Modelling
The initial ORC model on GT-Power, was built using a radial
turbine. After an initial investigation of the system, the boundary
conditions and rotational speed of the turbine were estimated.
Based on these values, an axial turbine was designed, optimized
and implemented in a GT-Power engine model.

The aforementioned working fluids were simulated under the
ORC working conditions. There is a trade-off between the
generated power and efficiency. For the purpose of this ORC
system, power was prioritized over efficiency. R134a was selected
as the working fluid.

The initial GT-Power simulations of the ORC model with the
radial turbine are presented in Table 2. The second column shows
the average heat transfer rate to the evaporator wall. This is the
heat transferred to the working fluid of the ORC. The third
column shows the average pump speed, which is dictated by GT-
Power. For up to 1,500 RPM engine speed, the pump rotates at
1,500 RPM. For engine speed above 1,500 RPM, the pump rotates
at 2,600 RPM. The isentropic efficiency of the pump is calculated
from the thermodynamic tables for the working fluid and
presented in the fourth column and the power input to the
pump in the fifth column. The average power produced by the

FIGURE 10 | (A) Power and torque curves simulated on GT-Power and provided by the manufacturer and (B) power and torque values simulated on GT-Power
and provided by the manufacturer.

TABLE 2 | (A) Performance of ORC system with radial turbine, (B) Stator and rotor optimized values, (C) Stator main geometric and flow angle data and (D) Rotor main
geometric and flow angle data.

Engine speed
(cycle
average)
[RPM]

Average
convective heat
transfer rate to

evaporator
walls (kW)

Average
pump

speed (RPM)

Average total
(isentropic)

pump
efficiency (%)

Average total
pump power

(kW)

Average radial
turbine

power (kW)

ORC system
efficiency (%)

ORC system
power (kW)

700 59.92 1,500 23.03 0.13 0.06 4.4 2.5
900 89.73 1,500 25.98 0.14 2.62 11.3 10.0
1,100 95.54 1,500 21.96 0.12 10.13 13.9 13.2
1,300 92.6 1,500 22.38 0.12 13.28 12.7 11.6
1,500 99.67 1,500 21.71 0.12 11.75 15.5 15.3
1,700 128.83 2,600 77.06 0.45 15.44 4.2 5.0
1,900 132.31 2,600 77.11 0.45 5.44 5.5 6.8
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radial turbine of the ORC cycle is shown in the sixth column. The
efficiency of the ORC is shown in the seventh column and was
highest at low to medium speeds.

Axial Turbine Design
Preliminary Blade Design
As described in the methodology, using the in-house MATLAB
code, the blade height, mean radius and number of blades were
calculated. Using the free vortex equations, the flow angles for the
hub, mean and tip radius were preliminary calculated as shown in
Figure 6. A physical representation of the angles are shown in
Figure 7. The blade height was fixed to 10 mm, the mean radius
to 19 mm and the number of blades for stator and rotor were 30
and 15, respectively. The preliminary design parameters of the
stator blades are shown in Table 3 and of the rotor in Table 4. It
was noticed that the blade angles changed from hub to tip radius
due to the application of the free vortex design as it reduces the
losses produced by vortices at the profiles of the blades.

The free vortex design produced twisted blades as observed
from the values of the angles at different radius. The values for
angles A1, A2, and B2 reduce while moving from the hub, to the
mean, to the tip. The blades are more twisted at the hub section
and then straightened out. However, the angle B3 increases from
hub to tip resulting in a more cambered profile.

Turbine Optimization
Following the preliminary blade design. The blades were
optimized for the ORC operating conditions. Table 5 presents

the final values for each parameter. The first two columns show
the new number of blades and orientation. The last two columns
show the effect of the varied parameters on the generated power
and efficiency. The final values of the geometric paraments, after
the optimization, are shown in Table 3 for the stator and in
Table 4 for the rotor, while Figure 5A shows two views of the
optimised stator and rotor, respectively.

The final outcomes after the optimization process were:

• Power output—23.7 kW
• Efficiency—66.3%

Once the individual elements and overall performance of the
system were compared the next step was to calculate the
reduction of BSFC of the engine. To illustrate the reduction in
the BSFC of the engine, the BSFC maps (without and with ORC)
were plotted in Figures 11B–D, respectively.

There was a significant reduction in the BSFC when the ORC
systemwas integrated with the engine. The reduction is illustrated
with another map showing a range from 2% up to 20% in
Figure 11.

Drive Cycle Comparative Performance
Finally, a simulation of the optimized ORC system was
performed under different drive cycles. The drive cycle is a
tool to assess fuel consumption and pollutant emissions of a
vehicle with several drive cycles considered for this study as
discussed in Drive cycles. However, for the purpose of this work,
only the fuel consumption was evaluated. Fuel consumption
without and with the modelled ORC WHR system was
compared. The results confirmed what was discussed in the
literature review, the ORC system helped reduce the fuel
consumption in a heavy-duty vehicle. The fuel consumption
in litres per 100 km is presented in Figure 12 for various drive
cycles.

The overall percentage of reduction is shown in Table 6. The
highest values of fuel consumption were found in the NEDC and
the UHDDS as these cycles generally involve more dynamic
driving profiles. In these cycles, the ORC could recover more
energy and, therefore, produce a higher decrement of fuel
consumed.

The fuel consumption was found to be lower in the Artemis
and HWFET cycles, as the profiles were less aggressive. In
addition, as the engine was operating in the area where most
of the energy from the fuel is utilized there was not as much
energy available to be recovered by the ORC. Thus, the decrease
in the consumption was lower, as expected.

The savings in terms of fuel consumption calculated in this
work, ranged from 2.5 to 5%. These values are well in
accordance to the typical experimental and theoretical
values of 2–8% reported in the literature (Xu, et al., 2019).
However, these values were far lower from the maximum
theoretical 10% decrement reported in literature
(Alshammari, et al., 2018a). Nevertheless, the results of this
work were satisfactory as they proved that the turbine designed
for the ORC coupled to the engine would reduce the
consumption of fuel.

TABLE 3 | Rotor main geometric and flow angle data.

Rotor

Parameter Hub Mean Tip

Preliminary Rotor inlet flow angle B2 (degrees) 31.39 24.48 17.38
Rotor outlet flow angle B3 (degrees) 43.97 45.28 46.57

Optimized B2 (degrees) 31.59 24.73 18.36
B3 (degrees) 40.50 45.28 49.99

TABLE 4 | Stator and rotor optimized values.

Power (kW) Efficiency (%)

Stator blades 35 blades 30.1 53.2
Rotor blades 20 blades 23.6 59.4
Stator orientation 2° 23.8 59.7
Rotor orientation 0° 23.8 59.7

TABLE 5 | Stator main geometric and flow angle data.

Stator

Parameter Hub Mean Tip

Preliminary Stator inlet flow angle, A1 (degrees) 10.73 10.00 9.36
Stator outlet flow angle, A2 (degrees) 54.18 52.19 50.30

Optimized A1 (degrees) 13.5 10 7
A2 (degrees) 52 40 30
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CONCLUSION

The aim of this work was to design an axial turbine for an organic
Rankine cycle (ORC) system for waste-heat recovery (WHR)
from a heavy-duty diesel engine. This technology has attracted
significant research interest in recent years as, arguably, the
premier short-to-medium term WHR solution in such
applications and among technologies that have not yet found
widespread production and use. This solution aims to reduce the

fuel consumption of the engine by recovering energy from the
heat wasted in the exhaust system, and by converting this to
electricity or directly into mechanical power that can be used to
displace vehicle demands, and therefore the fuel necessary to
cover these demands.

In this study, an axial turbine expander design was proposed
and improved by using CFD. Moreover, a method to perform
preliminary blade calculations was described. Additionally, a
model of the heavy-duty truck engine was implemented in

FIGURE 11 | (A) Comparison of ORC systems, (B) BSFC map without and (C) with ORC system; (D) percentage of BSFC reduction with ORC installed on
modelled HDD engine.

Frontiers in Mechanical Engineering | www.frontiersin.org June 2021 | Volume 7 | Article 67656613

Soldado et al. Axial Turbo-Expanders for ORC WHR

https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


GT-Power as well as that of the ORC system modelled for both
radial and axial expanders, for comparison purposes.

It was found that when an axial turbine is implemented within
an ORC system model coupled to the engine considered in this
work, this resulted in a fuel consumption reduction in the range
of 2–10% reaching slightly higher values at between 1,200 and
1,600 rpm. Furthermore, it was shown that the axial turbine
improved the fuel economy of the vehicle in comparison to
the radial turbine by up to 13% at deisgn point. In addition,
satisfactory drive cycle tests were performed to simulate real
conditions showing a maximum fuel consumption reduction of

5.0% for the obsolete New European Driving Cycle (NEDC), and
4.8% for the much more relevant HDUDDS.
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