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a b s t r a c t

The expander is the key element of an organic Rankine cycle (ORC) and has a significant influence
on the cycle efficiency. Therefore, in this study, an innovative small axial multistage turbine with
partial admission for a bottoming ORC (ORBC) is investigated. The ORBC was used for the waste heat
utilization of exhaust gases and jacket cooling water from a 537 kW biogas internal combustion engine
(ICE) .

The initial design of the turbine flow part was developed using a mean diameter two-dimensional
(2D) preliminary design (PD) method. The high rotational speed of the axial turbine, which is its most
critical characteristic, was overcome by employing partial admission. To achieve high isentropic effi-
ciency, new (nonstandard) profiles of the nozzle and moving blades were designed using an analytical
method. The initial full flow part of the turbine was further investigated by three-dimensional (3D)
computational fluid dynamics (CFD) simulations, with the aim of improving its design. The simulations
also provided a better insight into the physics of flow than the mean diameter 2D method. Both the
2D PD calculations and 3D CFD simulations were performed using real gas properties.

The innovative axial action–reaction turbine with partial admission has 8 stages, a mean diameter
of 140 mm, and a rotational speed of 9000 rpm. According to the CFD simulation results, a mass flow
of isopentane as the working fluid of 1.171 kg/s achieves an effective power of 60.35 kW and isentropic
efficiency of 74.8%. These represent an 11.2% increase in the overall power and a 4.5% increase in the
overall thermodynamic efficiency by employing an ORBC on a 537 kW biogas ICE.

Therefore, the new turbine is competitive with other expanders in this power range.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The energy crisis is a challenge for sustainable development
Blinc et al., 2008). It is caused by the reduction in fossil fuel
eserves and significant fluctuations in fuel prices, which are fre-
uently caused by geopolitics and environmental issues (increas-
ng global warming caused by greenhouse gases, air pollution
aused by various pollutants, ozone layer damage, acid rains,
tc.) because of the rapid consumption of fossil fuels. Low- and
edium-temperature heat sources, such as renewables (solar,
eothermal, biomass, and ocean thermal energy) as well as waste
eat from various industrial plants and processes (such as petro-
hemical plants, gas turbines, and internal combustion engines
ICEs)), are widely available worldwide (Lund, 2007).
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The new low- and medium-temperature energy conversion
technologies must resolve an energy trilemma: security of supply,
affordability, and environmental protection. Among the proposed
technologies to resolve these issues, the organic Rankine cycle
(ORC) can play an important role (Qiu et al., 2011).

The ORC is similar to a steam Rankine cycle because it pro-
duces mechanical work by vaporization of a high-pressure liquid
and subsequent expansion to a lower pressure. The cycle consists
of the same components as a conventional steam power plant
(steam generator, expansion machine for producing work, con-
denser, and pump). The difference is in the working fluid: the
ORC uses an organic compound with an evaporation temperature
lower than that of water, which allows power generation from
low- and medium-temperature heat sources (Macchi and Astolfi,
2017).

Currently, after 40 years of development, the ORC has proven
to be a reliable and adaptable technology in many applications for
renewable energy source conversion (geothermal, solar, biomass,
and ocean thermal energy) and waste heat utilization (Tchanche
et al., 2011). Therefore, a number of real-life power plants and
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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est rigs for low-grade heat utilization from renewables have been
onstructed (Quoilin et al., 2013).
In contrast to conventional power cycles, the ORC is more

onvenient for decentralized and small-scale power generation,
nd the same ORC system can be used for different heat sources
ith minor modifications (Akorede et al., 2010). In particular,
esearchers have given special attention to micro and mini power
RC units in smart grids because of their reliability, extensive
ower range, and wide component availability (Pras et al., 2017;
olff, 2018). In the literature (Guzović et al., 2012; Keshvarparasta

t al., 2020), different ORC applications in a wide power range can
e found: micro/mini/small/medium/large ORCs (<5 kW, 5–50
W, 50–500 kW, 500 kW–5 MW, and >5 MW).
The advantages of the ORC technology include lower evapo-

ating pressure and turbine inlet temperature, higher condens-
ng pressure, no superheating, low-temperature heat recovery
once-through boiler), no water treatment system and deaera-
or, compactness (higher fluid density), and simple turbine de-
ign (Quoilin et al., 2013).
Both industrial energy-intensive processes (metal, cement,

ood, paper, petroleum, and chemical industries) and thermal
ngines (gas turbines, ICEs) produce large amounts of waste heat
Bundela and Chawia, 2010; Gaoliang et al., 2020). Conventional
team cycles operate at medium to high temperatures (230–
50 ◦C and >650 ◦C). At low to medium temperatures, the ORC
as demonstrated a number of advantages (onsite power gen-
ration, savings in power for the factory, reduction in pollution,
tc.).
The ORC working fluid is very important because it affects

he efficiency, operating conditions, economic viability, and en-
ironmental efficiency of the entire system. Therefore, the selec-
ion of a suitable working fluid has been the objective of many
nvestigations (Guzović et al., 2014b; Zhang et al., 2020b).

For the conversion of heat to power, the key component of the
RC is the expander, which is available in different types: volu-
etric (piston, scroll, and screw) and turboexpanders (axial and

adial inflow and outflow turbines) (Zhao et al., 2019). To improve
he expander performance and durability, numerous experimen-
al and numerical studies have been conducted (Kolasinski, 2020;
hang et al., 2020a).
Axial turbines are not receiving much attention as an option

or expanders in small ORCs. Hence, this study focuses on the
esign of an innovative small-scale, multistage, axial turbine in
n ORBC for ICE waste heat utilization, which is competitive with
olumetric expanders in terms of efficiency. The high rotational
peed of axial turbines, which is their most criticized character-
stic, is overcome by using partial admission. The initial turbine
esign is developed by a preliminary two-dimensional (2D) mean
iameter design method. To achieve high isentropic efficiency,
ew (nonstandard) profiles of the nozzle and moving blades are
esigned using an analytical method, which is further improved
y three-dimensional (3D) computational fluid dynamics (CFD)
nalysis. The effective electrical power of the innovative axial,
ction–reaction, and multistage turbine, as confirmed by CFD
nalysis, is 60.35 kW with an isentropic efficiency of 74.8%. These
epresent an 11.2% increase in the overall power and a 4.5%
ncrease in the overall thermodynamic efficiency of a biogas ICE
ith 537 kW of electrical power.

. ORC technology

An ORC plant is relatively simpler and more compact than
steam power plant with a Rankine cycle. There is no steam
enerator with complex design, but one single heat exchanger
o realize the three evaporation processes: preheating, vaporiza-
ion, and superheating. An ideal ORC consists of four processes,
9070
namely, adiabatic expansion in an expansion device (volumetric
expander or turbine), isobaric condensation in a condenser, adia-
batic compression in a pump, and isobaric evaporation in a heat
exchanger, as shown in Fig. 1.

The variations in the cycle layout are limited. The cycles are
mostly subcritical and rarely supercritical (depending on the
working fluid evaporation pressure in the evaporator) (Feng et al.,
2020). The subcritical cycle can be with superheat (wet fluid) or
without it (dry fluid) (Song et al., 2020). Reheating and turbine
bleeding are generally not suitable; only a recuperator can be
installed as a preheater of the liquid phase of the working fluid
between the expander outlet and the condenser inlet (Valencia
et al., 2019), as depicted in Fig. 2. This allows reduction in the
heat supply to the evaporator and increases the thermodynamic
efficiency of the cycle. The other options for ORC cycle improve-
ment, including dual pressure cycles and cycles with two different
working fluids, are well documented in Guzović et al. (2014a) and
DiPippo (2005).

The ORC working fluid is of great significance as the working
conditions change. There are many organic fluids that can be used
as ORC working fluids, such as hydrocarbons, hydrofluorocar-
bons, hydrochlorofluorocarbons, chlorofluorocarbons, perfluoro-
carbons, siloxanes, alcohols, aldehydes, ethers, hydrofluoroethers,
amines, inorganic fluids (Zhang et al., 2020b; Huster et al., 2020),
and fluid mixtures (zeotropic and azeotropic) (Invernizzi et al.,
2019). The working fluids may be classified into three groups:
dry, wet, and isentropic (Fig. 3). The basic difference is the dT /ds
saturation curve slope in the T–s diagram. Dry, wet, and isentropic
fluids have positive, negative, and zero slopes, respectively.

The working fluid of the ORC plays a key role in determining
the performance and economics of the plant. Therefore, special
attention should be given to the selection of the most suitable
fluid for various heat sources and the optimal cycle structure
with the aim of decreasing irreversibility losses to improve cycle
efficiency. Many studies have focused on this issue (Maali and
Khir, 2020; Guzović et al., 2014b).

The characteristics of the most appropriate working fluid are
as follows (Quoilin et al., 2013):

• Thermodynamic performance (moderate critical parame-
ters, i.e., temperature and pressure), high latent heat of
vaporization, high density (liquid/vapor phase), high spe-
cific heat, acceptable condensing and evaporating pressures
(>1 bar and <25 bar), and high energetic/exergetic effi-
ciency;

• Good heat transfer properties (low viscosity and high ther-
mal conductivity);

• High thermal and chemical stability (stable at high temper-
atures);

• High compatibility with materials (noncorrosive);
• Good safety characteristics (nontoxic and nonflammable);
• Low environmental impacts (low ozone depletion potential

and low global warming potential)
• Low cost and high availability.

espite the number of studies on working fluids, no single fluid
as been identified as optimal or ideal for all ORC systems.

. Expanders for ORCs

The expander is technically the most demanding and the key
RC component designed to convert heat into mechanical work.
ts design challenges and characteristics are limiting factors for
urther ORC development. Expanders have a significant impact
n the ORC output power. Therefore, increasing attention has
een given to this component. Expanders can be divided into two
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Fig. 1. Simple subcritical ORC: (a) cycle layout, and (b) T–s diagram.
Fig. 2. Subcritical ORC with recuperator: (a) cycle layout, and (b) T–s diagram.
Fig. 3. Three types of working fluids: dry, isentropic, and wet.
9071
categories based on the energy conversion criterion: positive dis-
placement (volumetric) and dynamic turboexpanders (turbines).

Expanders are machines designed to use compressible fluids
because they convert heat into mechanical energy, and hence are
heat engines. From the design point of view, they can be classified
into three groups, namely, turbines, positive displacement, and
ejectors, as illustrated in Fig. 4.

Volumetric expanders use a certain amount of fluid and trans-
port it from the overpressure to the vacuum side. In these ma-
chines, fluid flow is periodic, whereas in turboexpanders, it is
continuous. According to the flow direction, turbines can be radial
(Fig. 5 d), radial inflow or radial–axial (Fig. 5 c) (Deligant et al.,
2018), and axial (Fig. 5 a, b) (Quan et al., 2019a); according to the
energy conversion, they can be action, action–reaction, and reac-
tion; and according to the number of stages, they can be single
or multistage. Volumetric expanders (positive displacement) can
be screw (Fig. 7) (Zhang et al., 2020a), scroll (Fig. 8) (Liu et al.,
2019b), rotary vane (Fig. 9) (Mascuch et al., 2018), and piston
types (Fig. 10) (Han et al., 2020). Some of these expanders can
be divided into subgroups, such as screw expanders (single and
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Fig. 4. Different expanders for ORCs (Suheab, 2019; Zhao et al., 2019).
Fig. 5. Different examples of constructional types of ORC turbines: (a) single-stage axial-flow turbine, (b) two-stage axial-flow turbine, (c) radial–axial-flow turbine,
nd (d) radial-flow turbine (Deligant et al., 2018; Quan et al., 2019a).
ouble, single and multistage) and piston (reciprocating, rotary,
erotor, and rolling).
The ejector has no moving parts, which means that its output

ower cannot be used directly for electricity generation (Tang and
iu, 2019).
The Tesla turbine (Fig. 6) is a bladeless turbine, which consists

f multiple stacked parallel disks that are assembled very close
o each other, forming very tight gaps, where the fluid transfers
ork to the machine through viscous effects (Talluri et al., 2020).
Screw expanders (Fig. 7) are widely used in ORC plants, es-

ecially in waste heat units. Scroll expanders (Fig. 8) are widely
vailable because they are used for air conditioning and in low-
ower ORCs.
9072
Rotary vane expanders have simple designs and can be used
in small ORC plants.

Piston expanders are widely used in ICE flue gas heat utiliza-
tion.

ORC turbines are basically the same as water vapor steam
turbines except for the differences due to the different physical
properties of organic fluids compared to water vapor. Single-stage
axial turbines are used in systems with higher mass flow rates
and lower expansion ratios, whereas radial turbines are more
suitable for systems with higher expansion ratios and lower mass

flow rates.
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Fig. 6. Tesla turbine (Talluri et al., 2020).
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Fig. 7. Screw expander (Zhang et al., 2020a).

Fig. 8. Scroll expander (Liu et al., 2019b).

The choice of the most favorable ORC expander of known ther-
odynamic parameters is a crucial issue in the context of achiev-

ng high characteristics and reliability of the entire plant (Lampe
t al., 2019). When the output power, mass flow, and speed are
ow and the expansion ratio is high, a volumetric expander is used
ecause of the working fluid liquid phase resistance (wet fluids).
urbines are typically used when the output power is high. Vol-
metric machines are employed when the output power is low
ecause their efficiency can be higher than that of turbines with
ow mass flow rates and rotational speeds. Volumetric machines
re applied when the working fluid pressure and temperature are
p to 10 bar and 200 ◦C, respectively, while turbines are utilized
hen the working fluid parameters are greater than those values.
The aforementioned expanders are summarized in Table 1.
9073
4. Power plant layout of an ICE with an ORBC

Approximately one-third of the energy generated from an ICE
is converted into mechanical power, and the remaining energy
is released in the form of heat. Thus, the challenge of achieving
a thermal efficiency higher than 42% remains. As the exhaust
heat is converted into electrical power, the fuel consumption
decreases, and the overall engine efficiency increases, making it
an environmentally friendly solution. Problems can occur owing
to space limitations and the additional weight of the ORC system
itself. Nevertheless, numerous studies have demonstrated signifi-
cant improvements in total system efficiency if an ORBC recovery
system is implemented.

At present, many power units based on ICEs are used as base
components in distributed energy systems, which can help to
reduce emissions, save grid capacity, provide opportunities for
renewable energy, and increase overall energy generation and
distribution efficiency (Pehnt, 2008). ICEs are reliable and have
low specific cost and high electrical efficiency, especially in the
power range of hundreds of kilowatts to a few megawatts. Addi-
tionally, many of these engines are fueled using biomass (vegetal
oils, biogas, and others).

In the literature, many examples of ORCs coupled to ICEs
exist, where the ORC efficiently exploits the heat released at high
temperatures, such as heat from engine exhaust gases. In Liu et al.
(2019a), the feasibility and application potential of a CO2/R134a
0.6/0.4) mixture for waste heat recovery from engines were
ested under ambient cooling conditions. It is expected that an
RC using a CO2/R134a (0.6/0.4) mixture can improve the thermal
fficiency of a diesel engine by 1.9%. In Wang et al. (2011),
elevant studies were reviewed to provide insights into possible
ystem designs, thermodynamic principles to achieve high effi-
iency, and selection of working fluids to maintain the required
erformance of ICE exhaust heat recovery systems.
In this study, a 537 kW commercial engine (DEUTZ TCG 2016

12) fueled with biogas is considered as the topping system.
he engine has 12 cylinders, 4 strokes, and supercharged with
edium speed. Its main parameters are listed in Table 2. From the
ngine data, it is calculated that 340 kW of heat is available from
he exhaust gases and approximately 170 kW of heat is available
rom the engine cooling water. The composition of the exhaust
ases based on mass is CO2 = 9.1%, H2O = 7.4%, N2 = 74.2%,
nd O2 = 9.3%. This composition is used to calculate the gas
roperties. In this study, the ICE is assumed to operate at rated
onditions.
Three configurations are possible when coupling an ORC with

n ICE (Vaja and Gambarotta, 2010):
(1) a simple ORC using heat from the engine exhaust gases;
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Fig. 9. Rotary vane expander (Mascuch et al., 2018).
able 1
haracteristics of different expanders used in ORC plants.
Type Power range (kW) Rotational speed (rpm) Cost Advantages Disadvantages

Screw expander 15–200 <6000 Medium –Tolerable two-phase working fluid;
–Low rotational speed;
–High efficiency in off-design conditions.

–Stringent lubrication requirement;
–Difficulty in manufacturing;
–Difficulty in sealing.

Scroll expander 1–10 <6000 Low –High efficiency;
–Simple manufacturing process;
–Lightweight;
–Low rotational speed;
–Tolerable two-phase working fluid.

–Low power;
–Stringent lubrication and modification
requirement.

Piston
expander

20–100 – Medium –High pressure ratio;
–Mature manufacturability;
–Adaptable in variable working conditions;
–Tolerable two-phase working fluid.

–Many moving parts;
–Heavyweight;
–Requires valves;
–Impulse torque.

Rotary vane
expander

1–10 <6000 Low –Tolerable two-phase working fluid.
–Stable torque;
–Simple design;
–Low cost and noise.

–Stringent lubrication requirement;
–Low power.

Radial-inflow
turbine

50–500 8000–80 000 High –Lightweight;
–Mature manufacturability;
–High efficiency.

–High cost;
–Low efficiency in off-design conditions;
–Cannot work with two-phase fluids.
c

Table 2
Main engine characteristics.
Electrical power output (kW): 537

Fuel: Biogas,
65% CH4 + 35% CO2

Fuel consumption (m3/h): 1344
Rated electrical efficiency: 0.40
Engine speed (min−1): 1500
Exhaust gas temperature (◦C): 492/95
Exhaust gas mass flow (kg/h): 2952
Fuel consumption (m3/h): 206.3
Combustion air mass flow (kg/h): 2634
Engine jacket temperature (◦C): 90/83
Engine jacket flow (m3/h): 36

(2) a simple ORC using heat from both the exhaust gases and
ngine cooling water;
(3) a regenerated ORC using heat from the engine exhaust

ases.
In the case of the engine employed in this study, the con-

iguration of a simple ORC as a bottoming cycle that uses heat
rom both the exhaust gases and engine cooling water is cho-
en, as displayed in Fig. 11. The ORC has no regeneration or
uperheating because the working fluid is isopentane, which is
ry. Isopentane is chosen based on a literature review (Guzović
t al., 2014b; Zhang et al., 2020b), which shows that it is the
ost advantageous. The heat from the engine exhaust gases is
9074
used for evaporating the organic working fluid in the evaporator,
while the engine cooling water partially preheats the organic
working fluid in the preheater before the evaporator, as indicated
in Fig. 11. The engine cooling water is additionally cooled to the
required value at the cooler. The working fluid states (pressures
and temperatures) at characteristic points are determined by a
mathematical model presented in Appendix A through a Matlab

®

ode using the REFPROP
®

database (Lemmon et al., 2008) for the
working fluid properties.

In the calculation, the following assumptions are used:
(1) turbine isentropic efficiency: ηT = 0.7;
(2) pump isentropic efficiency: ηP = 0.8;
(3) working fluid pressure at condensation: pcond = 1.25 bar;
(4) working fluid vaporizing pressure: pvap = 8 bar;
(5) negligible pressure losses in the heat exchangers and pipes;
(6) dry expansion of the working fluid.
The mass flow of the working fluid obtained from the math-

ematical model presented in Appendix A is 1.171 kg/s. With
an isentropic efficiency of 0.68, the turbine produces 57 kW of
effective power. The ORC efficiency is 11.18%.

5. Innovative small axial turbine for an ORC

The main aim of this research is to develop an innovative small
axial action–reaction multistage turbine with partial admission
intended for an ORC, which is comparable in terms of efficiency
to existing volumetric expanders. It is known from the turbine
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Fig. 10. Operation cycles of piston expanders: (a) reciprocating piston expander, and (b) rotary piston expander (Han et al., 2020).
heory that the rotational speed has a positive effect on the
xpansion ratio and a negative effect on the height of blades, that
s, the mean diameter. Therefore, in most cases, small turbines
ave high speeds and small mean diameters, which limit their
pplication in ORCs. If the design of the flow part with partial
dmission is adopted, a satisfactory blade height can be achieved,
nd the mean diameter can be increased to reduce the rotational
peed. In this way, the limiting factor for small turbine application
n ORCs is eliminated. CFD analysis is used to investigate the char-
cteristics of the organic fluid flow in the small organic turbine,
ith the aim of increasing the efficiency of energy conversion.
Fig. 12 shows the block diagram of the design process.
9075
5.1. Mean diameter 2D preliminary design (PD) of the innovative
axial turbine

The PD has many repetitive calculations to find the relevant
geometric characteristics of the nozzle and moving blade cas-
cades, as well as the aero and thermodynamic performances of
all turbine stages. This process is known as mean diameter 2D
modeling, which is based on flow analysis of the turbine mean
diameter and neglects flow property variations in the spanwise
direction.

Fig. 13 depicts the single-stage stator and rotor passage ar-
rangement with the flow angles and velocities. The fluid starts
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t
α

Fig. 11. Schematic of the DEUTZ TCG 2016 V12 ICE with an ORC as the bottoming cycle.
Fig. 12. Design process of the innovative axial turbine.
o enter the nozzle blades with absolute velocity c0 at angle
0 and leaves the nozzle blades with absolute velocity c1 at

angle α1. Then, the fluid enters the moving blades with relative
velocity w1 at relative angle β1 and leaves the moving blades
at relative velocity w2 and angle β2. The calculation equations
and procedure, that is, the mathematical model for this approach,
based on (Horlock, 1973; Dixon and Hall, 2010), are presented in
Table B.1.

The above approach was developed using the Microsoft Excel
®

software as an in-house 2D code with the input parameters as
9076
listed in Table B.2. The Microsoft Excel
®

software was connected
to the REFPROP

®
database (Lemmon et al., 2008) to determine

the thermodynamic properties at characteristic points of the
turbine stages. The calculations estimated the output parameters
such as pressure, temperature, specific volume, enthalpy, and
entropy at the characteristic points, including the absolute and
relative velocities with corresponding angles. Then, the velocity
triangles for the turbine stages, main geometric characteristics of
nozzle and moving blade cascades, losses in the single nozzle and
moving cascades, and corresponding efficiencies were obtained.



M. Klun, Z. Guzović and P. Rašković Energy Reports 7 (2021) 9069–9093

o
w
e
r
w

Fig. 13. Geometric characteristics of the axial turbine stage: (a) longitudinal section and annular cascade of nozzle blades; (b) 2D profile cascades of nozzle and
moving blades with corresponding velocity triangles.
Table B.3 lists all the parameters obtained by the 2D mean
diameter PD.

Subsequently, the geometric and gas dynamic characteristics
f the newly designed axial, action–reaction, multistage turbine
ith partial admission were determined. It has 8 stages and an
ffective power of 57 kW with a mass flow of 1.171 kg/s. The
otational speed is 9000 rpm, and the mean diameter is 140 mm,
hich is constant in all stages. The reaction degree ranges from
9077
16 to 32%. The degree of partiality is variable, increasing at each
stage, starting from 37.5% in the first stage and finishing to 91.6%
in the last stage. The turbine flow is subsonic, and the Mach
number is below 0.7. The achieved power is 7.23 kW in the
first stage and 6.70 kW in the last. The heights of the moving
blades range from 15.2 mm in the first stage to 36.8 mm in the
last. The width of all nozzles and moving blades is 10 mm. The
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Fig. 14. Longitudinal section of the innovative ORC small turbine.
Fig. 15. 3D model of the innovative ORC small turbine.
t

n
T
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p
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o

temperature and enthalpy drops are 34.93 ◦C and 45.89 kJ/kg
with an entropy increment of 0.064 kJ/(kg K).

The longitudinal section and 3D model of the proposed inno-
vative small turbine are exhibited in Figs. 14 and 15.

5.2. Blade geometry generation

Nonstandard profiles were used to design the nozzle and
moving blades of single-turbine stages. These profiles were ob-
tained using the original software developed by the University
of Zagreb, Faculty of Mechanical Engineering and Naval Architec-
ture (Tuković, 2001).

Regardless of which method is used in the design of the
profile or cascade, a reliable design is achieved by selecting the
geometric parameters included in the initial data.

Each geometric parameter of the profile cascade shows the
influence of both the gas dynamic characteristics of the cascade
and strength of the blade. Based on the results of aerothermody-
namic calculations (see input data in Table C.1), it is necessary
to calculate all the geometric parameters (see output data in
Table C.1) for the profile design of the nozzle and moving blades
in all turbine stages. These geometric parameters are presented
in Fig. 16.
9078
Based on the obtained geometric parameters, the aerodynami-
cally ideal profiles of all nozzle and moving blades were designed
using the previously mentioned original software. It is an analyt-
ical method of profile design automated by the Matlab

®

code.
The contours of the concave and convex sides of the blade profiles
are polynomials of the fifth degree. A polynomial of shape

y = a0 + a1x + a2x2 + · · · + anxn,

is suitable for designing profiles of various shapes. This method
enables the construction of various profiles that maximally satisfy
the aerodynamic, design, strength, and manufacturing require-
ments. In analytical design using polynomials, the selection of the
polynomial exponent n is first performed, while the coordinate
system is conveniently chosen so that the x-axis is parallel to the
turbine axis and the y-axis coincides with the cascade front along
he output edges.

The new nonstandard, aerodynamically ideal profiles of the
ozzle and moving blades of the last stage are displayed in Fig. 17.
hey were designed using the original software based on the
nalytical method, where the convex and concave sides of the
rofiles were constructed using polynomials of the fifth degree.
he profiles of the other stages with the geometric characteristics
f cascades are listed in Table C.2.
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Fig. 16. Geometric parameters necessary for the profile design of nozzle and moving blades.
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Fig. 17. Nonstandard aerodynamically ideal profiles of the (a) nozzle and (b)
moving blades of the last stage designed using the analytical method (Tuković,
2001).

5.3. Modeling and meshing of the nozzle and moving blade cascades

The aim of this step is to create and mesh the stator and rotor
ascades from 2D models based on the previous step.
The tool for this is the ANSYS Gambit

®
module, which is

sed for discretization, that is, dividing the passage, inlet, and
utlet fluid domains into a suitable number of elements. It is
ell known that discretization of the domain has a direct effect
n the quality of the solution with respect to the accuracy and
omputational cost. The ANSYS Gambit

®
has been utilized to

onstruct computational meshes of the fluid domain via struc-
ured hexahedral elements with multiple zones to match the
urbomachinery geometries and solve many simulation problems.
t is mostly based on the O-H grid. The adopted topology was
onstructed based on an H-type grid, with the O-type grid added
o increase the grid orthogonality around the blade. The grid of
he computational mesh was refined near the hub, tip, and blade
urfaces to achieve good compromise between the accuracy and
omputational cost of the solution. The mesh near the wall of
he blades was generated using a proportional mesh size method,
hereby the factor ratio that controls the number of elements
cross the boundary layer was set to 3 to obtain a value of y+
a nondimensional distance used to describe the compatibility of
9079
he mesh size near the wall with the turbulence model) close to
nity.
Mesh independence was accomplished to ensure that the grids

ere adequate in terms of number and size.
Based on the nonstandard designed profiles, the 3D nozzle and

oving blade cascades were modeled. The first stator cascade
nlet and last rotor cascade outlet were modeled as pressure inlet
nd pressure outlet, respectively. The hubs, cases, and blades
ere modeled as walls, while the inlets and outlets of other
ascades were set as interfaces. The internal cascade volume was
et as a fluid.
Fig. 18 depicts the discretization of the stator and rotor cas-

ades of the last turbine stage.

.4. 3D CFD methodology

The limitation of the previously presented 2D mean diameter
D model of an innovative turbine is that it does not consider
he flow inside the stator/rotor passages, which has an influence
n providing efficient expansion through the passage. An accu-
ate evaluation of the achievable small ORC turbine performance
ntails experimental data that are currently lacking and costly
n terms of a prototype. Therefore, there is a need for a more
dvanced technique, such as 3D CFD analysis, to obtain more
ccurate predictions regarding the performance of a small ORC
urbine.

In this study, the simulations of steady-state 3D viscous,
ingle-phase, compressible flow in both the nozzle and mov-
ng blade cascades of each stage in the entire volume (in the
low part) of the innovative axial turbine were performed using
he ANSYS Fluent 16

®
solver. An element-based finite volume

ethod was adopted to solve the 3D Reynolds-averaged Navier–
tokes equations with a k–ω based shear-stress transport (SST)
urbulence model. The k–ω based SST turbulence model has the
bility to capture the turbulence closure based on an automatic
all function treatment by identifying the nondimensional dis-
ance y+, which allows smooth shifting between the wall function
ormulation and low Reynolds number through computational
rids without loss of accuracy (ANSYS Inc, 2016b). It produces
highly accurate prediction by the inclusion of transport effects
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p

Fig. 18. Discretization of the (a) nozzle and (b) moving blade cascades of the last turbine stage.
Fig. 19. Residual values vs. iterations.

in the flow separation prediction into the formulation of the tur-
bulent viscosity (eddy viscosity). The SST model is a combination
of the k–ω model (near the wall) and k–ε model (in the outer
ortion of the boundary layer (Menter, 1994)).
9080
The k–ω transport equations are as follows:

∂

∂t
(ρk)+

∂

∂xi
(ρkui) =

∂

∂xj

(
Γk
∂k
∂xj

)
+ Gk − Yk + Sk,

∂

∂t
(ρω)+

∂

∂xi
(ρωui) =

∂

∂xj

(
Γω
∂ω

∂xj

)
+ Gω − Yω + Sω,

where Yk and Yω are the fluctuating dilations of compressible
turbulence; Gk and Gω are the turbulent kinetic energies and
dissipation generation terms, respectively; Γk and Γω are the k–ω
effective diffusivity terms; and Sk and Sω are the k–ω turbulence
model source terms.

A topology with a first-order upwind advection scheme was
chosen because it is numerically stable, as suggested in ANSYS Inc
(2016c). For all runs, the average value of y+ was kept approx-
imately at unity, as suggested in the ANSYS 16

®
Solver theory

guide (ANSYS Inc, 2016a). If there is any information on the inlet
turbulence, the medium turbulence intensity (intensity = 5%) is
the recommended option. All CFD simulations were carried out
with the convergence criteria in the range of 10−2 to 10−5 for
all residual values and a time scale of 0.5/�, as recommended in
the ANSYS user’s manual. The solutions were obtained when the
convergence criteria were satisfied. Convergence was achieved
after approximately 220 iterations, as illustrated in Fig. 19.
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Fig. 20. Results of flow simulations for the nozzle blade cascade of the last
turbine stage: distributions of (a) absolute velocity in m/s, (b) absolute pressure
in Pa, (c) static temperature in K, and (d) wall y+ quantity.
9081
Fig. 21. Results of flow simulations for the moving blade cascade of the last
turbine stage: distributions of (a) absolute velocity in m/s, (b) absolute pressure
in Pa, (c) static temperature in K, and (d) wall y+ quantity.
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Fig. 22. 3D computational domain of the entire flow volume.

The REFPROP
®

software working fluid database was inte-
grated with ANSYS Fluent 16

®
to deliver an accurate thermo-

ynamic property model of the working fluid properties for the
FD analyses.
It is important to mention that the first 90 iterations were

erformed with isopentane as an ideal gas. Subsequently, the real
as equations of state (EOSs) were applied until convergence.
his can be seen as a spike in each residual curve in Fig. 19.
he real gas EOSs are available for the vapor phase only, so
he simulation crashes if they are applied before the ideal gas
chieves satisfactory convergence.

.5. 3D CFD simulations of the nozzle and moving blade cascades

To achieve high isentropic efficiency of the turbine, the aero-
ynamic characteristics of the blade cascades were checked by
umerical flow simulations. Then, based on the simulation re-
ults, they were improved by changing the geometries of the
ozzle and moving blades.
Fig. 20 displays the results of the flow simulations for the

ozzle blade cascade of the last turbine stage consisting of the
istributions of absolute velocity, absolute pressure, static tem-
erature, and wall y+ quantity.
Fig. 21 presents the results of the flow simulations for the

oving blade cascade of the last turbine stage composed of
he distributions of relative velocity, absolute pressure, static
emperature, and wall y+ quantity.

The aerodynamic characteristics of the cascades by CFD sim-
lations need to be checked. If it is necessary to improve the
eometries of the nozzle and moving blades, the 2D blade geom-
try generation is repeated using the original software (Microsoft
xcel

®
+ Matlab

®
). Otherwise, the next step is performed.

.6. Modeling and meshing of the entire turbine flow volume

After improving the aerodynamic characteristics of the cas-
ades, the partial admission (nozzle) and full (rotor) cascades
onnected with other dimensions of the turbine stages from
he 2D PD were used to form the entire turbine flow volume,
s shown in Fig. 22. The nozzle cascades were all centered as
ecommended in Sakai et al. (2006), with the Z axis being the
enterline, as exhibited in Fig. 22.
The stator cascade interfaces are arcs, whereas the rotor cas-

ade interfaces are annuluses. When ANSYS Fluent 16
®

connects
hem, the stator arc and equivalent arc portion of the rotor
nnulus are transformed into a single interface, while the rest of
he annulus is converted into a wall.
9082
Fig. 23. Mesh of the nozzle and rotating blade cascades of the 1st stage in
ANSYS Fluent 16©. . (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)

Fig. 24. Mesh detail of the stator boundary layer.

The entire flow volume (domain) was meshed using ANSYS
Gambit

®
, and the simulation domain contained 12 × 106 cells.

Fig. 23 illustrates the cell meshing of the nozzle and rotating
blade cascades. The blue surface is the pressure inlet, whereas
the yellow one is the interface between the stator and rotor
cascades. The white surfaces are the mesh nodes and grid lines
while the green surface is the internal volume (fluid). The white
lines around the blade represent the boundary layers.

Figs. 24 and 25 depict the mesh details of the boundary layer
around the nozzle blades and moving blade cascade of the 1st
turbine stage, respectively.

5.7. 3D CFD simulations of the entire turbine flow volume

The existing studies on the design and 3D CFD analysis of small
axial turbines, especially with partial admission, which can be
utilized in ORCs, are very limited. These studies were conducted
on turbines with water vapor or air as the working fluid.

In Daabo et al. (2017), the authors investigated the use of a
multiobjective genetic algorithm to optimize the stage geometry
of a small axial subsonic turbine. The optimization was integrated
with ORC analysis using a wide range of high-density organic
working fluids, such as R123, R134a, R141b, R152a, R245fa, and
isobutane. These fluids are suitable for low-temperature heat
sources (<100 ◦C), such as solar energy, to achieve the best tur-
bine design and highest ORC efficiency. The authors in Al Jubori
et al. (2017b) presented an integrated mathematical model for
developing efficient axial and radial outflow (centrifugal) turbines

using several organic working fluids (R141b, R245fa, R365mfc,
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Fig. 25. Mesh detail of the moving blade cascade of the 1st turbine stage.

isobutane, and n-pentane). Their mathematical approach inte-
grated the mean line design and 3D CFD analysis with ORC
modeling. The ANSYS Fluent 16

®
was used to predict the 3D

iscous flow and turbine performance. To achieve accurate pre-
iction, real gas formulations based on the REFPROP

®
database

ere used for the ORC/turbine model. In Al Jubori et al. (2016b),
ecause the rotational speed, expansion ratio, mass flow rate, and
urbine size have significant effects on turbine performance, ORC
odeling, mean line design, and 3D CFD analysis were integrated

or both microaxial and radial inflow turbines with five organic
luids for a realistic low-temperature heat source (<100 ◦C), such
s solar and geothermal energy. In Al Jubori et al. (2017a), a
mall two-stage axial turbine was modeled and compared with
single-stage axial turbine, with the aim of enhancing the ORC
erformance by increasing its pressure ratio. The preliminary
ean line design approach was coupled with 3D CFD modeling,
nd ORC cycle analysis was used to assess the impact of the two-
tage axial turbine on the ORC cycle performance. A study (Quan
t al., 2019b) presented the aerodynamic design of an 80 kW
xial impulse turbine with siloxane MM as the working fluid for
igh-temperature ORC applications. In Li et al. (2017), an axial
urboexpander of an ORC system under the design point was de-
igned through a one-dimensional (1D) aerodynamic theory and
alidated using a CFD solver. Wakeley and Potts (1997) employed
FD to investigate the losses within a multistage axial turbine
ith partial admission using air as the working fluid. They con-
luded that the flow is strongly nonuniform and highly unsteady
indage losses are incurred. Sakai et al. (2006) conducted a quasi
D mean radius analysis of a partially admitted 2-stage air turbine
nd validated it against an experimental model of a single-stage
ir turbine. They concluded that the circumferential position of
he admission arc affects the windage flow and turbine efficiency.
i et al. (2012) researched a supersonic single-stage 6.57 kW
urbine with R123 as the working fluid using CFD and validated it
gainst an experimental model. They concluded that the turbine
ressure influences the turbine performance, and windage losses
nd shock are the two main factors causing the low turbine
sentropic efficiency. In Sun et al. (2018), R245fa, R123, and
hree mixtures (0.25R245fa/0.75R123, 0.5R245fa/0.5R123, and
.75R245fa/0.25R123) were used as working fluids to investigate
he performance of a turbine with partial admission consisting of
nozzles and 30 blades.
9083
Fig. 26. Results of the numerical flow simulations for the ORC small turbine:
(a–b) pressure distribution in bar; (c–d) Mach number distribution; (e–f) entropy
difference in kJ/(kg ·K); (g–h) velocity of sound in m/s; i–j) static temperature
in ◦C; and (k–n) entire flow pathlines colored by contours of absolute pressure
in bar . (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 26. (continued).
9084
Fig. 26. (continued).
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Fig. 27. Stator pressure difference.

Using the innovative turbine model, 3D CFD simulations were
performed for the entire flow space (volume). The applied bound-
ary conditions were the total temperature, total pressure, flow
direction, and rotational speed as the inlet conditions. A rotational
adiabatic wall was chosen for the blade, hub, and shroud surfaces.
The static pressure was chosen as the output boundary condition.
The results show that the quality of energy conversion based on
the efficiencies of each cascade, each stage, and the entire turbine
can be calculated.

The simulations were computationally demanding in terms
of RAM, CPU load, and hard drive space required for storing
the ANSYS Fluent 16

®

case and data files. A RAM >32 GB and
multithreaded CPU (the more physical cores, the faster the

imulation runs) were necessary. Moreover, the required sizes of
9085
Fig. 28. Rotor pressure difference.

Fig. 29. Stator Mach number difference.

the case and data files were 1.31 and 2.53 GB, respectively. For
the results postprocessing, 8 GB of RAM was sufficient.

Fig. 26 illustrates the results of the flow simulations. The first
picture is the isometric view, while the second is the top view.

Figs. 27–32 present the comparison of 2D PD and 3D average
results of pressure, Mach number, and static temperature on the
outlet from the nozzle and rotor cascades. As shown, the pressure
differences range from 2.2 to 13.1% for the stators and from 0.3
to 13.2% for the rotors. The Mach number differences range from
2.2 to 20.1% for the stators and from 35.9 to 58.7% for the rotors.
For the static temperature, the differences range from 0.1 to 4.5%
for the stators and 0.1 to 7.1% for the rotors.

The pressure differences are generally acceptable, and the
static temperature differences are small, with the difference being
present only in the last stage. As for the Mach number, the
differences for the stators are reasonable; however, significant
discrepancies exist for the rotors. This is due to the appearance
of large local Mach numbers. Nevertheless, the discrepancies
confirm that 3D CFD simulations can capture the flow physics
better than the 2D PD. Generally, the 3D CFD simulation results
agree well with the values obtained from the 2D PD. The values of
the 3D simulations were averaged at the cascade inlet and outlet
surfaces using mass-weighted surface integrals in ANSYS Fluent
16

®
. As previously mentioned, these surfaces are arcs (stators)

and annuluses (rotors) with many values at those surfaces.
In the case of the 1st stage rotor outlet surface, the most

frequent results are 0.1–0.2 (in 32.9% of nodes), 0.47–0.56 (in
31.23% of nodes), and 0.56–0.65 (in 15.35% of nodes). The other
results are present in small percentages of nodes.

Fig. 33 shows the contours of the Mach number, where it can
be observed that the Mach number is higher in areas that are not

supplied with fresh steam. Fig. 34 indicates that local supersonic
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Fig. 30. Rotor Mach number difference.

Fig. 31. Stator static temperature difference.

flow is present at the rotor inlet as well as at the beginning and
even prior to the feeding arc, with values of up to c. 1.3.

For the 1st stage rotor cascade, the majority of the results (in
49% of cells) fall within the range of 0.25–0.37, with two other
ranges being 0.37–0.49 (21.8% of cells) and 0.49–0.61 (11.3% of
cells). The values were averaged using a mass-weighted volume
integral in ANSYS Fluent 16

®
. The result of 0.381 is close to the

D value of 0.415.
Local supersonic flow is present throughout the turbine, even

t later stages. Fig. 35 shows higher Mach number values at the
eading edge of the moving blades in turbine stage 7. Therefore,
dditional losses due to supersonic flow are expected locally
shock waves). The Mach number values clearly indicate that this
s a subsonic turbine with a local supersonic flow.

The entropy difference is small in the working fluid admission
rc; however, throughout the turbine, it has larger values in areas
hat are not supplied with main steam, which causes windage
nd segment losses of energy in partial-admission stages (Li et al.,
012).
The velocity of sound increases along the flow direction, which

ives an indication of the presence of real gas effects during the
xpansion.
The pathlines reveal two flow features. A view in the Y–Z plane

hows that the flow is not parallel to the axis of rotation but has
circumferential component (Fig. 26 k), which means that it is
ot axisymmetric but 3D. In addition, local vortices are present
t the flow border areas (Fig. 26 l, m).

.8. CFD verification

Regarding the output power and efficiency, owing to the lack
f experimental data in small axial turbines working with organic
9086
Fig. 32. Rotor static temperature difference.

Fig. 33. Contours of Mach number for the first rotor cascade.

fluids (high-density working fluids), the current 3D CFD simula-
tion results were compared against 2D mean diameter PD results
at the operational conditions, as listed in Table 3, to assess the
reliability of the PD model and provide an overall evaluation of
the 3D CFD model. The maximum difference in terms of power is
6.8%, while that in terms of isentropic efficiency is 9.8%. The cal-
culated parameters are in good agreement. Finally, these results
are consistent with those in Khalil et al. (2018) with respect to the
1D mean line PD and 3D CFD, where the deviations between the
mean line design and 3D CFD are approximately 6.7% with respect
to the power output and 9.5% in terms of the isentropic efficiency.
The difference in power for all stages is generally acceptable
except for the 7th and 8th, where the differences are 14% and
54%, respectively. This may be caused by the higher blades. The
difference between the 3D CFD and PD is mainly due to the 1D
characteristic of the PD, which cannot capture all properties of 3D
flow fields. Thus, the 3D CFD modeling provides a more detailed
simulation of the turbine, as also concluded in Al Jubori et al.
(2016a).

6. Conclusion

Waste heat recovery technologies are important for further
minimizing fuel consumption and CO emissions of ICEs. In this
2
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Fig. 34. Contours of Mach number for the first rotor cascade near the beginning
of the feeding arc.

Fig. 35. Local supersonic flow at turbine stage 7.

study, an ORC is integrated into a 537 kW natural gas engine
to evaluate the possibility of generating electricity by recovering
the engine exhaust heat (from exhaust gases and engine cooling
water). ORC systems are currently regarded as among the most
potent candidates for recovering engine exhaust energy and con-
verting it to electricity. The critical aspects for maximizing the
efficiency of ORC systems are the selection of the working fluid
and expander design.

The main goal of this study is to develop an innovative and
efficient small-scale axial multistage turbine with partial admis-
sion. To achieve this goal, an in-house hybrid design methodol-
ogy, in which 3D CFD analysis in combination with a 2D mean
9087
Table 3
Comparison of 3D CFD simulation results against 2D mean diameter preliminary
design (PD) results.
Stage P2D PD (kW) P3D CFD (kW) ∆ (%)

Stage 1 7.23 7.08 −2.1
Stage 2 7.26 7.58 4.4
Stage 3 7.23 6.93 −4.2
Stage 4 7.15 6.77 −5.3
Stage 5 7.08 6.87 −3.0
Stage 6 6.97 6.96 −0.1
Stage 7 6.86 7.83 14.1
Stage 8 6.7 10.33 54.2
Turbine power 56.48 60.35 6.8

η2D PD η3D CFD ∆ (%)

Isentropic efficiency 0.681 0.748 9.8

diameter PD code for the calculation of the basic expander ge-
ometry, was used. Real gas formulations of isopentane as the
working fluid were obtained using the REFPROP

®
software. Sub-

sequently, 3D steady-state simulations were performed. The fol-
lowing conclusions were drawn:

1. The results of the CFD analysis show that discretization,
that is, mesh quality, has a significant impact on the sim-
ulation results. Full stator and rotor cascades must be
meshed because periodic boundary conditions cannot be
used for flow simulation in a partial admission turbine.

2. The simulations are computationally demanding in terms
of RAM, CPU load, and hard drive space required for storing
the ANSYS Fluent case and data files.

3. Simulations in ANSYS Fluent 16
®

must be started with
isopentane as an ideal fluid, and after it reaches satisfac-
tory convergence, real gas EOS should be enabled. If the
simulations are started with real gas EOS, they will crash.

4. The 3D CFD simulation results show good agreement with
the 2D PD values with respect to the turbine isentropic
efficiency (9.8%) and power output (6.8%). In addition, the
values of pressure, static temperature, entropy, and Mach
number (speed of sound) at the inlet and outlet of each
turbine stage generally agree well with the 2D results.
The exception is the Mach number, which show significant
discrepancies, especially in rotor cascades owing to the ap-
pearance of large values of local Mach numbers. However,
it confirms that 3D CFD simulations can capture better the
flow physics than the 2D PD.

5. Although this is a subsonic turbine, supersonic flow occurs
locally throughout the flow space. Therefore, additional
losses due to supersonic flow are expected locally. In addi-
tion, entropy increases in areas that are not supplied with
fresh steam, which is a result of windage and segment
losses of energy in partial admission stages.

6. The pathlines of 3D CFD simulations indicate that the flow
in the turbine is not axisymmetric but 3D. In addition, local
vortices are present at the flow border areas.

7. The turbine exhibited an isentropic efficiency of 74.8%,
power output of 60.35 kW, and ORC thermal efficiency
of 11.18%. These results highlight the potential of using a
multistage axial turbine to enhance the performance of a
small-scale ORC system.

A more detailed and extensive CFD study will be conducted in
the future to determine the influence of the geometric parameters
of turbine stages (pitch of cascades, width of cascades, etc.) on the
turbine isentropic efficiency, which will then be used to attempt

to obtain further efficiency gains from the design.
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able B.1
athematical model for the preliminary mean diameter aerothermodynamic calculation (2D design) of the innovative axial turbine (Horlock, 1973; Dixon and Hall,
010).

Parameter Equation Eq. no.

1. Circumferential speed u = (dmπn)/60 (B.1)

2. Reaction degree Rm = 1.8/(1.8 + dm/l1) (B.2)

3. Optimal velocity ratio (stage characteristic) (u/cF)opt = (ϕ cosα1)/(2
√
1 − Rm) (B.3)

4. Fictitious velocity cF = u/ (u/cF)opt (B.4)

5. Available (isentropic) heat drop of a stage ∆his = c2F /2 (B.5)

6. Available (isentropic) heat drop in a stator cascade ∆hS,is = (1 − Rm)∆his (B.6)

7. Available (isentropic) heat drop in a rotor cascade ∆hR,is = Rsr∆his (B.7)

8. Pressure and specific volume (theoretical) in a characteristic point

of each stage (from REFPROP
®

software)

(a) before a nozzle cascade (i.e., before a turbine stage) - p0, v0;
(B.8)(b) behind a nozzle cascade (i.e., before a moving blade cascade) - p1, v1t;

(c) behind a moving blade cascade (i.e., behind a turbine stage) - p2, v2t .

9. Theoretical absolute velocity at a nozzle blade cascade exit c1t =
√
2∆hS,is (B.9)

10. Mach number at a nozzle blade cascade exit M1t = c1t/
√
κ1p1v1t (B.10)

11. Exit area of a nozzle blade cascade F1 = (ṁv1t)/(µ1c1t) (B.11)

12. Fictitious height of a nozzle blade εl1 = F1/(dmπ sinα1) (B.12)

13. Degree of partiality ε = (εl1)/l1 (B.13)

14. Height of a nozzle blade l1 = (εl1)/ε1 (B.14)

15. Actual absolute velocity at a nozzle blade cascade exit c1 = ϕc1t (B.15)

16. Actual relative velocity at the entry to a moving blade cascade w1 =

√
c21 + u2 − 2c1u cosα1 (B.16)

17. Angle of actual relative velocity at the entry to a moving blade
cascade

β1 = arcsin (c1 sinα1/w1) (B.17)

18. Theoretical relative velocity at the exit from a moving blade
cascade

w2t =

√
2∆hR,is + w2

1 (B.18)

19. Mach number at the exit from a moving blade cascade M2t = w2t/
√
κ2p2v2t (B.19)

20. Height of moving blades l2 = l1 +∆l (B.20)

21. Exit area of a moving blade cascade F2 = (mv2t)/(µ2w2t) (B.21)

22. Angle of relative velocity at the exit from a moving blade cascade β2 = arcsin[F2/(πεdml2)] (B.22)

23. Actual relative velocity at the exit from a moving blade cascade w2 = ψw2t (B.23)

24. Actual absolute velocity at the exit from a stage c2 =

√
w2

2 + u2 − 2w2u cosβ2 (B.24)

25. Angle of actual absolute velocity at the exit from a stage α2 = arcsin[(w2 sinβ2)/c2] (B.25)

26. Loss in a nozzle cascade ∆hl,S = (c21t/2)
(
1 − ϕ2

)
(B.26)

27. Loss in a moving blade cascade ∆hl,R = (w2
2t/2)

(
1 − ψ2

)
(B.27)

28. Loss with exit velocity from a stage ∆hl,ev = (c22/2) (1 − kev) (B.28)

29. Part of kinetic energy used in the next stage Eev = (c22/2)kev (B.29)

30. Available energy of a stage E0 = ∆his − Eev (B.30)

31. Relative blade efficiency ηu = (E0 −∆hl,S −∆hl,R −∆hl,ev)/E0 (B.31)

32. Energy losses due to windage in a partial admission stage ζw =
0.065
sinα1

1 − ε

ε

(
u
cF

)3

opt
(B.32)

33. Segment losses of energy in a partial admission stage ζseg = 0.11[(B2l2)/F1] (u/cF )opt z − ηu (B.33)

34. Leakage loss through clearances of a turbine stage ζpr =
2δrηu

(l1 + l2)/2 + δr
(B.34)

35. Internal relative efficiency of a stage ηi = ηu − ζv − ζseg − ζpr (B.35)

36. Effective heat drop of a stage ∆hi = E0ηi (B.36)

37. Loss in a stage ∆hl = (1 − ηi) E0 (B.37)

38. Effective static enthalpy and entropy behind a turbine stage
(from REFPROP

®
software)

h2 = h0 −∆hi; s2(p2; h2) (B.38)

39. Effective stagnation enthalpy and entropy behind a turbine stage
(from REFPROP

®
software)

s02 = s2; h02 = h2 + Eib; p02; t02(h02; s02) (B.39)

40. Internal power of a stage Pi = ṁ∆hi (B.40)
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able B.2
nput parameters in the preliminary mean diameter aerothermodynamic
alculation (2D design).
Parameter Value

Working fluid flow rate ṁ (kg/s) 1.171
Pressure at turbine entry p0 (bar) 8
Enthalpy at turbine entry h0 (kJ/kg) 463.07
Pressure at turbine exit pex (bar) 1.17
Mean diameter dm (mm) 140
Rotational speed n (rpm) 9000
Outlet stator blade angle α1 (◦) 14◦

Stator blade velocity coefficient ϕ 0.89
Stator cascade discharge coefficient µ1 0.9
Overlap between rotor and stator blades ∆l (mm) 0.2
Rotor cascade discharge coefficient µ2 0.93
Rotor blade velocity coefficient ψ 0.89
Utilization coefficient of the kinetic energy due to exit velocity kev 0–1
Width of rotor blades B2 (mm) 10
Number of end pairs of stator blade segments z 1
Tip clearance δr (mm) 0.4
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ppendix A. Mathematical model of ORBC

The mathematical model of the ORBC is based on Vaja and
ambarotta (2010). In this model, a simple ORC (without super-
eating), thermally powered by ICE exhaust gases and cooling
ater, is used as the bottoming cycle. To evaporate the organic
orking fluid, heat from the engine exhaust gases is used, while
he engine cooling water partially preheats the organic working
luid in the preheater before the evaporator, as shown in Fig. 11.
he temperature

(
Tg,out

)
and mass flow rate ṁg of the engine

xhaust gases are known and constant. At the pinch point, the
inimum temperature difference ∆TPP = 30 K, so minimum gas
inch point temperature is considered.

Tg,PP = T ′

5 +∆TPP,

here T ′

5 is the evaporation temperature, which is a function
f the known evaporating pressure in the evaporator from the
EFPROP

®

software.
The heat balance equation for complete vaporization of the

rganic fluid is

˙ f,1 =
ṁgcp,g

(
Tg,out − Tg,PP

)
h1 − h5′

. (A.1)

he organic fluid enthalpies (h1, h5′ ), which are functions of the
vaporating pressure chosen for the ORC and cp,g, are determined
sing the REFPROP

®
software.
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A second heat balance determines the exhaust gas tempera-
ture at the evaporator outlet:

Tg,fin = Tg,PP −
ṁf,1

(
h5′ − h5

)
ṁgcp,g

. (A.2)

If Tg,fin obtained using Eq. (A.2) is less than the minimum allowed
temperature for the gases, it is necessary to decrease the working
fluid mass flow rate (new ṁf,2). However, if Tg,fin is greater than
Tg,min, ṁf,1 is the fluid mass flow rate that satisfies the imposed
condition and represents the mass flow rate for the cycle. The
actual gas pinch point temperature is

Tg,PP = Tg,out −
ṁf,1

(
h1 − h5′

)
ṁgcp,g

. (A.3)

Organic fluids have a specific heat of vaporization that is lower
than that required for warming up the fluid between points 4 and
5′. Therefore, Tg,fin calculated using Eq. (A.2) is always less than
Tg,min, and the pinch point is not a limitation in the heat exchange
process that restricts the amount of heat introduced into the cycle
to avoid overcooling of the engine exhaust gases.

The engine cooling water is used for the partial preheating
of the organic working fluid in the preheater before the main
evaporator. The temperature of the cooling water at the exit of
the preheater is given by

Tw,in = Tw,out −
ṁf,1 (h5 − h4)

ṁwcp,w
. (A.4)

The working fluid mass flow rate ṁf,2, which allows complete
exploitation of the heat available from the cooling water, is cal-
culated by

ṁf,2 =
ṁwcp,w

(
Tw,out − Tw,in

)
h5 − h4

. (A.5)

f ṁf,2 > ṁf,1, complete exploitation of the heat available from the
ooling water cannot be achieved; therefore, an additional heat
xchanger (cooler) is necessary to obtain the defined temperature
w,in.
The organic Rankine cycle efficiency ηORC is expressed as

follows:

ηORC =
PORC

Qg + Qw
, (A.6)

where PORC is the ORC power, while Qg and Qw are the heat
ransferred from the exhaust gases and cooling water to the
rganic working fluid, respectively.

ppendix B. Mathematical model for the preliminary mean
iameter aerothermodynamic calculation (2D design)

The mathematical model for the preliminary mean diameter
erothermodynamic calculation (2D design) of the innovative ax-
al turbine is based on (Horlock, 1973; Dixon and Hall, 2010) and
resented in Table B.1. This approach can generate a PD that is
onsistent with the operational conditions and is an appropriate
tarting point for CFD 3D analysis. The outlined equations (B.1)–
B.40) summarize the calculation procedure. All parameters refer
o the mean diameter.

ppendix C. Design of nozzle and moving blade profiles

See Tables C.1 and C.2
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T
R

able B.3
esults of the preliminary mean diameter aerothermodynamic calculation (2D design) of the innovative axial turbine.
No. Stage no. 1 2 3 4 5 6 7 8

Parameter

1. u (m/s) 65.97 65.97 65.97 65.97 65.97 65.97 65.97 65.97
2. Rm 0.1617 0.182 0.2037 0.2251 0.2484 0.2716 0.2953 0.32
3. (u/cF)opt 0.472 0.477 0.484 0.491 0.498 0.506 0.514 0.524
4. cF (m/s) 139.77 138.3 136.3 134.36 132.47 130.38 128.35 125.9
5. ∆his (kJ/kg) 9.77 9.56 9.29 9.03 8.77 8.5 8.24 7.93
6. ∆hSis (kJ/kg) 8.19 7.82 7.4 7 6.59 6.19 5.81 5.39
7. ∆hRis (kJ/kg) 1.58 1.74 1.89 2.03 2.18 2.31 2.43 2.54
8. p0 (bar) 7.76 5.989 4.673 3.686 2.931 2.349 1.895 1.539

p1 (bar) 6.187 4.849 3.838 3.066 2.466 1.998 1.628 1.336
p2 (bar) 5.925 4.627 3.651 2.906 2.329 1.881 1.528 1.25

9. c1t (m/s) 127.98 125.06 121.66 118.32 114.8 111.27 107.8 103.83
10. M1t 0.695 0.661 0.632 0.607 0.584 0.563 0.544 0.523
11. F1 (m2) 0.0006 0.0008 0.0011 0.0014 0.0018 0.0022 0.0028 0.0036
12. εl1 (mm) 0.0056 0.0075 0.0099 0.0128 0.0165 0.021 0.0266 0.0336
13. ε 0.375 0.433 0.497 0.566 0.642 0.725 0.815 0.916
14. l1 (mm) 15 17.3 19.9 22.6 25.7 29 32.6 36.6
15. c1 (m/s) 113.9 111.3 108.28 105.3 102.17 99.03 95.94 92.41
16. w1 (m/s) 52.38 49.91 47.06 44.27 41.36 38.48 35.7 32.58
17. β1 (◦) 31.74 32.65 33.82 35.13 36.7 38.5 40.56 43.33
18. w2t (m/s) 76.84 77.27 77.43 77.59 77.91 78.11 78.32 78.37
19. M2t 0.415 0.407 0.401 0.398 0.396 0.395 0.395 0.395
20. l2 (mm) 15.2 17.5 20.1 22.8 25.9 29.2 32.8 36.8
21. F2 (m2) 0.001 0.0013 0.0017 0.0021 0.0026 0.0033 0.004 0.0049
22. β2 (◦) 23.78 23.21 22.48 21.94 21.19 20.54 19.92 19.22
23. w2 m/s 68.39 68.77 68.91 69.06 69.34 69.52 69.7 69.75
24. c2 m/s 27.78 27.24 26.45 25.87 25.1 24.41 23.75 22.96
25. α2 (◦) 83 84.17 85.02 85.76 86.99 87.96 88.94 89.73
26. ∆hlS (kJ/kg) 1.703 1.626 1.539 1.455 1.37 1.287 1.208 1.121
27. ∆hlR (kJ/kg) 0.614 0.621 0.623 0.626 0.631 0.634 0.638 0.638
28. ∆hlev (kJ/kg) 0 0 0 0 0 0 0 0.2636
29. Eev (kJ/kg) 0.386 0.371 0.35 0.335 0.315 0.298 0.282 0
30. E0 (kJ/kg) 9.384 9.189 8.94 8.695 8.455 8.202 7.958 7.93
31. ηu 0.753 0.756 0.758 0.761 0.763 0.766 0.768 0.745
32. ζw 0.0471 0.0382 0.0308 0.0244 0.0185 0.0132 0.0083 0.0035
33. ζseg 0.0099 0.0087 0.0077 0.0069 0.0062 0.0056 0.005 0.0044
34. ζpr 0.0389 0.034 0.0297 0.0264 0.0233 0.0208 0.0186 0.0161
35. ηi 0.657 0.675 0.69 0.703 0.715 0.726 0.736 0.721
36. ∆hi (kJ/kg) 6.17 6.2 6.17 6.11 6.05 5.95 5.86 5.72
37. ∆hl (kJ/kg) 3.22 2.99 2.77 2.58 2.41 2.25 2.1 2.21
38. h2 (kJ/kg) 456.9 451.09 445.29 439.53 433.81 428.18 422.62 417.18

s2 = s02 (kJ/(kg K)) 1.2927 1.3019 1.3105 1.3187 1.3264 1.3337 1.3406 1.347
39. h02 (kJ/kg) 457.29 451.46 445.64 439.86 434.13 428.48 422.9 417.18

p02 (bar) 5.989 4.673 3.686 2.931 2.349 1.895 1.539 1.25
t02 (◦C) 98.37 93.19 88.56 84.31 80.33 76.58 73 69.42

40. P (kW) 7.23 7.26 7.23 7.15 7.08 6.97 6.86 6.7
i
Table C.1
Calculation of geometric parameters necessary for the design of nozzle and moving blade profiles (nomenclature is in accordance with Fig. 15).
Input data: flow parameters Output data: geometric parameters necessary for the design of nozzle and moving blade profiles

Mean diameter, dm Inlet angle of a nozzle (moving) blade profile: α0g(β1g) = α0(β1) + (−6◦
÷ 2◦)

Exit angle of a nozzle (moving) blade profile: α1g(β2g) = α1(β2) + (0◦
÷ 6◦)

Effective velocity at nozzle blade cascade entry, c0 ,
or velocity at moving blade cascade entry, w1

Relative pitch of a nozzle (moving) blade cascade: topt = 0.55
[

180◦

180◦ − (β1 + β2)

sinβ1

sinβ2

] 1
3
(1 − c)

Chord of a nozzle (moving) blade profile: l =
[

l
sin γ

+ 0.054
(
1 −

1
sin γ

)]
B

Angle of effective velocity at nozzle blade cascade
entry, α0 , or of velocity at moving blade cascade
entry, β1

Width of the nozzle (moving) blade cascade throat (of the narrowest cross section): a = t × q (λ2) sinβ2;
q (λ2) = f (M2t)

Maximal thickness of a nozzle (moving) blade profile: cmax = 1.3(f /b)

Effective velocity at nozzle blade cascade exit, c1 ,
or velocity at moving blade cascade exit, w2

Distance from the leading edge to the center of the maximal thickness of a nozzle (moving) blade profile:
xcmax = (0.4 ÷ 0.5) l

Radius of curvature of the leading edge of a nozzle (moving) blade profile for the root sections, i.e., for
the peripheral sections: r1 = (0.03 ÷ 0.08) cmax; r1 = (0.06 ÷ 0.16) cmax

Angle of effective velocity at nozzle blade cascade
exit, α0 , or of velocity at moving blade cascade
exit, β2

Radius of curvature of the trailing edge of a nozzle (moving) blade profile for the root sections, i.e., for
the peripheral sections: r2 = (0.12 ÷ 0.15) cmax; r2 = (0.3 ÷ 0.4) cmax

(continued on next page)
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T
able C.1 (continued).
Input data: flow parameters Output data: geometric parameters necessary for the design of nozzle and moving blade profiles

Mach number at
nozzle blade cascade
exit, M1t , or at
moving blade cascade
exit, M2t

Sharpening angle of the leading edge of a nozzle (moving) blade profile: ω1 = 2.5(cmax − 2r1)/b

Sharpening angle of the trailing edge of a nozzle (moving) blade profile: ω2 = kω
0.14ω1

0.2 + ω1

Angle of trailing edge deviation: δ = 8◦
÷ 10◦(max .15◦)

Angle of adjustment of a nozzle, i.e., a moving blade profile in a cascade:

γ = 57.84 − 0.3929β
′

1 + 0.8221β
′

2; γ = arctg
w1 sinβ

′

1 + w2 sinβ
′

2

w2 cosβ
′

2 − w1 cosβ
′

1

Table C.2
Nonstandard, aerodynamically ideal nozzle and moving blade profiles of all stages designed using the original software based
on the analytical method (Tuković, 2001).
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