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Abstract: This work evaluates the feasibility of utilizing an organic Rankine cycle (ORC) for waste
heat recovery in internal combustion engines to meet the stringent regulations for reducing emissions
resulting from the combustion of fossil fuels. The turbine is the most crucial component of the ORC
cycle since it is responsible for power production. In this study, a variable geometry radial inflow
turbine is designed to cope with variable exhaust conditions. A variable geometry turbine is simply a
radial turbine with different throat openings: 30, 60, and 100%. The exhaust gases of a heavy-duty
diesel engine are utilized as a heat source for the ORC system. Different engine operating points are
explored, in which each point has a different exhaust temperature and mass flow rate. The results
showed that the maximum improvements in engine power and brake specific fuel consumption
(BSFC) were 5.5% and 5.3% when coupled to the ORC system with a variable geometry turbine.
Moreover, the variable geometry turbine increased the thermal efficiency of the cycle by at least 20%
compared to the system with a fixed geometry turbine. Therefore, variable geometry turbines are
considered a promising technology in the field and should be further investigated by scholars.

Keywords: variable geometry; radial inflow turbine; organic Rankine cycle; waste heat recovery

1. Introduction

Manufacturers are currently under pressure to improve the efficiency of internal
combustion engines in terms of fuel consumption and exhaust emissions [1]. In fact, the
combustion of fossil fuels is a primary source of harmful gases, such as CO2 and NOx [2].
Diesel engines, in fact, are among the most significant polluters due to their widespread
applications. Most of the heat wasted in internal combustion engines comes from exhaust
gases [3]. In fact, only 30 to 40% of fuel energy is converted into useful work [4]. To harness
this wasted energy, waste heat recovery technologies can be integrated.

Recently, organic Rankine cycle (ORC) as a waste heat recovery technology has re-
ceived great attention among scholars and in the industry sector due to the availability
of components, its simplicity, and reliability [5,6]. Moreover, ORC systems exhibit great
thermal efficiency in comparison to other WHR technologies under a variety of operating
situations [7]. The organic Rankine cycle is simply a Rankine cycle operating with organic
fluids instead of steam. Due to the low boiling point of some organic fluids, they can
be utilized in low to medium heat source applications [8,9]. In addition, the densities of
organic fluids are relatively high, which results in smaller systems compared to steam;
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hence, there are lower costs [10]. Typical Rankine cycles consist of four main components,
namely, an evaporator, turbine, condenser, and pump. The turbine is one of the most
important components in the system since this is the medium where power production
takes place [11].

Variable geometry turbines are of valuable interest especially in internal combustion
engines in order to cope with the transient operating conditions in the engine. Conventional
radial turbines (fixed geometry turbines) suffer from low efficiencies at part-load condi-
tions [12]. A variable geometry radial turbine is simply a radial turbine that has movable
stator vanes which provide a quick response to the change in engine load/speed [13]. In
addition, by utilizing variable geometry vanes, it is possible to adjust the mass flow rate
and to balance the volume of the working fluid [13]. The concept of variable geometry
turbines is not new and has been extensively studied for turbocharging. However, apply-
ing such a technology in ORC systems is an area in which little available literature exists.
Therefore, the investigated literature is limited to applications of the ORC with variable
geometry turbines. The application of ORCs in internal combustion engines, covering
different types of expansion machines, was extensively reviewed in the authors’ study [14].
The authors also experimentally tested the potential of ORCs for waste heat recovery using
fixed geometry turbines in several studies [15].

Thaddaeus et al. [16] simulated a 1.25 L Zetec-SE DOHC engine model coupled with
an organic Rankine cycle and a variable geometry turbine. The results showed that the
variable geometry turbine can improve the thermal efficiency and net power by 5.59% and
3 kW, respectively. Manente et al. [17] evaluated the performance of an ORC considering
geothermal resources as the heat sources. Although a variable geometry turbine was
considered, the authors did not point out the potential of the turbine. They concluded that
the net power output is higher at low ambient temperatures than at warm ones. Lebedevas
and Čepaitis [18] examined the decarbonization of marine transport using an ORC and a
variable geometry turbine. The results showed that the highest system efficiency of 15%
was achieved by utilizing the variable geometry turbine. Schuster et al. [19] investigated the
thermodynamic optimization of organic Rankine cycles considering both fixed and variable
geometry radial inflow turbines. The results proved the efficacy of variable geometry
turbines when operating at off-design conditions. Other scholars integrated fixed geometry
radial inflow turbines or other types of turbines, such as axial ones. Guillaume et al. [20]
tested the potential of improving heavy-duty diesel engine performance using an ORC
and a fixed geometry radial turbine. The results showed that the radial turbine presented
a maximum power of 2.8 kW. Wang et al. [21] investigated the possibility of capturing
the wasted heat of engine coolants and exhaust gases using a supercritical ORC. An
improvement of 8% in fuel efficiency was obtained. Furukawaet et al. [22] concluded from
their experiment that the engine BSFC could be decreased by 7.5% when adapting an ORC
to capture the wasted heat in the engine coolant. Recently, Chen et al. [5] analyzed the
performance of a preheated ORC as a waste heat recovery system in a ship two-stroke
low-speed main engine. The authors utilized the wasted heat in both exhaust gases and
coolants. The maximum cycle power and efficiency were 491.3 kW and 12.84%, respectively.

It is obvious that studies that investigate the potential of variable geometry turbines
in engine–ORC systems are extremely limited. In fact, although [16,17,19] evaluated the
benefits of variable geometry turbines, they did not cover the design process of the turbine.
Moreover, the authors in studies [16–19] did not study the effects of the variable geometry
turbines on the engines’ power and BSFC. Therefore, the aim of this study is to shed more
light on the design process of the turbine and explore its efficacy in improving heavy-duty
diesel engines in terms of power and BSFC. It is worth mentioning that the authors have
published several studies on the design and optimization of fixed geometry radial inflow
turbines [23].
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2. System Description

The proposed system consists of a 10.3 L heavy-duty diesel engine and the ORC system
as shown in Figure 1. Stages 1 to 5 represent the turbine stage as shown in Figures 2 and 3.
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2.1. Engine Modeling

The data of the heavy-duty diesel engines were provided by the Saudi Electricity
Company in Hail, Saudi Arabia. To explore the potential of the radial inflow turbine on the
engine power and BSFC, three different engine operating points were explored as shown in
Table 1.

Table 1. Engine properties at different engine operating conditions.

Engine Point P1 P2 P3

Speed [rev/min] 750 1200 2200
Torque [Nm] 234 1388 1500

BSFC [g/kWh] 277 188 221
Mass flow rate of exhaust gases [kg/s] 0.310 0.380 0.500

Temperature of exhaust gases [K] 688 679 810

The powertrain power (engine + ORC) can be obtained using Equation (1) and the
engine BSFC can be calculated using Equation (2).

Ppowertrain = Wnet + Pengine (1)

BSFC =
engine f uel consumption

Ppowertrain
(2)

2.2. Organic Rankine Cycle Modeling

A typical ORC is composed of four components, namely, an evaporator, condenser,
turbine, and pump. The liquid organic fluid is firstly heated to a superheated state by
absorbing the wasted heat in the exhaust gas of the engine via the evaporator. The su-
perheated fluid then drives the turbine to generate power. For the cycle to repeat, the
superheated fluid is condensed to the liquid phase and pumped again to the evaporator.
The mathematical model of the ORC system is detailed below.

The energy balance through the evaporator is presented in Equation (3).

QEvap =
.

mexh(hexh,in − hexh,out) =
.

mw f

(
hw f ,out − hw f ,in

)
(3)

Similarly, the energy rejected through the condenser can be obtained using Equation (4).

Qcond = m.
w f

(
hw f ,in − hw f ,out

)
(4)
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To ensure a liquid state at the outlet of the condenser (pump inlet), a sub-cooling of
2 ◦C is assumed. A 65% pump efficiency ηpump is assumed. Therefore, the power consumed
by the pump can be obtained from Equation (5).

Ppump =

.
mw f

(
hs,w f ,out − hw f ,in

)
ηpump

(5)

The cycle thermal efficiency can be obtained using the following (6). The numerator of
Equation (6) is simply the cycle network.

ηthermal =
Woutput −WPump

QEvap
(6)

It is worth mentioning that NOVEC 649 is used as the working fluid in the cycle
because it is non-flammable and has a near-zero GWP. Moreover, NOVEC649 produces
lower back pressure at the evaporator outlet and lower turbine rotational speed.

2.3. Modeling of the Radial Inflow Turbine

Volute, stator vanes, and rotor blades are the three primary parts of the radial inflow
turbine, as depicted in Figure 2. Figure 3 presents a meridional view of the turbine stage.
The flow is firstly collected in the volute, accelerated, and further expanded through the
stator vanes and directed to the rotor blades at the proper angle. Finally, the fluid rotates the
rotor blades, converting the kinetic energy into mechanical power. The turbine is coupled
to an electrical generator to convert the mechanical power into electrical power. The design
process is depicted in Figure 4 and detailed in the following subsections. Figure 5 presents
an enthalpy–entropy diagram of the turbine stage.
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2.3.1. Rotor Modeling

The rotor is simulated using two common non-dimensional parameters, namely,
loading coefficient Ψ and flow coefficient ϕ. These parameters are shown in
Equations (7) and (8) [24].

ϕ =
Cm5

U4
(7)

Ψ =
∆hact

U2
4

(8)

Knowing that loading and flow coefficients are given, the blade speed U4 and the
meridional velocity Cm5 can be obtained as per Equations (7) and (8). The rotor radius r4
and blade height b4 can be obtained utilizing Equations (9) and (10), respectively. After
that, the blockage factor KB4 and blade thickness tb4 are calculated using Equations (11)
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and (12), respectively. The rotor number of blades Zr can be calculated using the Glassman
correlation [25], expressed in Equation (13).

r4 =
U4

ω
(9)

m.
calc = 2(1− KB4)πr4ρ4b4Cm4 (10)

KB4 = 1− Zrtb4
2πr4sinβ4

(11)

tb4 = 0.04 r4 (12)

Zr =
π

30
(110− α4)tan α4 (13)

The thermodynamic properties of the working fluid can be calculated as per
Equations (14)–(17), completing the inlet geometry of the rotor. Refprop, version 9 [26]
software was utilized to obtain the thermodynamic properties of the fluid.

h4 = ho4 +
1
2

C2
4 (14)

P04 = P01 −
ρ01∆his(1−
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4
(15)

{h04, P04} = EoS(ρ04, T04, a04, s05, f luid) (16)

{h4, S4} = EoS(ρ4, T4, a4, P4, f luid) (17)

Turbine power can be obtained using the Euler equation, Equation (18). As proposed
by Aungier [27], the meridional speed Cm5 can be calculated using Equation (19).

Woutput = m·(U 4Cθ4 −U5Cθ5
)

(18)

Cm5 = Cm4

(
1 + 5

(
b4

r4

)2
)

(19)

The smallest distance between two adjacent blades is the rotor throat o5. It can
be obtained considering the behavior of the exit Mach number M5rel, as expressed in
Equation (20)

o5 = s5Cm5
W5

f or M5rel < 1

o5 = s5Cm5ρ5
ρ∗W∗ f or M5rel ≥ 1

(20)

2.3.2. Stator Modeling

Three different stator openings are investigated, namely, 30%, 60%, and 100%, as
shown in Figure 6. The stator opening is controlled by varying the stator width, o3, as
shown in Equation (21). The stator throat width is shown in Figure 6, where sv is the nozzle
pitch, as shown in Figure 6. ρ∗ and a∗ are the sonic condition density and the speed of
sound, respectively. {

o3 = svsinα3 f or M3 < 1
o3 = Cm3ρ3

ρ∗a∗ f or M3 ≥ 1
(21)
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The design method of the turbine nozzle is conducted in an iterative manner, as
depicted in the flowchart in Figure 4. The tangential velocity at the stator outlet Cθ3 is
obtained using Equation (22). As shown in the flowchart of the design process, the nozzle
exit absolute velocity C3 is found in an iterative manner. The static enthalpy h3 is then
found using Equation (23). The remaining thermodynamic properties of the working fluid
are calculated, as shown in Equation (24). The mass flow rate (m ·calc

)
is recalculated using

Equation (25) until convergence is satisfied.

Cθ3 =
Cθ4·r4

r3
(22)

h3 = ho3 +
1
2

C2
3 (23)

{S3 = S4, h3} = EoS(ρ3, T3, a3, P3, f luid) (24)

m·calc = 2πr3ρ3b3Cm3 (25)

2.3.3. Volute Modeling

For simplicity, a circular section is assumed and Equations (26)–(29) are solved in an
iterative manner. SC is the swirl coefficient, which is given a value of 0.95 as suggested
by [24].

C1 =
r2Cθ2

r1SC
(26)

h1 = h01 −
C2

1
2

(27)

{h1, s1} = EoS(ρ1, T1, a1, P1, f luid) (28)

A1 =
m·

ρ1C1
(29)



Appl. Sci. 2023, 13, 12139 8 of 14

2.3.4. Losses Modeling

To verify the original assumption of the total to static efficiency ηT , the rotor losses
model is used. The turbine rotor is responsible for the majority of the losses. The most
common rotor losses as outlined in [24,28] are incidence loss, passage loss, tip clearance loss,
windage loss, and exit energy; these are included in the present model and summarized in
Table 2. In a subsequent step, the rotor losses are summed together using Equation (30).

∆hloss,rotor = ∆hincidence + ∆hpassage + ∆htip + ∆hwindage + ∆hexit (30)

Table 2. Losses model across the radial turbine stage.

Loss Equation

Incidence Loss ∆hincidence =
1
2
[
W4sin

(
β4 − β4,opt

)
]n

Passage Loss ∆hpassage = 1
2

(
2 f t

Lh
Dh

W2
+

r4C2
4

rcZr

)
Tip Clearance Loss ∆htip =

U3
4 Zr
8π

(
KaεaCa + KrεrCr + Ka,r

√
(εaεrCaCr)

)
Windage Loss ∆hwindage = kf

ρU3
4 r2

4
2

.
mwf

Exit Energy Loss ∆hexit =
1
2 C2

5

3. Results and Discussions

This section presents the effects of the variable geometry turbine on the overall system
performance at different engine operating points. The results are also compared with those
obtained using a fixed geometry turbine.

3.1. Effects of Stator Openings on Cycle and Turbine Performances

First, the effects of stator openings on turbine efficiency are investigated as shown
in Figure 7. All engine operating points present a similar trend, where turbine efficiency
increases, reaching a maximum value at P3, then decreases at P3 as shown in Figure 7a. At
P1, the 60% opening presents substantially higher turbine efficiency with 57.5%, while P3
presents the lowest turbine efficiency with a value of 42.4%. The 30% opening presents the
lowest turbine efficiency because of the excessive heat for the low mass flow rates of the
exhaust gas as shown in Table 1. In other words, the mass flow rate of the working fluid
decreases at low openings. Therefore, the excessive heat results in an extremely superheated
fluid at the turbine inlet. Moreover, radial turbine losses (tip clearance and incidence, as
shown in Table 2) increase at higher turbine inlet temperatures, which deteriorates the
turbine efficiency as per Equation (30). Regarding stator openings, the 100% opening is
not always favorable due to the increased fluid capacity that requires more heat to be
fully vaporized.

Figure 7c depicts the behavior of turbine power with different stator openings and
various engine operating points. It is clear that the 100% opening is superior for all the
investigated engine points. This is expected, since turbine power is directly related to the
mass flow rate and the enthalpy drop through the turbine. P3 with a 100% stator opening
presents the highest turbine power with 18.5 kW. The 30% and 60% stator openings present
maximum values of 12.60 and 16 kW, respectively. Again, as the mass flow rate decreases,
the turbine power decreases according to Equation (18). Figure 7c shows that the 30 and
60% throat openings present comparable turbine power at engine point P2. This is due to
the comparable exhaust temperatures as per Table 1.
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The effects of stator openings on the thermal efficiency are depicted in Figure 7b. The
cycle thermal efficiency is directly related to turbine power and the absorbed heat in the
evaporator. Thermal efficiency follows the trend of turbine power qualitatively. As per
Equation (6), the cycle thermal efficiency is a function of turbine power. As the turbine
power increases, the cycle thermal efficiency increases. As already depicted in Figure 7c,
the turbine power increases and, hence, the cycle efficiency increases. The 100% opening
presents the highest thermal efficiency for all the engine operating points, followed by the
60% opening. The maximum thermal efficiency of the system is 13.8% and obtained at
P3, with a 100% opening. The lowest thermal efficiency is 0.4% and presented by engine
operating point P1 with a 30% stator opening.
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3.2. Comparison between Fixed and Variable Geometry Turbines

The potential of utilizing a variable geometry turbine instead of a fixed one is clearly
depicted in Figure 8. It can be seen from Figure 8a that turbine efficiency for variable
geometry is always higher than with a fixed geometry turbine for the various engine
operating points. For a fixed geometry turbine, the mass flow rate is fixed. Therefore, and
as explained earlier, the evaporator produces excessive heat which results in extremely
superheated fluid. A variable geometry turbine, on the other hand, has the ability to adapt
the wasted heat in the engine, which substantially improves the turbine performance. The
minimum and maximum improvements in the turbine efficiency with variable geometry in
comparison to that with fixed geometry are 20% and 70%, respectively. Similarly, turbine
power is significantly higher when integrated with a variable geometry turbine, as shown
in Figure 8b. This is because of the variable mass flow rate that directly influences the
turbine power as per Equation (18). At P3, for instance, the variable geometry turbine
presents 18 kW turbine power, while the fixed geometry turbine presents 14.7 kW. At P1,
in fact, the turbine power could be doubled when utilizing a variable geometry turbine
compared to a fixed one.
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Since cycle thermal efficiency is directly related to turbine performance, it presents
similar trends, as shown in Figure 8c. A minimum improvement of 4.48% can be achieved
when a variable geometry turbine is utilized. At P3, the advantage of utilizing a variable
geometry turbine over a fixed one is clear. The cycle efficiency of the variable geometry
turbine is 25.45% higher than that of the fixed geometry turbine.

The main aim of coupling the ORC system to the engine was to explore the feasibility
of such a system in improving engine performance. Figure 9 shows that the engine
performance is enhanced in terms of power and BSFC after utilizing the ORC system.
This enhancement is expected since the ORC power output is added to the engine power
as per Equation (1). Similarly, and as per Equation (2), the engine BSFC improves by
improving the engine power. As presented in Figure 9a, the engine power could improve
by at least 1% when integrated with an ORC system with a variable geometry turbine. At
P3, in fact, the engine power may increase by 5.5% when bottomed with an ORC system.
Engine BSFC presents a similar trend, as shown in Figure 9b. Figure 9 also depicts the
benefits of utilizing a variable geometry turbine instead of a fixed geometry turbine. It is
clear that, a variable geometry turbine is favorable over different engine operating points.
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4. Conclusions

The current study explored the potential of integrating a variable geometry radial tur-
bine instead of a fixed geometry turbine for an engine–ORC system. The study was carried
out using different engine operating conditions, where different exhaust temperatures and
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mass flow rates were investigated. Moreover, different stator openings were explored: 30,
60, and 100%. The results confirmed the potential of utilizing variable geometry turbines
in improving the overall system performance. This is because variable geometry turbines
can adapt to the different operating conditions of the exhaust gases by changing the stator
opening accordingly. The conclusions can be summarized as follows:

• The total to static efficiency of a variable geometry turbine is 25.45% higher than that
of a fixed geometry turbine.

• Due to the increased mass capacity with a variable geometry radial turbine, the
powertrain power increased substantially when integrated with an ORC as a bottom
cycle. This increase could be as high as 5.5%.

• The ORC performance benefited significantly from the utilization of the variable
geometry turbine. The ORC efficiency could be improved by at least 20%.

• The results also showed that even at low engine torque and power, P1, the overall
system performance improved substantially by integrating an ORC system with a
variable geometry turbine. However, this improvement is trivial (1%) and cannot
justify the added complexity and cost.

• It is worth noting that the ORC system has a large weight, which will significantly
affect its benefits. In the future, this phenomenon will be investigated in addition to
cost analysis.
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Nomenclature

1–5 Stations through turbine Subscript
a Speed of sound [m/s] h Hub, hydraulic
A Area r Radial, rotor
b Blade height [m] s Insentropic, stator
K Blockage factor [-] t Tip, total

C Absolute velocity [m/s]
Greek
Symbols

Cm Meridional velocity [m/s] η Efficiency [-]
Cθ Tangential velocity [m/s] β Relative angle [deg]
Ca Axial coefficient [-] ε Clearance [m]
Cr Radial coefficient [-] ρ Density [kg/m3]
d Diameter [m] α Absolute flow angle [deg]
h Enthalpy [kJ/kg]
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Nomenclature 
1–5 Stations through turbine Subscript  

a Speed of sound [m/s] h Hub, hydraulic 
A Area r Radial, rotor 
b Blade height [m] s Insentropic, stator 
K Blockage factor [-] t Tip, total 

C Absolute velocity [m/s] 
Greek Sym-
bols 

 

Cm Meridional velocity [m/s] 𝜂 Efficiency [-] 
Cθ Tangential velocity [m/s] β Relative angle [deg] 
Ca Axial coefficient [-] ε Clearance [m] 
Cr Radial coefficient [-] 𝜌 Density [kg/m3] 
d Diameter [m] 𝛼 Absolute flow angle [deg] 
h Enthalpy [kJ/kg] ˠ Stator setting angle [deg] 

Ka Discharge coefficient of the axial component [-] 
Abbrevia-
tions 

 

Kr Discharge coefficient of the radial component [-] BSFC 
Brake specific fuel con-
sumption 

Ka,
r 

Cross coupling coefficient of the axial and radial com-
ponents [-] 

CFD 
Computational fluid dy-
namics 

M Mach number [-] GWP Global warming potential 𝑚 Mass flow rate [kg/s] ICE 
Internal combustion en-
gine 

o Throat opening [m] NOx Nitrogen oxide 
P Pressure [kPa] ORC Organic Ranke cycle 
s Entropy [kJ/kg.k] WHR Waste heat recovery 
T Temperature [K]   
U Tip speed [m/s]   
w Relative velocity [m/s]   
W Work [kW]   
z Axial length [m]   

  

Stator setting angle [deg]

Ka
Discharge coefficient of the axial
component [-]

Abbreviations

Kr
Discharge coefficient of the radial
component [-]

BSFC Brake specific fuel consumption

Ka,r
Cross coupling coefficient of the axial and
radial components [-]

CFD Computational fluid dynamics
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M Mach number [-] GWP Global warming potential
.

m Mass flow rate [kg/s] ICE Internal combustion engine
o Throat opening [m] NOx Nitrogen oxide
P Pressure [kPa] ORC Organic Ranke cycle
s Entropy [kJ/kg.k] WHR Waste heat recovery
T Temperature [K]
U Tip speed [m/s]
w Relative velocity [m/s]
W Work [kW]
z Axial length [m]
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