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Abstract: Organic Rankine Cycles using radial turbines as expanders are considered as one of the
most efficient technologies to convert heavy-duty diesel engine waste heat into useful work. Turbine
similarity design based on the existing air turbine profiles is time saving. Due to totally different
thermodynamic properties between organic fluids and air, its influence on turbine performance and
loss mechanisms need to be analyzed. This paper numerically simulated a radial turbine under
similar conditions between R245fa and air, and compared the differences of the turbine performance
and loss mechanisms. Larger specific heat ratio of air leads to air turbine operating at higher pressure
ratios. As R245fa gas constant is only about one-fifth of air gas constant, reduced rotating speeds of
R245fa turbine are only 0.4-fold of those of air turbine, and reduced mass flow rates are about twice of
those of air turbine. When using R245fa as working fluid, the nozzle shock wave losses decrease but
rotor suction surface separation vortex losses increase, and eventually leads that isentropic efficiencies
of R245fa turbine in the commonly used velocity ratio range from 0.5 to 0.9 are 3%–4% lower than
those of air turbine.
Keywords: organic Rankine cycle; radial turbine; similarity theory; entropy generation

1. Introduction
In recent years, automobile industry has made great progress in improving internal combustion
engine thermal efficiencies. Current manufactured gasoline engines are working with maximum
thermal efficiencies of 30%–36%, while diesel engines already reach 40%–47% [1]. Nowadays,
the engine thermal efficiency is close to its technical limits but still not sufficient to meet future
fuel economy targets without additional technologies. More than half of the fuel energy in the internal
combustion engines is discharged in the form of heat to the environment. Waste heat recovery is
considered as one of the most promising technologies to improve the engine thermal efficiency [2].
Several technologies can be applied to recover the waste heat of an internal combustion engine,
including turbocompounding, organic Rankine cycle (ORC), and thermoelectric generators [3–6].
When comparing these technologies, two key factors should be taken into consideration. One is the
utilization of the waste heat temperature range, the other is the efficiency improvement potentials. ORC
can utilize all kinds of engine waste heat, and the engine BSFC saving potentials are very promising,
around 5%–15% [7]. Hence, ORC is considered as the most appropriate waste heat recovery technology
in the current conditions.
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Figure 1. Demonstration of a regenerative organic Rankine cycle for heavy-duty diesel engine exhaust

Figure 1. Demonstration of a regenerative organic Rankine cycle for heavy-duty diesel engine exhaust
gas heat recovery: (a) configuration of the regenerative organic Rankine cycle; and (b) T-s diagram of
gas the
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organic Rankine cycle.
the regenerative organic Rankine cycle.
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temperatures are either below 100 ◦ C for engine coolant or above 400 ◦ C for exhaust gases. As the
core component of ORC systems, no efficient, reliable and cost-effective expanders can be found in the
market until now for this specific application.
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The results indicated that the relative deviation of main performance parameters at the design point
working condition was no more than 5%, and under all working conditions were no more than 10%.
White and Sayma [25] applied the similarity theory to predict turbine off-design performance over a
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range of different operating conditions while utilizing different working fluids. The original similitude
theory using turbine total inlet conditions was found to only apply within a small range of operating
conditions, so a modified similitude theory was suggested that using the choked flow conditions
instead. The results agreed with the CFD predictions within 2% for three organic fluids R245fa, R123
and R1234yf, right up until the choked mass flow rate. Wong and Krumdieck [26] scaled an industrial
gas turbine to two refrigerants: R134a and R245fa. Three different approaches using the similarity
theory were applied to scale the turbine performance map using air and generated the performance
map for the two refrigerants. The results showed that the complete similarity could not be achieved
for the same turbomachinery with two different working fluids, even at the best efficiency point.
The authors indicated that the constant ratio of change of enthalpy to the squared of speed of sound
in the turbine inlet approach would provide the highest accuracy in the performance estimation.
The average errors of R134a and R245fa compared with air were 7.2% and 8.7%, respectively.
Until now, for the second technical route of turbine design, nearly all the literature focuses on
the issue that finding an air turbine as the preliminary design result of organic fluids, but the issue
of whether the aerodynamic design of blade profiles can adapt the new kind of working fluid has
not been analyzed yet. That is to say, when a turbine using air as working fluid turns into using
refrigerants as working fluids, how the turbine efficiency will change, and what loss mechanism
differences lead to the efficiency change. It is very meaningful to answer this question, because the
radial turbines using air as the working fluid in turbocharging applications have been very mature,
and many technologies have been developed to improve the turbine efficiencies. It may largely shorten
the time of aerodynamic design process of blade profiles of an ORC turbine when referring to the
existing efficiency improving technologies.
In this paper, a radial turbine, for the heavy-duty diesel engine ORC application, is numerically
simulated using R245fa and air as the working fluid to compare the differences of their performance
and loss mechanism. R245fa, a typical organic fluid, is chosen as the working fluid because of its
environmental friendly properties [27], good thermodynamic performance in the heavy-duty diesel
engine applications [28] and high turbine nominal efficiency for small power size applications [20].
Firstly, the similarity criteria are deduced to obtain the similar operating condition between air and
R245fa, and kinematic and dynamic similarities are verified. Then, the turbine performance maps
are compared to find out the quantitative differences of total-to-static pressure ratio, reduced mass
flow rate, reduced rotating speed and total-to-static isentropic efficiency. Finally, the similarities
and differences of turbine entropy generation and loss mechanisms are discussed to explain the
total-to-static isentropic efficiency difference.
2. Similarity Criteria
The general similarity criteria of turbines are summarized below, which can be found in the
standard turbomachinery textbook [29].

•

•
•

•

Flow coefficient


Π1 = m/ ρND3

(1)

Π2 = ∆h0 /U 2

(2)



Π3 = P/ ρN 3 D5

(3)

Π4 = ρND2 /µ

(4)

Head coefficient
Power coefficient

Reynolds number
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Velocity ratio
Π5 = U/Cs

(5)

Besides, the compressibility effect was proven to have large influence on the turbine efficiency.
Usually, for the perfect gas the compressibility effect can be determined by the pressure ratio. However,
based on the analysis of Macchi and Perdichizzi [30], for nonconventional fluids the associated
similarity criterion of compressibility effect is volume expansion ratio, defined as the specific volume
variation across the turbine in an isentropic process, which is applied instead of common characteristic
parameter pressure ratio in this analysis.

•

Compressibility coefficient
Π6 = Vout /Vin

(6)

Air, which behaves like the perfect gas, obeys the perfect gas EoS like Equation (7), and the
isentropic process obeys the following relationships (Equations (8) and (9)).
p = ρRT

(7)

pin /pout = (ρin /ρout )κ
"

 κ −1 #
κ
pout κ
∆hi =
RT 1 −
κ − 1 in
pin

(8)
(9)

The operating conditions of R245fa, including inlet pressure and temperature, rotating speed
and outlet pressure, are obtained according to the thermodynamic analysis, and used as the input
parameters to calculate all six similarity criteria (Equations (1)–(6)). Then, the similar operating
conditions of air, including pressure ratio, rotating speed and inlet temperature, can be calculated in
the following three steps.

•

Pressure ratios in the air operating conditions can be obtained by Equations (6) and (8):
pin,a
= Π6κ
pout,a

•

Rotating speeds in the air operating conditions can be obtained by Equations (5), (9) and (10):
Π5
N=
D

•

(10)

r



2κ
RTin,a 1 − Π16−κ
κ−1

(11)

Fluid dynamic viscosities are determined by the inlet operating conditions and associate similarity
criteria, according to Equations (4), (7) and (11):
pin,a Π5 D
µ=
Π4

s



2κ
1 − Π16−κ
(κ − 1) RTin,a

(12)

Given the turbine outlet pressure, on the one hand, the dynamic viscosity can be calculated by
Equation (12), using inlet temperature as the only input variable; on the other hand, the dynamic
viscosity can be obtained based on the air thermodynamic property tables when temperature and
pressure are known. The result is that a unique inlet temperature can be solved to satisfy both
Equation (12) and air thermodynamic property tables. Then, rotating speeds can be calculated based
on Equation (11).
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3. Numerical Method
The radial turbine in this study was applied for the heavy-duty diesel engine coolant heat recovery.
The waste heat temperature is only 90 ◦ C, and the quantity of heat in the design point is about 164 kW.
The design operating pressure ratio is 2.5, and the associated output power is 10 kW. The turbine
design parameters and geometry parameters are shown in Tables 1 and 2.
Table 1. Radial turbine design parameters.
Parameter

Value

Working fluid
Inlet temperature (◦ C)
Inlet pressure (bar)
Outlet pressure (bar)
Output power (kW)
Design efficiency

R245fa
70
5.0
2.0
10
80%

Table 2. Radial turbine geometry parameters.
Geometry Parameter

Value

Volute throat radius (mm)
Volute throat area (mm2 )
Nozzle inlet radius (mm)
Nozzle inlet vane angle (◦ )
Nozzle exit radius (mm)
Nozzle exit vane angle (◦ )
Number of nozzle vanes
Rotor inlet radius (mm)
Rotor inlet blade height (mm)
Rotor exit tip radius (mm)
Rotor exit hub radius (mm)
Rotor exit blade angle (◦ )
Number of rotor blades

129
1017
100
70
84
80
15
82.5
5
50
18
−55
11

Three-dimensional steady computational fluid dynamics (CFD) simulations were carried out using
the commercial code FINETM /Open. FINETM /Open is a Reynolds-average Navier-Stokes equation
solver, which is based on the finite volume method, uses five stage explicit Runge-Kutta scheme
and full hexahedra unstructured meshing strategy. The CFD domain consists of three components:
the volute, full channels of nozzle ring and rotor wheel, which includes the exhaust pipe, as shown in
Figure 3. A fine mesh of 13,782,018 grid points was generated. The mesh distribution was 1,274,890 grid
points within the volute, 233,472 grid points per single channel nozzle ring passage, and 818,368 grid
points per single channel rotor wheel and exhaust pipe passage. The grid independency study showed
that the increase of grid points by 100% only made a 0.1% difference in the simulated total pressure loss
through the volute and 0.08% difference in the simulated turbine total-to-static isentropic efficiency.
It indicates that the discretization error is reduced to an acceptable error in the current grid point number.
The Helmholtz free energy equation of state fitted for organic fluid R245fa is utilized to calculate
the gas properties. The estimated uncertainty for density is 0.1% in the liquid phase below 400 K
with pressures up to 30 MPa. In the vapor phase and at temperatures above 400 K, the uncertainty
is 1% in density, with higher uncertainties in the critical region. The uncertainty in vapor pressure
is 0.2% above 250 K, and rises to 0.35% above 370 K [31]. The calculated thermodynamic properties
were stored in the dedicated tables for the CFD code interpolation. The advantage of this approach is
that no iterative inversion of the tables is done in the solver, therefore only a very small additional
CPU time is needed. The bicubic interpolation approach was adopted to calculate values within the
numerical interval.
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Number of nozzle vanes
Rotor inlet radius (mm)
Rotor inlet blade height (mm)
Rotor exit tip radius (mm)
Rotor exit hub radius (mm)
Rotor exit blade angle (°)
Number of rotor blades

15
82.5
5
50
18
−55
11
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Total pressure and temperature with velocity normal to the volute inlet was used as the inlet
boundary condition. The averaged static pressure was used as the outlet boundary condition.
The non-matching frozen rotor method was adopted to deal with the interface between the stationary
and rotating domain. All the walls were treated as smooth and adiabatic. Surface roughness can have
influence on boundary layer growth and loss at high Reynolds numbers, and this assumption can be
reasonable for new blades especially at low Reynolds numbers, the roughness of which is unknown [32].
Wall heat transfer is an important issue in the gas turbine airfoils simulations because of its extreme
high temperature operating conditions and the adoption of blade cooling technology [33]. As for the
ORC radial turbine, the operating temperature is low and no blade cooling technology is adopted,
so the heat transfer through the wall should be very limited. When fixing all these settings, the selection
of appropriate turbulence model was discussed. Four turbulence models were compared, which were
Spalart-Allmaras (S-A), low Reynolds number k-ε, k-ω shear stress transport (SST), and explicit
algebraic Reynolds stress model (EARSM) turbulence models. The 50% span blade-to-blade flow fields
of absolute Mach number in the stationary domain (shown in Figure 4) and relative Mach number in
the rotating domain (shown in Figure 5) are compared, respectively. The shock wave positions are
almost the same for the four turbulence models, the main difference is value evaluation of absolute
Mach number. When the result of k-ω SST model is selected as the baseline, the difference of low Re
k-ε model is almost zero. Spalart-Allmaras and EARSM models show smaller absolute Mach numbers
in the shock wave position, but larger values near the leading edge of nozzle vanes. The difference
values of EARSM model are generally smaller than those of Spalart-Allmaras model. As for the rotor
separation flow simulation, using relative Mach number as the indicator, the separation flow in the
suction side started earlier in most rotor wheel channels for Spalart-Allmaras model results. However,
the phenomenon of separation flow starting earlier only happened in two or three rotor wheel channels
in the low Re k-ε and EARSM models. In general, Spalart-Allmaras model shows the biggest difference
compared with the other three models. For the other three turbulence models, k-ω SST and EARSM
turbulence models have almost the same isentropic efficiency simulation results, the difference of
which is only 0.03%, 1% higher than low Re k-ε model result and 3% higher than Spalart-Allmaras
model result. Based on the flow field and isentropic efficiency comparison results, the turbulence
model used in this simulation is k-ω SST model, which is also the commonly used two-equation
turbulence model in the turbomachinery CFD simulation. The reasonability of these settings will be
verified by the efficiency comparison between CFD simulations and experimental data.
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The numerical method in this study is verified using the available experimental data of Kang [34].
Table 3 shows CFD simulation results compared with literature experimental results. In this comparison,
as the total parameters are used as inlet boundary conditions, so the static parameters have a little difference
compared with the measured values. The efficiency comparison shows that the differences between
simulation and experimental results for all the three operating conditions in the literature are within
±2.5%. The simulation results based on the numerical method introduced above show acceptable
agreements with the experimental results, and can be used for further discussions.
Table 3. Simulation results compared with literature experimental results.
Operating Condition

Comparison Parameter

CFD Value

Experimental Value

(◦ C)

case 1

inlet temperature
inlet pressure (bar)
outlet pressure (bar)
isentropic efficiency

79.4
7.69
2.91
78.7%

80.7
7.60
2.91
76.0%

case 2

inlet temperature (◦ C)
inlet pressure (bar)
outlet pressure (bar)
isentropic efficiency

81.5
8.06
3.04
79.8%

83.0
8.04
3.04
77.5%

case 3

inlet temperature (◦ C)
inlet pressure (bar)
outlet pressure (bar)
isentropic efficiency

84.6
8.64
3.18
79.7%

85.4
8.65
3.18
82.2%

4. Results and Discussions
4.1. Turbine Performance Comparison
Kinematic and dynamic similarities of nominal and off-design operating conditions are verified
according to the simulation results, as shown in Figure 6. Kinematic similarity is verified by absolute
flow angle in the stationary domain and relative flow angle in the rotating domain, and dynamic
similarity is verified by absolute Mach and Reynolds numbers in the stationary domain and relative
values in the rotating domain.
For the flow angle comparison, almost all the differences in the stationary domain is zero, except
for two positions. One is between the volute tongue and nearest nozzle vane leading edge, the other
is at the nozzle vane trailing edges. In these locations, the largest absolute flow angle differences are
about negative 10 degree for the nominal condition and 15 degree for the off-design condition. In the
rotating domain, most relative flow angle differences are within ±10 degree for the nominal condition
and ±15 degree for the off-design condition, except for the separation flow region. The flow in this
region is disordered, and flow angles change a lot for the reason of some complicated fluid motion
like backflow.
For the Mach number comparison, the agreement in the flow field is quite well. Almost all the
differences are around zero, the differences can be observed within −0.05 to 0.10 only in limited regions
at the nozzle throat and near the rotor blade surfaces. For the Reynolds number comparison, the main
differences occur within the latter half of the nozzle passage, which is the transonic and supersonic
region in the nozzle flow field. The Reynolds number in the air condition in this region is about 10%
larger than that in the R245fa condition, mainly because the absolute velocity values of air are larger
than those of R245fa in the transonic and supersonic region. However, Reynolds number values in
these positions are so large that their influence on the performance of similar operating conditions will
be very limited.

4.1. Turbine Performance Comparison
Kinematic and dynamic similarities of nominal and off-design operating conditions are verified
according to the simulation results, as shown in Figure 6. Kinematic similarity is verified by absolute
flow angle in the stationary domain and relative flow angle in the rotating domain, and dynamic
similarity
is19,
verified
by absolute Mach and Reynolds numbers in the stationary domain and relative
Entropy 2017,
25
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values in the rotating domain.
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Figure 6. Kinematic and dynamic similarity verification at the nominal and off-design operating
Figure 6. Kinematic and dynamic similarity verification at the nominal and off-design operating
conditions: (a) flow angle differences between air and R245fa at the nominal condition; (b) flow angle
conditions: (a) flow angle differences between air and R245fa at the nominal condition; (b) flow angle
differences between air and R245fa at the off-design condition; (c) mach number differences between
differences between air and R245fa at the off-design condition; (c) mach number differences between
air and R245fa at the nominal condition; (d) mach number differences between air and R245fa at the
air and R245fa at the nominal condition; (d) mach number differences between air and R245fa at the
off-design
condition; (e)
(e)reynolds
reynolds
number
differences
between
airR245fa
and R245fa
at the condition;
nominal
off-design condition;
number
differences
between
air and
at the nominal
condition;
and
(f)
reynolds
number
differences
between
air
and
R245fa
at
the
off-design
condition.
and (f) reynolds number differences between air and R245fa at the off-design condition.

For the flow angle comparison, almost all the differences in the stationary domain is zero, except
The comparison results indicate that the dynamic similarity is in good agreement, but the
for two positions. One is between the volute tongue and nearest nozzle vane leading edge, the other
kinematic similarity is not as well as dynamic similarity. In some small regions, the kinematic
is at the nozzle vane trailing edges. In these locations, the largest absolute flow angle differences are
similarity may not perform well, but, in most regions, the kinematic similarity is still in good agreement.
about negative 10 degree for the nominal condition and 15 degree for the off-design condition. In the
Figure 7 shows the influence of kinematic similarity differences on the turbine efficiency evaluations.
rotating domain, most relative flow angle differences are within ±10 degree for the nominal condition
The parameter difference in percentage terms is defined as (value − valueR245fa )/valueR245fa .
and ±15 degree for the off-design condition, except for the separation air
flow region. The flow in this
Based on the similarity criteria deduced in Section 2, the relative flow angle in the rotating domain in
region is disordered, and flow angles change a lot for the reason of some complicated fluid motion
the air conditions are larger than those in the R245fa conditions. For most conditions, the simulated
like backflow.
efficiencies in the air conditions are also larger. When discussing the relationship between kinematic
For the Mach number comparison, the agreement in the flow field is quite well. Almost all the
diﬀerences are around zero, the diﬀerences can be observed within −0.05 to 0.10 only in limited
regions at the nozzle throat and near the rotor blade surfaces. For the Reynolds number comparison,
the main differences occur within the latter half of the nozzle passage, which is the transonic and
supersonic region in the nozzle flow field. The Reynolds number in the air condition in this region is
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similarity criteria difference and efficiency difference, the trend line indicate that the increase of
kinematic similarity criteria differences may lead to the slight increase of turbine efficiency difference,
but the effect is limited. In general, the similarity criteria can be good enough for the similar operating
Entropy 2017, 19, 25
11 of 20
condition
calculation from R245fa to air.
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Figure 7. Total-to-static isentropic efficiency difference in percentage terms compared with the
Figure
7. Total-to-static isentropic efficiency difference in percentage terms compared with the relative
relative flow angle average difference.
flow angle average difference.
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specific heat ratio κ and gas constant R. The relationship between pressure ratio and characteristic
parameters is shown in Equation (10). The other two2relationships are shown below:
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that although volume expansion ratio increases a lot, the ratio of 1 − Π16−κ between two working
fluids changes only a little, and thus the ratios of these two turbine performance parameters are almost
constant. Isentropic efficiency cannot be directly discussed in this way because it is non-dimensional.
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The turbine efficiency map in Figure 8b indicates that the use of R245fa will decrease the turbine
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Figure 8. Turbine performance map comparison between R245fa (in red color) and air (in blue color):

Figure 8. Turbine performance map comparison between R245fa (in red color) and air (in blue color):
(a) reduced mass flow rates versus total-to-static pressure ratios at five reduced rotating speeds; and
(a) reduced
mass flowisentropic
rates versus
total-to-static
pressure
(b) total-to-static
efficiencies
versus velocity
ratios. ratios at five reduced rotating speeds;
and (b) total-to-static isentropic efficiencies versus velocity ratios.
4.2. Turbine Loss Mechanisms Comparison

4.2. Turbine Efficiency
Loss Mechanisms
Comparison
is probably
the most important performance parameter for the turbomachinery. This
is especially true for organic Rankine cycle turbines because the system net output power is directly

Efficiency is probably the most important performance parameter for the turbomachinery. This is
related to the difference between the turbine work and pump work. Denton [35] points out that the
especially
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is directly
most
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is byoutput
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be calculated
now. Since 2000,
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of
entropy
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[36,37].
generation. Entropy generation rate is a useful concept, and as the CFD simulation tools developed a
lot during the last decades, it is convenient to be calculated now. Since 2000, several researchers have
reported the turbine loss mechanisms by the concept of entropy generation rates [36,37].
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The entropy generation rate per unit mass in a fluid can be analytically derived from the equations
of conservation of momentum and energy along with the second law of thermodynamics, as shown by
Greitzer et al. [38]. This derivation form is expressed as followed:
Ds
Q
1 ∂qi
1
∂u
= −
+
τij i
Dt
T
ρT ∂xi
ρT ∂x j

(15)

where τ ij is the viscous stress tensor, defined according to Newton’s laws of viscous:
∂u j
∂ui
τij = µ
+
∂x j
∂xi

!

+ δij λ∇·u

(16)

where λ is the second viscosity that relates stresses to the volumetric deformation, and Stokes
hypothesis of λ = −2/3µ is frequently used, which was found to be a good approximation for gases.
As the turbine flow is assumed to be adiabatic, the first term in Equation (15) on the right hand
side can be ignored. For the Reynolds-average Navier–Stokes equation solver, the other two terms
can be further expressed as Equation (17) according to Moore and Moore’s analysis [39,40]. They
first developed an expression for entropy generation rate per unit volume, applying the Reynolds
decomposition for temperature and velocity.
k
Tsv =
T

"

∂T
∂xi
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+
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2 #
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+ τij0 i
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(17)

where Moore and Moore used the eddy viscosity to model the turbulent viscous dissipation:
τij0

∂ui0
µt ∂u
= τ ij i
∂x j
µ
∂x j

(18)

Martinez-Botas et al. [38] assumed that the effect of thermal diffusion could be negligible compared
to the generation of entropy through turbulent viscous dissipation in the turbine adiabatic flow process.
Hence, the current used form of entropy generation rate per unit volume can be defined as Equation (19).
All the variables in the equation can be obtained in the CFD post process.
1
∂u
µt ∂u
sv =
τ ij i + τ ij i
∂x
µ
∂x j
T
j

!
(19)

Figures 9 and 10 illustrate the flow fields of the normalized entropy generation rate per unit
volume on the hub (10% span), midspan (50% span) and shroud (90% shroud) blade-to-blade surfaces
of stationary and rotating domain in the nominal and off-design conditions. In general, the large
entropy generation regions are similar between R245fa and air simulation results, and also similar
between nominal and off-design operating conditions. Almost all the losses are within the nozzle ring
and rotor wheel flow fields.
In the nozzle ring, there exist three kinds of losses. The first one is in the suction side near leading
edge of several nozzle vanes. The general fluid flow direction is close to the vane surface in the nozzle.
However, in the large entropy generation region near the leading edges, the fluid flow direction is away
from the vane suction surface. The fluid is firstly separated from the suction surface near the leading
edge, and then attaches to the suction surface in the middle of vane chord. It is mainly caused by the
non-uniform flow direction out of the volute, and thus leads to the flow direction departure from the
vane surfaces because of flow interaction within the neighboring several nozzle vanes. The second
one is in the throat of the nozzle passage, where the transonic flow occurs. The losses are mainly
caused by the shock waves. The third loss is the nozzle vane trailing edge loss. The loss is caused
by the detached vortex just after the vane trailing edge when the fluid flow over the nozzle vane.
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A couple of symmetric vortex is generated in this place, and leading to a low velocity but large entropy
generation region.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 9. Entropy generation rate per unit volume in the nominal operating condition: (a) 10% span of
blade-to-blade surface flow field of 245fa case; (b) 10% span of blade-to-blade surface flow field of air
case; (c) 50% span of blade-to-blade surface flow field of 245fa case; (d) 50% span of blade-to-blade
surface flow field of air case; (e) 90% span of blade-to-blade surface flow field of 245fa case; and (f) 90%
span of blade-to-blade surface flow field of air case.

As for the rotor wheel passage, the losses are much larger than those in the nozzle vane passage.
Three losses dominate the large entropy generation in the rotor passage. Near the hub surface, it is
obvious that the entropy generation is very large in the region, where the low velocity fluids after
the nozzle trailing edges just flow into the rotor passage. The reason of this kind of loss is that when
the low absolute velocity fluid flows into the rotor, its local relative flow angle is nearly negative 90◦ .
This value is much larger than the average rotor inlet relative flow angle as well as the recommended
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optimal relative flow angle, and thus leads to very large incidence loss. The second large entropy
generation region is caused by the fluid boundary layer separation on the suction surface of rotor
blades, generating near the leading edge and developing to the latter half of the blades, which can be
observed in Figures 9d and 10d. The last large entropy generation region is also in the rotor inlet but
near the shroud surface. This is an unshrouded radial turbine, so the fluid moves from the pressure
surface to the suction surface through the tip clearance. The tip leakage fluids perform like a jet flow,
and mix with the main stream on the suction surface near the shroud surface. Hence, it leads to a large
entropy generation region near the leading edge on the blade suction surface.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 10. Entropy generation rate per unit volume in the off-design operating condition: (a) 10% span
of blade-to-blade surface flow field of 245fa case; (b) 10% span of blade-to-blade surface flow field of
air case; (c) 50% span of blade-to-blade surface flow field of 245fa case; (d) 50% span of blade-to-blade
surface flow field of air case; (e) 90% span of blade-to-blade surface flow field of 245fa case; and (f) 90%
span of blade-to-blade surface flow field of air case.

(a)

(b)
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In all these losses, some behavior is almost the same between R245fa and air, such as separation
and attachment flow on the suction surface of nozzle vanes, the nozzle vane trailing edge losses caused
by symmetric detached vortex, incidence losses and tip clearance leakage losses in the rotor passage.
That is to say, for the losses mentioned above, optimization technologies can be universal for radial
turbine both using R245fa and air as working fluids. However, the optimization of two losses should
take working fluid properties into consideration, which are shock wave loss in the nozzle passage and
boundary layer separation
also the important reasons
(a)loss on the rotor blade suction surface. They are(b)
leading to the isentropic efficiency difference between R245fa and air, as shown in Figure 8b.
Compared with air results, the maximum absolute Mach numbers in the nozzle passage of R245fa
are smaller both in the nominal and off-design operating conditions, as shown in Table 4. In the
off-design condition, the maximum absolute Mach number of R245fa is 1.58, but that of air is 1.70.
Smaller absolute Mach number will weaken the shock wave losses occurring in the throat of nozzle
passage. Total pressure loss coefficient ξ is used for nozzle loss comparison, which is defined as
ξ = 1−

ptotal, nozzle outlet
ptotal, volute outlet

(20)

Table 4. The maximum absolute Mach number and total pressure loss coefficient in the nozzle ring.

(c)

Operating Condition
nominal
off-design

(d)

Absolute Mach Number

Total Pressure Loss Coefficient

R245fa

Air

R245fa

Air

1.23
1.58

1.28
1.70

6.0%
7.9%

7.2%
8.9%

The results in the nominal and off-design conditions indicate that the nozzle passage losses of
R245fa are smaller than those of air. The difference is about 1%. Figure 11 shows that the flow field from
throat to outlet of the nozzle passage is already supersonic. The shock wave location estimation is the
same for the two working fluids, mainly from the trailing edge of suction surface to the perpendicular
position on the pressure surface. The shock wave strength is different. It is obvious that the shock
(e)fluid is stronger, and thus larger shock wave losses.
(f)
wave using air as working

(a)

(b)

Figure 11. Absolute Mach number distribution in the nozzle ring at off-design operating condition:
(a) R245fa case; and (b) air case.

When comparing the separation loss on the blade suction surface in the rotor passage, normalized
pressure both on the rotor blade pressure and suction surfaces along the meridional length for R245fa
and air in the nominal and off-design operating conditions are shown in Figure 12. Small pressure
increase is observed for air conditions along the blade suction surface. This increase is associated
2
with the adverse pressure gradient near the leading
edge of the suction surface, which is caused
by the fluid of large positive incidence angle near the leading edge separating from the suction
surface. The leading edge separation for R245fa is weaker, as shown from the suction surface pressure
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Normalized pressure on blade surface

Normalized pressure on blade surface

distribution. However, stronger separation can be observed for R245fa compared with air in the
middle of the suction surface, as shown in Figure 13, which is the velocity streamline and relative
Mach number distributions on the rotor midspan blade-to-blade surface. Larger low relative Mach
number region exists on the suction surface between blade leading and trailing edge when using
R245fa as working fluid. Finally it leads to the results that the average pressure differences between
pressure and suction surfaces for R245fa are about 33% smaller than those for air both in the nominal
and off-design conditions. The results from efficiency performance and loss mechanism comparison
Entropy
2017,
19,when
25
17 ofthe
20
indicate
that
using R245fa as working fluid, it will decrease the shock wave loss, but increase
rotor boundary
Entropy 2017, layer
19, 25 separation loss, and eventually decrease the turbine isentropic efficiency.
17 of 20
1.2
Nominal condition
1.2
Off-design
condition
Nominal condition
1.0
Nominal
condition
Off-design condition
1.0
Off-design
condition
Nominal condition
0.8
Off-design condition

0.6

0.8
0.6

0.4 0.4
0.2 0.2
0.0 0.0
0% 0%

20%
20%

40%
40%

60%
60%

80%
80%

100%
100%

Rotor
blade
meridionallength
length in
Rotor
blade
meridional
in%
%
12. Normalized
pressure
comparison
alongthe
themeridional
meridional length
blade
pressure
andand
FigureFigure
12. Normalized
Normalized
pressure
comparison
along
lengthboth
bothonon
on
blade
pressure
Figure
12.
pressure
comparison
along
the meridional
length
both
blade
pressure
and
suction surfaces between R245fa (in red color) and air (in blue color).
suction surfaces
surfaces between
between R245fa
R245fa (in
(in red
red color)
color) and
and air
air (in
(in blue
blue color).
suction
color).

(a)

(b)

Figure 13. Velocity streamline and relative Mach number distribution in the rotor wheel at off-design
(a)
(b)
operating condition: (a) R245fa case; and (b) air case.
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than those for air conditions: the reduced rotating speeds of R245fa are 0.4-fold of those of air,
and the reduced mass flow rates of R245fa are twice as many as those of air.
Turbine total-to-static isentropic efficiencies in the velocity ratio from 0.5 to 0.9 are more than
70% no matter using R245fa or air as the working fluid. Entropy generation rate per unit volume is
introduced as the indicator to analysis the loss mechanisms. Six losses dominate the turbine efficiency
decreasing: flow separation on the nozzle vane suction surface near the leading edge, shock wave loss
in the throat of nozzle passage, symmetric detached vortex loss after the nozzle vane trailing edge,
local incidence loss near the rotor hub surface, boundary layer separation vortex loss on the blade
suction surface in the rotor passage, and tip leakage loss near the rotor shroud surface.
The nozzle throat shock wave and rotor passage separation vortex loss comparison between
R245fa and air are analyzed deeply. The maximum absolute Mach numbers in the nozzle for R245fa
are smaller than those for air, leading to about 1% of total pressure loss coefficient decrease. However,
the rotor passage separation vortex for R245fa is larger, which eventually decreases the turbine
isentropic efficiency. In general, the air turbine efficiencies are 3%–4% larger than those of the R245fa
turbine in the velocity ratio between 0.5 and 0.9.
In the future, turbine rotor blades optimization based on the organic working fluid properties
will be discussed in detail to decrease the rotor passage separation vortex and improve the organic
fluid radial turbine efficiencies.
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Nomenclature
Cs
D
N
P
Q
R
T
U
V
h
m
p
s

velocity if working fluid expansion in an ideal nozzle
rotor diameter
rotating speed
power
heat amount
gas constant
temperature
circumferential velocity
volume flow rate
specific enthalpy
mass flow rate
pressure
specific entropy

Greek Symbols
κ
λ
µ
ξ
ρ
τ

specific heat ratio
second viscosity
dynamic viscosity
total pressure loss coefficient
density
viscous stress tensor

Subscripts
0
a
in
org
out
t

total parameter
air related parameter
inlet parameter
organic fluid related parameter
outlet parameter
turbulence parameter

Pa·s
Pa·s
kg/m3

m/s
m
RPM
kW
W
J/(kg·K)
K
m/s
m3 /s
J/kg
kg/s
Pa
J/(kg·K)
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