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GRAPHICAL ABSTRACT

ABSTRACT

Waste heat recovery (WHR) is one of the
solutions for net zero carbon and
decarbonization activity. Currently, the
Organic Rankine Cycle is widely studied
because of its capability to operate at a wide
range of temperatures, scalability, lower
operating temperature, and high thermal
efficiency. Despite advancements, challenges
in expander design and performance analysis
limit waste heat recovery. Therefore, the
objective is to design and analyse a suitable
expander for waste heat recovery and achieve
a total-to-total efficiency exceeding 70% with a
minimum power output of 30kW at a pressure
ratio of 1.4. The design and performance

analysis for 3D blade geometry and expander
using the ANSYS CFX software. An applied
meanline modelling was conducted using
MATLAB. The results demonstrated the
expander's capability to generate 35.857 kW of
power, exceeding the design target.
Additionally, a total-to-total efficiency of

74.69% was achieved, surpassing the minimum
efficiency threshold of 70%, even after
accounting for tip leakage losses. The findings
contribute valuable insights for optimizing
expander designs and advancing waste heat
recovery technologies aligning with global
efforts to promote sustainable energy systems.

KEYWORDS

Axial Expander; Meanline Approach;
Computational Fluid Dynamics ANSYS CFX; Waste
Heat Recovery

INTRODUCTION

In recent decades, human dependency on energy
and environmental issues has increased. Global oil
consumption, reaching about 76 million barrels per
day, has resulted in challenges such as climate
change and ozone layer depletion [1]. To address
these issues, two main approaches have emerged:
reducing reliance on non-renewable energy and
improving energy conversion systems.

While turbines are highly efficient for
waste heat recovery in power generation at the
MW level, their efficiency decreases at smaller
scales. Thus, for lower power generation in the 1kW
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to 10kW range, replacing turbines with
displacement expanders is preferable. Expanders
are expansion machines that increase volume by
decreasing fluid pressure. They consist of a stator,
rotor(s), and an expander shaft. The high-pressure
working fluid, like refrigerant R123 or R717, causes
the rotor to rotate, converting fluid energy into
mechanical motion and generating shaft work.
This research work aims to design, study,
and determine the appropriate type of expander
for waste heat recovery, considering specific
conditions such as pressure ratio, temperature, and
output power. It also involves developing a
simulation model for axial expander design,
analysing geometry, thermodynamic states, and
performance in waste heat recovery applications.

Working Fluid

The choice of working fluid is critical for cycle
efficiency and waste heat recovery applications, as
it significantly impacts the performance of the
expander in waste heat recovery systems. Fluids
with low Global Warming Potential (GWP) and
Ozone Depletion Potential (ODP) are generally
prioritized [2—4]. A case study titled "A Performance
Study of R717 and R22 As the Working Fluid for
OTEC Plant" indicates that R717 is a refrigerant with
a GWP of zero, making it environmentally friendly.
Consequently, R717 has been selected as the
working fluid for this study [5].

Expansion Devices

Although large-scale expanders have seen
development, the maturity of small-scale
expanders in the market is still low. Therefore,
significant research and development (R&D)
activities are necessary to meet the requirements
of Organic Rankine Cycle (ORC) systems. In general,
the selection of a suitable expander is dominant
and vital for waste heat recovery application and
power generation. This is because the expanderis a
vital device in an efficient and cost-effective ORC
system. There are different types of expansion
devices that can be used in small-power ORC
systems which rely on operating conditions such as
working fluid, temperature, and mass flow rate. Not
only that, when selecting the expander, criteria
such as high isentropic efficiency, pressure ratio,
and power output should be considered [6, 7]. The
expansion machines can be divided into two groups
which are the volumetric expander (Positive
Displacement Expander) and dynamic expander
(Turbo-expander) which are shown in Figure 1.

Expansion
Devices
I_I_I
Volumetric Dynamic
expander expander
| | Piston Axial
Expander Expander
|| Scroll Radial
Expander Expander
| |Twin Screw
Expander
| Vanes
Expander

Figure 1: Classification of expansion devices [8]
Selection Criteria of Expander

One of the primary criteria to consider when
selecting an expansion device is the range of power
it can produce. As shown in Figure 2, twin screw
expanders and dynamic expanders are typically
recommended for applications requiring more than
10 kW of power. For applications with power
outputs below 10 kW, scroll and piston expanders
may be suitable alternatives [9].

Besides the power range, other technical
limitations such as pressure ratio and
manufacturing cost should be considered. Based on
Figure 3, the twin screw expander is unable to
operate under a low-pressure ratio of 1.4 and the
isentropic efficiency is the lowest among the
expanders.

Cost efficiency is a crucial factor for
designers when selecting a suitable expander.
Figure 4 illustrates that the manufacturing cost per
unit of power output is highest for radial expanders,
followed by twin screw expanders, axial expanders,
piston expanders, scroll expanders, and vane
expanders. Therefore, when choosing an expander,
it is essential to consider the power output range,
pressure ratio, and cost efficiency [10].
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Figure 2: Ranges of power produced by expanders [11]
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Figure 3: Isentropic efficiency versus pressure ratio for
each expander [12]
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Figure 4: Cost estimation of expanders based on power
output for each expander [13]

METHODOLOGY

A detailed overview of the essential design
parameters, the geometry, and the prediction of
expander performance were introduced. The
process of developing the axial turbine included:
one-dimensional mean-line modelling was initially
followed, then the calculation of the blade
geometry and losses evaluation. To further analyse
and refine the design, computational fluid dynamics
(CFD) simulations were employed using ANSYS.

Meanline Expander Design Approach

The meanline model assumes that the flow
parameters at the mean radius of the flow passage
can accurately represent the average values of the
entire cross-section, disregarding variations in
parameters along the radial and circumferential
directions. The purpose of the meanline model is to
establish the overall geometry of the axial expander
and the initial performance parameters. This

approach allows for estimating output power and
turbine efficiency based on performance and loss
estimations under various operating conditions.

Figure 5 shows the overall process of the
meanline modelling code flow chart. The given
parameters for a meanline design vary from one
application to another, but in general, it comprises
inlet total pressure and temperature, the mass flow
rate of the working fluid, pressure ratio, non-
dimension parameters, rotational speed, output
power, and targeted efficiency.

Vary Key Design Parameters

Use Calculated Efficiency as
estimated value

End

Figure 5: Meanline modelling code flow chart
Meanline Calculation Through MATLAB

To keep the preliminary design of the axial turbine
realisticc, a mathematical iteration calculation
method is used in mean line analysis. Firstly, a set
of limitations will be imposed on various design
parameters. For instance, a negative swirl at the
exit from the rotor is beneficial in improving the
work output, allowing for a permissible exit flow
angle of -15°. In addition, larger values of exit flow
angle should be avoided since it might limit the off-
design operation of the stage [1].

Next, the relative Mach number at the
rotor exit and the absolute Mach number at the exit
from the stator at the mean radius are limited to
0.95. Although this will indicate that the Mach
number at the turbine blade tip could be slightly
transonic, it is highly improbable that it would reach
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excessively high levels. The turbine inlet
temperature is set at 298K, and discharge pressure
is set at 700 Pa, a desired pressure at the turbine
outlet. The speed of rotation for the turbine is
determined based on the requirements of matching
with other components, and it is set to 8500 rpm.
This speed ensures compatibility and proper
functioning of the axial turbine in conjunction with
other system components. The working fluid of this
analysis is R717 and it is assumed to behave as
vapor liquid. The specific heat ratio is determined
to be 1.473 for this refrigerant.

Moreover, it is important to verify that the
value of the stator exit temperature obtained in the
previous step aligns with the specified turbine inlet
temperature since there is no change in total
temperature across the stator (assuming adiabatic
flow). The iterated variable is the rotor exit static
temperature initially estimated at the start of the
step in the Rotor Exit. Closure can be obtained quite
quickly since the iteration is a very trivial process.
Once the iteration is complete, the stage
calculations are finalized. At this stage, the turbine's
performance can be established, and the remaining
gas flow angles can be calculated. These
calculations are essential for understanding the
flow behaviour and optimizing the turbine's
efficiency.

Power = mAUCgq Eq.1
m = p3A3Cm3 Eq2
_ Cp(Toz — To3) Eq.3
= :
Cms
4] U )
a, =tan~! (ﬁ) Eq.5
u_c
B, = tan~! (—62) Eq.6
u2
B; = tan~! (793) Eq.7
Cm3

At this stage of the analysis, it is beneficial
to assess the overall feasibility of the turbine stage
from practical aerodynamic perspectives. Useful
checks are to construct the velocity triangles and
plot the blade loading and flow coefficients
respectively, on the Smith chart which is shown in
Figure 6 and Figure 7. If the blade loading and flow
coefficients fall within acceptable ranges, it
indicates that the predicted operation of the
turbine stage is reasonable. From these, it may be
reasonably concluded that the predicted operation
and velocity triangles are all quite acceptable and
that the related stage can be successfully built.
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Figure 6: Rerated stage velocity triangles [14].
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Figure 7: Rerated stage performance plotted on Smith
Chart [14].

CFD Axial Expander Modelling

CFD simulations involve solving the partial
differential equations (Navier-Stokes N-S) that
govern the flow field using numerical methods such
as finite difference and finite volume approaches.
With CFD, turbines can be modelled with
single or multiple stages, and both steady-state and
transient flow conditions can be considered. By
using CFD, the designer can gain a deeper
understanding of the complex flow through the
turbine passages. Studying the impact of geometry
variations on overall performance in terms of
power and torque produced, total-to-total
efficiency and total-to-static efficiency allows for
the refinement and improvement of expander
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design. This section will explain the theory of CFD
modelling as a powerful numerical tool for
designing the axial expander.

CFD Axial Turbine Modelling Using Ansys CFX

The primary objective of turbine CFD modelling is to
improve the output of 1D mean line design by
simulating the preliminary design. With CFD
simulations, an expander performance in terms of
power output, torque, total-to-total efficiency, and
total-to-static efficiency can be generated based on
the targeted operating conditions when the
pressure ratio is 1.42, initial temperature is 25°C
and R717 as the working fluid. In this research, a 3D
CFD simulation of an axial expander was conducted
using ANSYS CFX. Figure 8 indicates the general
procedure for CFD modelling of the axial expander
using ANSYS and overall procedures of CFD
simulation using ANSYS Turbomachinery Package
respectively [1].

First and foremost, the detailed geometry
for both stator and rotor blades was defined using
CFX-BladeGen. Once the blade geometry was
established, the fluid domain was discretised into
cells using CFX TurboGrid. The flow was then solved
as a 3D steady, compressible, and adiabatic flow
using the CFX solver. This section provides an
overview of the methodology employed for axial
expander CFD modelling using ANSYS CFX [15].

Figure 8: Overall procedures of CFD simulation using
ANSYS Turbomachinery Package

RESULTS AND DISCUSSIONS

This section describes the results of the study
carried out to develop a small-scale axial expander
using 1D meanline modelling as described in the
methodology section. The purpose of this study is
to design an axial expander for a specific set of
operating conditions. The target operating
parameters include a pressure ratio of 1.42, an inlet

temperature of 298K, and the utilization of R717 as
the working fluid. The research goal is to achieve a
desired power output of 30kW from the axial
expander.

Velocity Triangle

The flow coefficient, stage loading, and degree of
reaction were utilized in a 1D modelling process.
This helped in determining the expander velocity
triangles and calculating the thermodynamic
properties of the working fluid at the mean-line. By
using velocity triangles, all velocity components,
and absolute and relative blade angles can be
calculated. The shape of velocity triangles is
influenced by three non-dimensional design
parameters which include the degree of reaction,
the flow coefficient, and the stage loading
coefficient [16]. Hence, the flow development in
the axial turbine stage (stator and rotor) can be
described by velocity triangles at the expander
blade mean diameter as shown in Figure 9.
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Figure 9: Rerated stage velocity triangles for designed
axial expander

Smith Chart Prediction

Since the blade loading and flow coefficients fall
within acceptable ranges, it indicates that the
predicted operation of the expander stage is
reasonable when the values of flow coefficient, @,
and stage loading coefficient, ¢ are 1.0719 and
1.8168 respectively. Based on the smith chart
shown in Figure 10 it indicates that the total-to-
total efficiency is nearly equal to 89%.
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Figure 10: Smith chart prediction for preliminary
designed axial expander

Meanline Modelling Results

Based on Table 1, indicates that the total-to-total
efficiency of the meanline results is 74.69% which is
lower than the efficiency expected from the Smith
chart by 14.31%. This is because the efficiency
values of the meanline approach are corrected to
eliminate the effects of tip leakage. Also, the Smith
chart is a generalized correlation of turbine data
which has proved to be valuable in indicating trends
in expander performance because of overall design
parameters, but it cannot be expected to give
completely realistic values of efficiency in every
design.

Table 1: Axial expander preliminary design modelling
results

Selected Parameter Unit Value
Expander Output power kw 35.857
Total-to-Static Efficiency % 34.19
Total-to-Total Efficiency % 74.69

In addition, the low total-to-static
efficiency can be attributed to several factors,
including irreversible losses. These losses occur due
to various factors such as fluid friction, shock waves,
and boundary layer separation. These losses result
in a decrease in the total pressure and energy of the
fluid, leading to a lower total-to-static efficiency.

3D CFD Simulation Results

The CFD simulation results are presented using
velocity vectors, Mach number contours, and blade
loading distributions at specific blade spans. The
first figure depicts velocity vectors through the axial
expander stage at 50% blade span, while the second
figure illustrates velocity vectors at 90% blade span.
Both figures indicate limited flow separation and

vortices on the rotor blade suction side near the
trailing edge region. These vortices can lead to
energy losses within the expander, causing
turbulence, pressure drops, and flow separation,
which in turn increase fluid resistance and reduce
overall expander efficiency. However, the observed
flow behaviour suggests that the blade profile
considering blade thickness distribution and flow
turning angle can be characterized as a well-
designed aerodynamic profile, minimizing such
inefficiencies effectively.

Figure 11: Velocity vectors through axial expander stage
for 50% blade span

Figure 12: Velocity vectors through axial expander stage
for 90% blade span

Comparison Between 1D Meanline Modelling
and 3D CFD Simulation Results

A detailed comparison between 1D meanline
modelling and 3D CFD simulations is provided in
Table 2. To improve the expander blade's
aerodynamic performance as the flow moves from
the stator to the rotor blades, the blade profile was
modified to reduce secondary flow regions and flow
separation at the leading and trailing edges.
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Table 2: Comparison between 1D meanline modelling
and 3D CFD simulations

Parameter iD CFD Deviation
Meanline  Simulation
Results Results
Toz (K) 298 298 0
Po1 (Pa) 1000 1000 0
P3 (Pa) 700 716.296 16.296
Mi717 (kg/s) 0.448 0.448 0
Power output 35.857 32.766 3.091
(kw)
Total-to- 34.19 28.93 5.26
static
efficiency (%)
Total-to-total 74.69 69.99 4.7

efficiency (%)

Based on Table 2, there are some
deviations in terms of outlet pressure of the rotor
blade, output power generated, total-to-static
efficiency, and total-to-total efficiency. This is
because the choice of the isentropic equation used
in meanline analysis can impact the power and
efficiency calculations, particularly when the
working fluid deviates from the ideal gas
assumption. Despite the deviation, the meanline
model is still chosen because of its practicality and
computational efficiency. Meanline analysis often
relies on simplified isentropic equations that
assume ideal gas behaviour, which may not
accurately capture the thermodynamic properties
of non-ideal working fluids like R717.

CONCLUSION

The designed axial expander surpassed the
objective by generating 35.857 kW of power and
achieving a total-to-total efficiency of 74.69%,
exceeding the minimum efficiency requirement of
70%. This validates its potential for effective waste
heat recovery, contributing to energy efficiency and
environmental sustainability.
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