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ABSTRACT

A comprehensive simulation model of the rotating spool expander is presented. The simulation model includes
detailed submodels for the geometry, suction valve mechanism, massflow, leakage and heat transfer processes. The
results of the model reveal several details concerning the impact of design variables on performance. For example,
the match between the design expansion ratio and the system imposed pressure ratio has a large influence on the
performance of the expander. The reasons for this are analyzed, and further exploration shows that under-expansion
is preferable to over-expansion to achieve better performance. The model is also able to provide insights on the
dominant leakage paths in the expander. Additional insights can be obtained to assess the sensitivity of various
design variables on expander performance. In future work, the model predictions will be validated using
experimental data from a 50 kW prototype spool expander.

1. INTRODUCTION

The increasing cost of energy, coupled with the recent drive for energy security and climate change mitigation have
provided the impetus for harnessing renewable energy sources as viable alternatives to conventional fossil fuels.
Furthermore, recovering heat that is discharged from power plants, automobiles and various other industrial
processes is of growing interest. However, technologies attempting to provide small-scale heat recovery solutions
have seen very limited commercialization. This is broadly due to two reasons: lack of historical research and
development in the area of waste-heat recovery and small-scale power generation due to technical and cost
impediments; and technical challenges associated with scaling the technology from utility-scale to commercial-
scale, particularly with regard to expansion machines (turbines). However, due to rising primary energy costs and
the environmental premium being placed on fossil fuels, the conversion from low-grade heat to electrical energy as
well as small-scale distributed power generation is of increasing interest. In this regard, this project focuses on a
novel rotating spool expansion machine at the heart of an Organic Rankine Cycle (ORC), which in turn is applied as
a heat recovery system.

The spool expander is similar to the spool compressor introduced by Kemp et al. (2008). The spool expander

provides a new rotating expansion mechanism with easily manufactured components. Apart from efficiency
improvements compared with other rotary machines, the spool expander also has the ability to control the expansion
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ratio using a novel mechanically-driven suction valve mechanism. Another advantage is the relocation of the face
sealing surfaces to the outer radius of the device. The spool expander is also scalable to a size range (50-200 kW)
that is problematic for many conventional positive displacement machines (scrolls, pistons, etc.), and too small for
dynamic machines with respect to manufacturability, efficiency and cost. A detailed geometry model of the spool
expander and the suction valve mechanism is developed. This geometry model forms a part of a comprehensive
model that includes submodels for massflow, leakage, and heat transfer. Given the promise of the technology, this
paper explores the design space using a simulation based approach.

2. EXPANDER MODEL DESCRIPTION

The key components of the expander are shown in Figure 1 and Figure 2. The working principle is similar to a spool
compressor operating in reverse:

e The vane is constrained by means of an eccentric cam allowing its distal end to be held in very close
proximity to the expander housing while never contacting it. A tip seal closes the clearance gap between
the vane and housing.

e The rotor is fixed to endplates that rotate with the central hub and vane, thus forming a rotating spool. A
cam groove is machined into the end plates, which drives the suction valve.

o Dynamic seals are needed to isolate the various process pockets from each other as well as from the
expander shell.

A

Rotary Suction
Valve
Top Dead Center

Valve pin
Discharge Chamber
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Tip Seal
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Figure 1: Cutaway rear view of the rotating spool expander showing key features.
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Figure 2: Partial assembly view of the rotating spool expander showing key features.
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The model development follows the same approach as detailed in Bradshaw et al. (2013), Bell (2011), Mathison et
al. (2008, 2011) for positive displacement compressors. Bradshaw et al. (2013) applied the comprehensive modeling

approach to a rotating spool compressor. The expander model development is analogous to this, with several
modifications listed below.

2.1 Suction Valve Model

The novel, cam-driven suction valve mechanism, shown in Figure 3, is unique to the rotating spool expander and
provides the ability to control the expansion ratio of the machine. The working principle is as follows: the cam
groove profile is machined into the rotating end plates of the expander. The cam groove drives an oscillating roller
follower, which in this case is a pin/bushing that is part of the suction valve assembly. The movement of the pin
causes the suction valve to rotate. The openings in the suction valve align with those bored into the expander
housing in chosen proportions at various crank angles, allowing a prescribed amount of charge to enter the suction
chamber of the expander.

Oscillating
Suction valve roller
assembly follower

Suction
port .
Discharge

Cam Port

groove
profile

Figure 3: Simplified representation of suction valve mechanism.

This mechanism requires careful analysis of the cam profile and associated kinematics and dynamics of the system.
In this regard, the analysis presented by Norton (2009) provides the framework to assess the performance of the
cam-oscillator mechanism. A 4-5-6-7 polynomial cam profile is utilized because of the continuous acceleration and
jerk profiles of the oscillating roller follower. Using the selected cam profile it is possible to analytically determine
the co-ordinates of the cam surface profile and the path of the oscillating roller follower. Figure 4 shows the valve
area opening as a function of crank angle that is the result of this analysis. Note that this area profile can be modified
by manipulating the cam profile, which in turn can be used to modify the expansion ratio of the machine.
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Figure 4: Valve area opening as a function of rotor crank angle for the suction valve mechanism.
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Figure 5 shows the pressure angle of the oscillating roller follower as a function of crank angle. The pressure angle
is an important design consideration in cam-follower systems because it directly influences friction, wear and
ultimately the performance and integrity of the system. In general, pressure angles with absolute values below 30
degrees are necessary (Norton, 2009). As shown, the chosen design meets this requirement.
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Figure 5: Pressure angle of cam on follower as a function of rotor crank angle for the suction valve mechanism.

2.2 Geometry of Chambers

The analytical expressions for the volumes of the suction and discharge chambers are identical to those given in
Bradshaw et al. (2013) and will not be repeated here. The volume of the compression chamber in Bradshaw et al.
(2013) is replaced with an identical expression for the expansion chamber in this model. Furthermore, the spool vane
geometry and the associated tip seal are also identical.

2.3 Mass Flow and Leakage Models

A mass balance is developed for the charge within the suction, expansion and discharge chambers. The openings on
the top of the suction valve are open to the suction pipe throughout as the valve oscillates, even when the openings
at the bottom of the valve are closed to the suction chamber. Thus, the suction valve will always remain at high
pressure. The mass into the suction chamber is controlled by the valve mechanism and the location of the vane.
Before the vane passes the suction port, any charge present in the valve and suction port fills the expansion chamber.
For the period when the vane tip seal is between the edges of the suction port, the charge is allocated to both the
suction and expansion chambers based on the area opening of each chamber as shown in Figure 6. As the vane
passes the trailing edge of the suction port, the charge fills the suction chamber. When the vane passes the 180°
mark, the suction chamber and the charge within it transitions into the expansion chamber.

Opening
corresponding to

Opening suction chamber

corresponding to
expansion chamber

Suction port
leading edge

| 4
y

m

Suction port )
trailing edge Tip seal

Figure 6: Representation of mass flow and leakage paths as the vane passes the suction valve port.
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The mass flow out of the discharge chamber is analogous to that coming into the suction chamber. Before the vane
passes the discharge port, any gas present in the discharge chamber is exposed to the discharge port and flows out of
it. For the period when the vane is between the edges of the discharge port, the charge flows out of both the
expansion and discharge chambers based on the area opening of each chamber. As the vane passes the trailing edge
of the discharge port, only the expansion chamber is exposed to the discharge port and the charge flows out of this
chamber. Note that any residual gas remaining in the discharge chamber after the vane has passed the trailing edge
of the discharge port is recompressed and forced past the Top Dead Center (TDC).

The leakage paths in the spool expander are identical to those detailed for the spool compressor in Bradshaw et al.
(2013). The relative pressures in each chamber, however, mean that the flow direction of any leaking fluid is likely
to be different than for a compressor i.e. the suction chamber pressure is generally higher than the pressure in the
expansion chamber, which in turn is higher than the discharge chamber pressure. There are also three additional
leakage pathways due to the suction valve mechanism as shown in Figure 6: one emanating from the suction pipe
and flowing around the valve into the suction chamber; another one that is located at the valve ends; a third one
when the valve is partially or fully closed, leading directly into the suction chamber. Note, however, that the limiting
gap in all of these cases is the clearance between the valve and expander housing.

Finally, once all of the possible flow paths are determined, a mass balance for each chamber can be written as
(Bradshaw et al., 2013):

d 1 d 1 .
R R A Y] ?

where p is the chamber density, V is chamber volume, € is the rotor crank angle, w is the rotational speed, M, is the

massflow into the chamber from all possible flow paths and M, is the massflow out of the chamber from all
possible flow paths. The above expression is evaluated for each crank angle increment.

2.4 Energy Balance
An energy balance to calculate the change in temperature in each chamber can be written as (Bradshaw et al., 2013):

dv ou 8,0 1
dT _phdﬁ[ V+pV8 } a)[Q—l—me in Zmout out]

ar _ 0
do ou
Vi
PY ot

where T is the chamber temperature, p is the chamber density, u is the chamber internal energy, V is chamber

volume, 6 is the crank angle, w is the rotational speed, M, and ﬁin are the massflow and enthalpy, respectively, into

the chamber from all possible flow paths, and mM_, and ﬁom are the massflow and enthalpy, respectively, out of the

chamber from all possible flow paths. The mass and energy balances are coupled, and two independent
thermophysical properties need to be selected in order to fix the state at each control volume within the expander.
For this project, temperature and density were chosen as the independent properties as shown in (1) and (2) due to
the ease computing derivatives.

2.5 Heat Transfer Model

The heat transfer sub-model follows the approach by Mathison et al. (2008) and utilizes a spiral heat exchange
model to calculate the convective heat transfer coefficient between the gas in each of the chambers and the cylinder
wall:
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h = 0,023 Re® pro# [1.0 +1.77 (—Dh H @)
r
h

where the Reynolds number and the Prandtl number are calculated using gas properties in each of the chambers, Dy,
is the hydraulic diameter and r is the radius of the chamber. In addition, the modified Dittus-Boelter equation is used
to calculate the heat transfer from the suction pipe to the expander shell:

h, = 0.023DL Re%8 pro4 ()

h

Note that for these calculations, the temperature of the cylinder surface is initially unknown and solving for the heat
transfer is therefore an iterative process. In addition, the radial distribution of cylinder temperature around the
cylinder is unknown. Based on prior experience (Mathison et al., 2011), a linear radial temperature distribution was
assumed, varying from 5 K above the average cylinder temperature near the suction port to 5 K below the average
cylinder temperature near the discharge port. Based on the temperatures in each chamber, a simple shell energy
balance is applied to the expander estimate the temperature of the gas in the shell, and the heat loss to the ambient
environment.

Finally, Figure 7 summarizes the procedure used for solving the entire numerical model.

Input suction temperature,
suction pressure and
discharge pressure

Geometry Model including
Suction Valve Model

7/ Guess or update Tiymg /

w
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¥
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Leakage Model
Heat Transfer Model
Mass and Energy Balance

S

Y

Overall Energy Balance
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Figure 7: Flow chart showing the numerical procedure employed in a spool expander model.
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3. RESULTS AND DISCUSSION

The comprehensive model provides a valuable tool to characterize the performance of the spool expander, and study
the impact of various design variables to the performance of the machine. As an example, consider the expansion
ratio as an independent design variable. Figure 8 shows a Pressure-Volume diagram for a spool expander designed
for a 50kW output with an expansion ratio of 2.4. Holding all other parameters constant, Figure 9 and Figure 10
show the same expander operating in a system where the pressure ratio is 3.0 and 2.0 respectively.
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Figure 8: P-V diagram of expansion process at design conditions.
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Figure 9: P-V diagram of expansion process for an under-expanded case.

22" International Compressor Engineering Conference at Purdue, July 14-17, 2014



1446 Page 8

3250

2750

2250

—
~
I
o)

Pressure [kPa]

1250}

75%) 0.2 0.4 0.6 0.8 1 1.2

Volume [m] x10°
Figure 10: P-V diagram of expansion process for an over-expanded case.

Figure 8 constitutes the perfectly expanded “base case” for the spool expander design. The sudden drop in pressure
at the beginning of the cycle is due to the suction chamber pulling a partial vacuum until the vane tip passes the
suction valve opening, and fresh charge begins to fill the suction chamber. Commensurately, the pressure spike at
the end of the cycle is due to the fact that some residual charge is recompressed in the discharge chamber as the vane
tip passes the trailing edge of the discharge port, and is forced past the TDC.

Figure 9 shows the under-expanded case since the system pressure ratio is larger than the design expansion ratio of
the machine. A key difference when comparing this result to the base case is the sudden expansion of the charge at
the end of the expansion process. Since the built-in geometry of the expander cannot expand the gas to a low enough
pressure, as the vane tip passes the leading edge of the discharge port there is a sudden expansion process as the gas
communicates with the line discharge pressure. This results in a loss of recoverable work, and correspondingly, a
loss in power output.

Figure 10 shows the over-expanded case since the system pressure ratio is smaller than the design expansion ratio of
the machine. In this case, the gas is expanded to a pressure lower than the line discharge pressure, and has to be
recompressed in order to achieve a high enough pressure for the gas to be able to exit through the discharge port.
This recompression work results in a steep drop in efficiency, since the recompression process is irreversible, more
so than the expansion process for this machine, and is a direct reduction on the power produced. This explains why
experimental work (e.g. Woodland et al, 2012 and Lemort et al, 2009) has shown a larger degradation in efficiency
for the over-expanded case than the under-expanded case. Therefore, it is advisable to err on the side of under-
expansion (fill factor greater than 1) than over-expansion (fill factor less than 1) to achieve better performances at
off-design operating conditions.

The comprehensive model also provides a useful tool to gauge the relative influence of specific parameters on the
performance of the machine. As an example, Figure 11 illustrates the mass flow rates from the various leakage paths
in the spool expander (for the perfectly expanded case). Since the processes in all chambers are periodic about every
half rotation (i.e. for each rotation, there are two suction, expansion, and discharge processes), the results for half a
rotation are sufficient to characterize the system since the results for the second half would be identical. Note that
the gap widths used to calculate the leakage areas were typical of those emanating from sealing and manufacturing
considerations. As a reference, the average mass flow rate entering the expander shell over the entire rotation is
approximately 4.2 kg/s, with a peak of over 15 kg/s during the suction process.
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Figure 11: Leakage flow rates for spool expander from various leak paths.

Figure 11 shows that the leakage paths around the suction valve, the vane and the TDC account for a far larger share
of the total leakage than other pathways. Therefore, it would be advisable to minimize the clearance between the
suction valve and the housing, the vane and the stator surface and/or increase the stator relief rather than expend

effort in other parts of the machine to reduce leakage. Similar insights can be provided by the model to assess other
design parameters on performance.

4. CONCLUSION

A comprehensive model of the spool expander is presented, which includes submodels for the geometry, suction
valve mechanism, massflow, leakage and heat transfer. The resulting mass and energy balances provide the
framework to assess the performance of the system. An analysis of Pressure-Volume diagrams reveals that the
alignment of the built-in expansion ratio and the system imposed pressure ratio plays an important role in the
performance of the expander. Furthermore, the model provides valuable insight into the phenomena behind these
results, and shows that from a performance perspective, under-expansion is preferable to over-expansion. The model
is also able to discern dominant performance characteristics, for example that leakage around the suction valve, the
vane and the TDC account for by far the largest leakage paths. Similar insights can be obtained to assess the
sensitivity of various design variables on expander performance. In future work, the model predictions will be
validated using experimental data from a 50kW prototype spool expander. The results and experience derived from
test system will be used to refine the model and provide a more complete understanding of expander technology.

NOMENCLATURE

Dy, Hydraulic diameter (m)
f Face seal leak path )
h Enthalpy (kI kg™
he Convective heat transfer coefficient (W/m?-K)
k Thermal Conductivity (W/m-K)
m Mass flow (kg s
My Mass flow in (kg s™)

o Mass flow out (kg s™)
Pr Prandtl number )
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Q Heat transfer rate (W)
Re Reynolds number O]
r radius (m)
T Temperature (K)
t tip leak path O]
TDC  Top Dead Center O]
u Internal energy (kJ kg™
\% Volume (m3)
v vane leak path )
w wrap around leak path )
Greek Symbols
0 Rotor crank angle (radians)
P Density (kg m?)
® Rotational speed (rad s
Subscript
S suction
e expansion
d discharge
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