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ABSTRACT

Small satellites are receiving increased recognition in the space domain due to their reduced associated
launch costs and their shorter lead time when compared to larger satellites. However, this advantage
is often at the expense of mission capabilities, such as available electrical power and propulsion. A
possible solution is to change from the conventional solar photovoltaic and battery configuration to a
micro­Organic Rankine Cycle (ORC) and thermal energy storage system that uses the waste energy
from a solar thermal propulsion system. This unique approach has the potential to offer higher system
efficiency and power density. However, limited literature is available on micro­ORC systems, which
are capable of producing a few hundred Watts of electrical power, especially for small satellites. A fea­
sibility study of these systems and a fluid selection study were conducted. This was done by using a
multi­objective genetic algorithm to optimise an on­board micro­ORC system for various working flu­
ids such as Toluene (C7H8), Hexamethyldisiloxane (MM), and Octamethylcyclotetrasiloxane (D4). The
two objective functions were to minimise the total volume and maximise the thermal energy storage ca­
pacity. This paper describes the proposed system layout and model of the integrated micro­ORC system.
The specific objectives of this study are: i) the working fluid selection, and ii) the optimisation of the
proposed system incorporating the design of the thermodynamic cycle and the sizing of the turbine and
heat exchangers. Results show that the design of the micro­ORC system is dependent on the mission
designer requirements, and various design configurations are provided from the Pareto frontier. It was
also found that when the surface wall temperature of the evaporator is near the thermal stability limit of
the working fluid, the evaporator operates in the dispersed film boiling regime which reduces the heat
transfer coefficient. Additional challenges include high micro­turbine rotational speeds, large thermal
cycling, small blade heights, and large condensers. Finally, the storage configuration of the concentrator
was identified as crucial for the feasibility of the system on­board small satellites.

1. INTRODUCTION

The increase of electrical power consumption required by small satellites promotes the need for on­
board power sources that have high energy and power densities. This increase is especially important
for future planned interplanetary missions proposed by NASA. Future missions are estimated to need
power densities in the range of 150 and 250W/kg (Surampudi et al., 2017b) and specific energies greater
than 250Wh/kg (Surampudi et al., 2017a). Conventionally, small satellite power systems consist of
photovoltaic technologies which have a specific power from around 20W/kg to 100W/kg (Antonio
et al., 2019; Montgomery et al., 2019). Power systems can also include an on­board energy storage
device, with advanced lithium­polymer or ­ion batteries being the most commonly used. These batteries
have specific energies between 150 to 250Wh/kg. These systemsmay not be suitable for futuremissions,
and therefore, alternative power systems should be investigated. A possible alternative system that has
the potential to offer high power densities is the micro­Organic Rankine Cycle (ORC) system (Leverone
et al., 2017). Here micro refers to power levels of 100 to 500W.

To further extend the capabilities of a small satellite and to achieve missions, such as interplanetary
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missions, a propulsion system is also required. Solar thermal propulsion (STP) has been identified as a
possible cost­effective solution (Leverone et al., 2019). STP is a system that generates thrust by using
concentrated solar radiation to heat a propellant to high temperatures of more than 1500K, to increase
the performance over conventional propulsion systems. Coupling an STP system with a micro­ORC
system, as shown in Figure 1a, could improve the system efficiency to develop small high­performance
satellites by using the wasted energy from the STP system to co­generate electrical power and propulsion
(Leverone et al., 2017). The waste heat could also be used for on­board thermal control.
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Figure 1: Sysytem schematics: (a) complete integrated solar thermal system and (b) the mirco­
ORC system.

The idea of using an ORC for power generation in space dates back to the 1960s (Angelino et al., 1991;
Schubert, 2012). Large scale ORC systems, with power capacities on the order of 1 to 30 kW, were
proposed to power the International Space Station. ORC systems are attractive for space applications
as they can have a higher resistance to degradation in the space environment compared to photovoltaic
systems (Angelino et al., 1991; Schubert, 2012). It has also been noted that a micro­scale Rankine
cycle has potentially better thermal efficiency and higher power density versus Brayton cycles. This
improvement is due to the poor compression efficiency of themicro­Brayton cycle that reduces the design
space to pressure ratios less than 5. Rankine cycles can lead to lighter designs which are critical for small
satellites. Drawbacks of a micro­ORC system are lack of space heritage and reduction in reliability due
to the ORC system having more moving parts than the PV­battery system, as well as potential transient
inertial effects during start­up and shutdown, leakages, supersonic flow in the stator, and high rotational
speeds (Angelino and Invernizzi, 1993; Harinck et al., 2010; Uusitalo et al., 2014).

Research on micro­ORC systems, from a few Watts to 2 kW, has focused on solar thermal and waste
energy power generation in portable electronic, miniature robotic, automobile, and remote off­grid ap­
plications (Fréchette et al., 2004; Roudy and Frechette, 2005; Orosz, 2009; Liamini et al., 2010). How­
ever, little is known on the topic of micro­ORC systems, especially for small satellite applications, and
investigations have often neglected the sizing of the components such as the turbine and heat exchangers
(Schubert, 2012). Therefore, an investigation into the feasibility of generating power from the wasted
heat energy of a solar thermal propulsion system on­board a small satellite is required. This study focuses
on developing a micro­ORC system that meets the manufacturing and operational constraints while still
conforming to the performance requirements. The feasibility is determined based on a multi­objective
optimisation analysis using a genetic algorithm. The two objective functions are the total system volume
and the thermal energy storage capacity.

2. SYSTEM DESCRIPTION

A schematic of the proposed micro­ORC system, excluding the propulsion system is shown in Figure
1b. The major challenge with integrating an ORC with an STP system for space applications is the
conflicting operating temperatures. The STP requires propellant temperatures above 1500K to achieve
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high performance, whereas the ORC has a maximum operating temperature of approximately 600K,
depending on the working fluid and its corresponding thermal stability limit. Available literature reports
the thermal stability limit for MM as 300 ○C (Preißinger and Brüggemann, 2016) and for cyclic siloxanes
(Colonna et al., 2006; Angelino and Invernizzi, 1993) and toluene as 400 ○C (Trimm et al., 1990). No
literature was found regarding the thermal stability of MDM, for this research, it is assumed as the lower
limit of 300 ○C.

Gilpin (2015), has identified silicon and boron as high­temperature phase change materials (PCM) that
are near­ and far­term solutions for STP receivers respectively. Therefore, silicon has been selected as the
receiver material and heat source for this work. The receiver is assumed to be cylindrical and is made up
of a silicon phase change material (PCM), a boron nitride container, and uses carbon bonded carbon fibre
(CBCF) as the insulation material. The receiver also includes a rhenium coating for oxidation protection.
The aperture diameter of the receiver is designed to accommodate all the optical fibres entering the
receiver, which are part of the optical system. The receiver also acts as a latent heat storage device.
Advantages of using a latent heat storage system are that it can operate at relatively constant temperatures
and has high energy storage densities, both of which are attractive qualities for ORC systems and small
satellites. The thermal energy stored is crucial to ensure continuous electrical power generation during
eclipse periods, therefore not limiting the operations of the small satellite during orbit. Challenges include
thermal stresses, radiation losses, and containment of the phase change material. The inclusion of a
heat transfer loop between the high­temperature receiver and working fluid was discarded because it
would decrease the efficiency of the system due to the addition of another pump as well as increase
complexity and therefore reduce the reliability of the system. This work, therefore, investigates the
possibility of directly embedding the working fluid tubing inside the receiver’s insulation, such that the
maximum temperature exposed to the working fluid tubing is 20K less than the thermal stability limit
of the fluid.

The optical system, which concentrates solar radiation onto a high­temperature receiver consists of a
primary and secondary concentrator and fibre optic cables. A parabolic primary dish was chosen as it
can achieve higher concentration ratios than both spherical mirrors and Fresnel lenses or mirrors, which
suffer from spherical or chromatic aberration (Kreider, 1979). A non­concentrating flat plate secondary
concentrator was selected due to simplicity and ease of manufacture over improving the performance.
The main function of the flat plate concentrator is to increase the ease of optical fibre placement, reduce
the length of the optical fibre required between the concentrator and the receiver, and make the design
more compact (Henshall, 2006). Fibre optic cables have been included in the design instead of directly
focusing solar radiation onto the receiver to reduce the pointing accuracy required and decouple the
concentrator and receiver position. This is also a requirement from the propulsion side such that the
concentrator position does not constrain the satellite manoeuvring direction. Additionally, they provide
the system with the potential to reduce the overall mass by replacing a single large mirror with multiple
smaller ones (Henshall, 2006). Disadvantages of the selected optical configuration include decreased
end­to­end power efficiency, increased complexity and storage integration challenges.

The solar radiation collected by the receiver superheats the working fluid that is passed through the
evaporator tubing coiled inside the insulation of the receiver. The condenser radiates heat to space to
condense the working fluid. The condenser is made up of several circular channels, a honeycomb support
structure, and two thin flat sheets of aluminium on the top and bottom that radiate to space. A regenerator
is included before the condenser to improve the efficiency of the ORC system. It also reduces the heat
transfer surface area of the receiver and condenser at the expense of increased complexity and mass as
well as reduced reliability. The regenerator is assumed to be a cross­flow plate­fin heat exchanger with
rectangular channels due to its compactness, lightweight, and ability to operate at high temperatures. A
radial inflow turbine is coupled to a generator to provide on­board electrical power. The selection of this
turbine was mainly due to its high power density and compactness, which are critical aspects for small
satellite sub­systems.
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3. MODEL DESCRIPTION

An investigation into the feasibility of a micro­ORC system in terms of volume and thermal energy stor­
age (TES) discharge time has been conducted. Only simple superheated saturated configurations with
regeneration are analysed. This was achieved by using a genetic algorithm (GA) based on the system
architecture shown in Figure 1b. Genetic algorithms are common methods used in ORC optimization
studies due to their robustness, however at the expense of higher computational time when compared to
other methods such as the direct search and variable metric method. The optimization population size
was set to 140 and the termination criteria was set as either a convergence criterion of 10−10 or a maxi­
mum number of generations of 300. These values were selected as a compromise between computational
speed and accuracy. An initial mutation rate of 0.02 and a crossover probability of 0.7 were also used.
The optimization has 14 design variables for each working fluid analysed. These variables are the max­
imum and minimum cycle pressure, the regenerator fin height, fin thickness, fin frequency, number of
hot layers, and the length of both the hot and cold side of the regenerator, as well as the condenser diam­
eter, number of concentrators, number of fibres, and receiver thickness, length, and insulation thickness.
Optimization constraints and constants used are shown in Table 1 and are based on the satellite’s mission
constraints, manufacturing limitations, and flow conditions. When these constraints are exceeded the
solution of the given population is disregarded.

Table 1: Optimization constraints and system model parameters.

Constraints Comment Model parameters Comment

Rotor blade height: b > 0.2 mm Manufacturing limit Stator inlet to outlet radius ratio: r0
r1 = 1.3 Flow condition

Regenerator thickness to height ratio: X5
X4 < 1 Manufacturing limit Stator outlet to rotor inlet radius ratio: r1

r2 = 1.02 Flow condition
Regenerator thickness: X5 ≥ p

nfinσfin
Manufacturing limit Rotor shroud outlet to inlet radius: rs,3

r2 = 0.7 Flow condition
Receiver length to evaporator length: Lrec

Lev ≥ 1 Manufacturing limit Rotor outlet hub to shroud radius ratio: rh,3
rs,3 = 0.4 Flow condition

Max. cycle pressure: X2 ≤ 0.95pcrit Flow condition Absolute flow angle, rotor inlet: α2 = 80○ Flow condition
Min. to max. cycle pressure ratio: X3

X2 < 1 Flow condition Relative flow angle, rotor exit: β3 = 60○ Flow condition
Relative rotor Mach Number: M2,rl < 0.85 Flow condition Axial flow coefficient: φ = 0.3 Flow condition
Relative flow velocity ratio: w3

w2
> 1.5 Flow condition Spacecraft volume and mass: Vsc = 0.3976m3, Msc = 215 kg Satellite mission

Regenerator pinch point temperature: ΔTpp,rg ≤ 20 Flow condition Eclipse time: teclipse = 35,29 minutes Satellite mission
Max. evaporator wall temperature Twall = Tstability − 20 Flow condition Turbine, pump and generator isentropic efficiency: ηt = 65%, ηp = 50%, ηg = 100% Flow condition
Max. working fluid temperature Twf = Tsat + 10 Flow condition Solar flux and Sun half­angle: S = 1350 W/m2, θ =0.266° Satellite mission

Optical fibre efficiency: ηf = 83.8% Manufacturing limit
Fibre mass per length: L̄ = 9.95 g/m Manufacturing limit
Shadow factor: b = 0.02 Manufacturing limit

For this study, the optimisation minimises the objective function, F (x), in Equation 1, which is defined
using the weighted sum approach and parabolic penalty method. The terms in Equation 1 are squared
to reduce the risk of a non­convex solution where optimal points cannot be found. The penalty factor
(Ω = ∑P (x)) is added to converge infeasible simulations to feasible solutions so that the infeasible
results are discarded in the successive iteration, but the search domain is not limited. A penalty is given
if the fluid velocity in the heat exchangers is outside the boundary defined by the heat exchangers for
liquid, gas, or two­phase flow (Caputo et al., 2011). Penalties are also given if the flow falls outside the
ranges given by the correlations used for the condenser and evaporator. The penalty factor is defined as
the summation of all these penalties which are individually calculated as, Pi = χ/χmax, if χ > χmax or
Pi = χmin/χ, if χ < χmin, where χ is an arbitrary parameter that represents the parameter that is out of the
feasible boundary.

F (x) = w1{μ1 (x)}
2 +w2{μ2 (x)}

2 + {Ω}2 (1)

where w1 and w2 are the weights and are constrained to w1 +w2 = 1 and 0 ≤ wi ≤ 1, i = 1,2, μ1 is the first
design objective to minimise volume (μ1 = Vtot/Vsc) and μ2 is the second design objective to maximise
the discharge time (μ2 = teclipse/tdis). The total volume of the ORC system, Vtot, is the summation of the
volume of the evaporator, regenerator, condenser, pump, plumbing, and turbine. An additional margin of
20% has been included to account for miscellaneous components such as support structures, interfaces,
and control hardware. The total volume of the satellite is denoted by Vsc and is determined based on the
allowable payload volume inside the standard Evolved Expendable Launch Vehicles (EELV) Secondary
Payload Adapter (ESPA). The eclipse time that the satellite experiences is denoted as teclipse and the
steady­state discharge time of the thermal energy storage system is tdis.
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The optimisation methodology involves first thermodynamically analysing the ORC system excluding
pressure losses. When theORC systemmeets the constraints shown in Table 1, the heat exchangers sizing
are evaluated, and if feasible, the ORC is then re­evaluated incorporating the pressure losses. Next, the
concentrator and the receiver are analysed. This process is carried out until the termination criterion is
met.

3.1 System Model
The steady­state thermodynamic analysis of the ORC system has been carried out using an in­houseMat­
lab code based on the work of Bahamonde et al. (2017). Fluid thermophysical properties are determined
by integrating the code with the software library Fluidprop (Colonna and Van der Stelt, 2004). Each heat
exchanger (HX) has been discretised to evaluate the one­dimensional local heat transfer coefficient and
pressure drop in the single phase and two­phase flow regions to determine its size. The plate­fin rating
model and ϵ­NTU method discussed in Shah, Ramesh K and Sekulic (2003) are used in this analysis for
the regenerator. The heat transfer coefficient correlations used for the two­phase condensing flow region
are defined by Kim and Mudawar (2013a). The area of the radiator is determined based on the heat­pipe
analysis described by Gilmore (2002, Chapter 6). The single phase Nusselt number correlations, two­
phase pressure gradients, radiation heat transfer coefficient are provided in Table 2. The thermal stability
limit of the working fluid could result in low/high quality critical heat flux (CHF) regimes. This can con­
siderably reduce the heat transfer coefficient. The CHF quality is determined using the method proposed
by Shah (2017). If the CHF quality is low, boiling is split into Inverted Annular Flow Boiling (IAFB)
and Dispersed Flow Film Boiling (DFFB) regimes. If the flow is in the saturation two­phase boiling
regime, the heat transfer coefficient is modelled based on the universal approach described by Kim and
Mudawar (2013b,c). Dryout at high qualities will result in DFFB being present after saturated boiling
flow. The selection of empirical correlations used for boiling heat transfer coefficients is provided in
Section 4.

Table 2: Correlations used in the heat exchangers.

Equations

Laminar developing flow: Rectangular channel Accelerational pressure drop:

fapp = 1
Re [3.44(x

+)−0.5 + K(∞)/(4x+)+fRe−3.44(x+)−0.5

1+C(x+)−2
] −(dpdz )A = G

2 d
dz [

x2
αρg
+ (1−x)

2

(1−α)ρf
]

Nu = [0.277 − 0.152e(−38.6x∗)]−1 α = [1 + (1−xx )(
ρg
ρf
)
2/3
]
−1

Laminar fully developed flow: Rectangular channel Frictional pressure drop:
f = 24

Re (1 − 1.35553β + 1.9437β
2 − 1.7012β3 + 0.9564β4 − 0.2537β5) (dpdz )F = (

dp
dz )fφ

2
f =

2fG2(1−x)2
Dhydρf

φ2f , Two phase

Nu = 8.235 (1 − 2.0421β + 3.0853β2 − 2.4765β3 + 1.0578β4 − 0.1861β5) (dpdz )F =
2fG2

Dhydρ
, Single phase

Laminar developing flow: Circular channel Radiation heat transfer coefficient:

f = 16
Re hrad = ( 1

ϵw +
1

ϵl
√
1−α
− 1)

−1
, for IAFB* and Saturated flow

Nu = 4.364 hrad = (Rw + Rd + RwRd
Rv )

−1
+ (Rw + Rv + RwRv

Rd
)
−1

for DFFB flow
Turbulent fully developed flow: Rectangular channel
f = 1

4
1

(0.790 ln(Re)−1.64)2

Turbulent fully developed flow: Circular channel
f = 0.079

Re0.25 ,2000 ≤ Re < 20000, f =
0.046
Re0.2 ,Re ≥ 20000 Nu = f

2
(Re−1000)Pr

1+12.7(
√

f
2(Pr

2
3 −1))

*void fraction is taken as zero for the IAFB region for simplicity.

The radial inflow turbine geometry was analysed based on first principles based on the model proposed
in Bahamonde et al. (2017). For this model, it is assumed that the change in kinetic energy is negligible
between the turbine inlet and outlet, that the flow in the stator is isentropic, and both the flow angle and
blade angle are equal at the blade exit. The turbine mass and volume are estimated assuming the turbine
is a solid disk with a diameter equivalent to the stator and the length equal to the axial length of the
turbine.

A survey was conducted on available micro­pumps and generators suitable for a 200Wmicro­ORC. The
result of the micro­pump study shows that for low mass flow rates, the volume of the micro­pump re­
mained the same for different differential pressure. For higher mass flow rates the volume increases. For
simplicity the pump volume and mass are equal to the maximum values found from the survey rounded
up to 0.001m3 and 1.5 kg respectively to be more conservative. Linear relationships were derived to
relate the mass (Mgen = 0.0018Wnet+2.718) and volume (Vgen = 2×10−6Wnet+7×10−5) of the generator
to the net power outputWnet.

Determining the stowed volume is difficult without a full design of the concentrating and deployment
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system. For this analysis, the stowed volume of the concentrator is assumed to be a percentage of a
rigid design with the same geometry. The volume that the rigid system occupies is taken as cylindrical
with the diameter equal to the primary concentrator and the height equal to the distance between the
two concentrators plus the thickness of the secondary concentrator. The stowed volume is therefore
dependant on the type of concentrating system: 1) fixed­rigid (100%), 2) deployable­rigid (25%) or 3)
inflatable (1%) (Olla, 2009). For this study the concentrator and support areal densities are assumed
to be 1 and 1.5 kg/m2 respectively (Henshall, 2006; Gilpin, 2015) and an inflatable storage volume
configuration was assumed.

A one­dimensional steady­state radial analysis using a temperature­dependent thermal conductivity and
shell thickness method (Bergman et al., 2011) is used to determine the radiation losses through the insula­
tion as well as the position of the working fluid tubing. The radiation loss though the aperture and the ab­
sorption losses of the receiver are also included. From this an estimated discharge time, tdis = Estored/Q̇out,
based on the thermal energy storage, can be computed if the power available is greater than the losses.
The receiver is assumed to act as a lumped­capacity thermal mass with no temperature distribution; this
is only valid for low Biot numbers (<< 1). Therefore this results in a preliminary analysis that requires
future in­depth analysis to more accurately determine the coupled convective heat transfer between the
PCM, insulation, and the working fluid, as well as the solar flux input. Furthermore, analytical and ex­
perimental investigations into the thermal cycling and expansion of the PCM and long exposure between
the PCM and its container are required. The expansion of silicon during freezing was not considered in
this study. However, it has been found that by reducing the fill factor of the PCM by 80% the container
damage due to the expansion can be mitigated (Gilpin, 2015). The volume and mass of the receiver are
found based on its described geometry 1b, assuming that the length of the inner cavity of the receiver is
80% of the total length of the phase change material.

4. RESULTS AND DISCUSSION

To the authors knowledge, no ORC optimization study has included the effects of boiling flow in the
IAFB and DFFB regimes. Figures 2a and 2b show existing IAFB empirical correlations compared with
experimental data to identify which empirical correlations are suitable for this study. The empirical
correlations are provided in (Hewitt et al., 2013). The results indicate that the correlations that perform
the closest with the experimental data are the models proposed by Breen and Westwater, and Bromley
based on either using the vapour or vapour film temperature for the IAFB regime. The closest performing
DFFB correlations are the Bishop, Tong and Slaughterbeck correlations. The experimental IAFB data for
R134a and water is obtained from Nakla et al. (2011), and the water DFFB experimental data is provided
by Nguyen and Moon (2015) and Becker et al. (1983). The predicted heat transfer coefficients from the
Andersen correlation exceeds the value of 1.5 kW/mK and therefore, do not appear in Figure 2a. Care
must be taken for the DFFB regime as limited data points were available.

(a) (b)

Figure 2: Predicted versus experimental heat transfer coefficients: (a) IAFB and (b) DFFB
regieme.
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A sensitivity analysis was conducted on the two­phase boiling heat transfer coefficient to minimise the
uncertainty, due to a lack of experimental validation of the correlations and working fluid considered in
this study. The results in Table 3, where constant heat transfer coefficients were analysed, indicate as
expected an increase in evaporator length and volumewith decreasing heat transfer coefficient. However,
the ORC volume and thermal efficiency are not significantly affected. The Bromley and the Bishop
correlations were selected for use in the optimization study as they provided the most comparable values
with the experimental data, Figure 2. These correlations also provided average results when compared
to the other correlations during a one­at­a­time sensitivity analysis, Figure 3. This sensitivity analysis
was conducted on various operating pressures (1, 10, and 20 bar), tube diameters (1, 2, 3, and 6 mm),
surface wall temperatures (500, 550, and 650 K) and mass flow rates (1, 5, and 10 g/s), that are expected
to occur during the optimization study, with the baseline parameters indicated in bold. The maximum
working fluid (bulk) temperature was constrained to 10K above its saturation temperature. It was found
that the diameter has the largest influence on the DFFB heat transfer coefficient and that most IAFB
correlations are not affected by the mass flow rate. During this sensitivity analysis, the radiation heat
transfer coefficient accounted for a maximum of 6% of the total heat transfer coefficient for both the
Bromley and the Bishop correlations, assuming a wall and liquid emissivity of 0.95 and 0.6 respectively.

Table 3: Constant heat transfer co­
efficient sensitivity analysis.

Heat Transfer Tube Evaporator ORC ORC Thermal
Coefficient Length Volume Volume Efficiency
[W/m2K] [m] (x10−6) [m3] [m3] [%]

100 7.056 67.90 0.078 12.71
500 1.752 16.90 0.078 12.74
1000 1.086 10.40 0.078 12.75
5000 0.553 5.32 0.078 12.75
10000 0.486 4.67 0.078 12.75
50000 0.432 4.16 0.078 12.75

Table 4: Results of minimum volume solu­
tions found on the Pareto front (Figure 4a).

Rotor blade Rotor rotational Thermal Toltal specific Shared specific
height speed efficiency power power
[mm] [krpm] [%] [W/kg] [W/kg]

Toluene 0.27 762 12.64 3.57 8.66
D4 0.97 139 6.35 2.4 5.43
D5 1.00 119 6.10 1.47 4.24
D6 0.92 122 6.48 1.59 4.49
MM 0.54 230 9.69 2.58 6.62
MDM 1.10 141 5.87 2.14 5.39

(a) (b)

Figure 3: Sensitivity analysis results presented as a boxplot for the (a) IAFB and (b) DFFB regime.

Figure 4a shows the optimal Pareto fronts for Toluene, MM,MDM,D4, D5, andD6. The results illustrate
that all the fluids experience similar trends. The volume and mass breakdown for the working fluids
on the Pareto front (Figure 4a) that require the smallest volume are provided in Figure 5. The stored
concentrator, receiver, and condenser are the three largest components for all the working fluids. These
components, together with the regenerator, make up the heaviest components of the system. The receiver
mass and volume becomemore dominant as the discharge time increases (lower inverse time values). For
discharge times greater than 150 minutes (inverse time less than 0.2) there is a steep increase in volume.
Toluene is shown to be the optimal working fluid for reducing the size of the system and increasing
the discharge time and requires a minimum volume fraction of 20%. This is due to its higher thermal

5th International Seminar on ORC Power Systems, September 9­11, 2019, Athens, Greece



Paper ID: 45, Page 8

efficiency. However, this advantage is at the expense of faster rotor rotational speeds and smaller rotor
blade heights, refer to Table 4. The mass of the micro­ORC system is also important to investigate
to ensure the launch vehicle constraints are met. Figure 5b, demonstrates that the mass fractions are
approximately 8% higher than the volume fractions for low discharge times. At the highest discharge
time, the volume fraction is nearly double the mass fraction due to the increase in PCM and insulation
geometry. This highlights that volume is a more appropriate optimization variable than mass for this
system.

Table 4 illustrates that the system using the toluene working fluid has a total specific power of 3.6W/kg,
which does not compete with solar photovoltaic systems. For example, the SMART­1 mission has an end
of life specific density of 24 W/kg (mass includes the solar panels, the Power Control and Distribution
Unit and Battery Management Electronics systems). When coupling the micro­ORC system to an STP
system the shared specific power is improved to 8.7W/kg assuming that the mass of the concentrator and
receiver are part of the propulsion system (shared specific power excludes the receiver and concentrator
mass but includes the margin). Despite the low specific power, the advantage to this system comes with
the high­temperature thermal energy storage as it provides around 500Wh/kg of specific energy that
could be beneficial in future missions. By using boron instead of silicon, the specific energy could be
increased up to 1280Wh/kg. More efficient and lightweight concentrators, condensers, regenerators, and
generators could increase the power density of the system. It was also found that inflatable concentrators
are necessary for the feasibility of micro­ORC systems as deployable rigid concentrators (25% of rigid
system) significantly exceed the spacecraft volume for the input power requirement, Figure 4b.

(a) (b)

Figure 4: Pareto fronts of: (a) all the working fluids and (b) toluene with various concentrator
sotrage volume percentages.

(a) (b)

Figure 5: Breakdown charts of the (a) volume and (b) mass of the minimum volume result of the
Pareto front (Figure 4a).
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5. CONCLUSIONS

The study focused on the feasibility of micro­ORC systems for power generation on­board small satel­
lites that use waste energy from a solar thermal propulsion system. A multi­objective optimization was
performed on six working fluids, accounting for system design, satellite mission, and fluid constraints.
From the resulting Pareto fronts, it has been found that toluene is the optimal fluid in terms of minimis­
ing the volume and maximising the discharge time. However, the turbine rotor has a small blade height
(0.27mm) and fast rotational speed (762 krpm), which which makes the attainment of high turbine effi­
ciency challenging. The receiver and concentrator are the largest and heaviest components depending on
the required discharge time. It was also found that the critical heat flux is necessary to determine the flow
regime inside the evaporator when high­temperature phase change materials are used to better predict
the heat transfer and therefore accurately determine the length and volume of the evaporator. However,
the heat transfer coefficient of the evaporator has a negligible effect on the ORC volume. Various post
CHF empirical equations were evaluated, and the Bromley and the Bishop correlations were found to
provide the closest results to experimental data and mid­range results during the sensitivity analysis.
Recommended future work is to conduct experimental testing and in­depth modelling of the evaporator­
receiver coupling to predict the heat transfer better and characterize the off­design and transient effects of
the system. The results indicate that micro­ORC systems are feasible on­board small satellites in terms
of size and energy storage, and are attractive to missions requiring high specific energies, but they have
low specific powers on the order of 8W/kg when coupled to a solar thermal propulsion system.
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