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ABSTRACT

Organic Rankine Cycle (ORC) systems are increagiggining relevance in the renewable and
sustainable energy scenario. Recently our resegmap published a manuscript identifying a new
type of thermodynamic cycle entitled Buoyancy OigaRankine Cycle (BORC) (Schoenmaletr

al., 2011). In this work we present two main contribg. First, we propose a refined thermodynamic
model for BORC systems accounting for the spedigat of the working fluid. Considering the
refined model, the efficiencies for Pentane andhBiomethane at temperatures up to 100°C were
estimated to be 17.2%. Second, we show a proobrdept BORC system using a 3 m tall, 0,062 m
diameter polycarbonate tube as a column-fluid weéerWe used water as a column fluid. The
thermal stability and uniformity throughout the éulhas been carefully simulated and verified
experimentally. After the thermal parameters of water column have been fully characterized, we
developed a test body to allow an adequate assesamhethe BORC-system’s efficiency. We
obtained 0,84% efficiency for 43,8°C working tengiare. This corresponds to 35% of the Carnot
efficiency calculated for the same temperatureedsifice. Limitations of the model and the apparatus
are put into perspective, pointing directions fantlier developments of BORC systems.

1. INTRODUCTION

Power plants based on Rankine cycle are resporfsibbbout 85% of the electric energy production
worldwide. It is arguably the most mature thermargy technology.

In the scope of renewable and sustainable techieslogrganic Rankine cycle (ORC) systems have
drawn great attention (Imra al., 2018). These systems work with the same pria@ploperation of
regular Rankine systems however substituting witeorganic compounds and thus allowing the
cycle to work efficiently in lower temperatures. Awin advantages, ORC systems have simple
structure, high reliability, low cost, easy mairdane and are increasingly being considered as a
viable technology to convert low temperature hettt electricity (Rahbagt al., 2017). One important
research area in this field is the developmeniobeEhORC architectures (Lecompsieal., 2015).

On the other hand, buoyancy Rankine cycle is a fieadRankine cycle in which the turbine is
replaced by an expander based on buoyancy forde.wWbrth noticing that the cycle itself is not
necessarily organic, however the proposed techgdbinteresting as a renewable energy solution
for low temperature applications.

Although there has been some research on the ireplation of low temperature systems (Gagtia
al., 2018) and different expander architectures @mbZhao, 2013, Qiet al., 2011, Lemort et

al., 2013) the authors of this manuscript have no kedge of any experimental evaluation of a
BORC architecture besides the experimental progfiotiple being presented here.
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In this context, BORC systems, as proposed by o are put forward as a contribution by being
at the same time as a novel expander option fokiRarsystem and a new solution for distributed
low-temperature energy generation.
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Figure 1: Sketch of a Buoyancy Organic Rankine Cycle (BORgtem. Elements indications are: P (pump),
R1 (working fluid reservoir), R2 (column fluid regeir) and C (condenser).

2. MODEL

Fig. 1 sketches a BORC system based on four magrest First, the working fluid is pumped into a
high pressure reservoir (R1). The pump is represeby element “P”. Second, the working fluid is
heated and vaporized in R1. Third, the workingdflun gaseous form, is expanded in the column
fluid (usually water) reservoir R2 where mechanieaérgy of the buoyancy force is harnessed by a
conveyor system. In the fourth and last stagewitiking fluid is condensed back to its liquid sthte

the condenser “C”.

In this work we present a refined model to evalubte efficiency of a BORC system. A previous
model has been published elsewhere (Schoenmetket., 2011). It departs from the general
expression for the efficiency of a Rankine system:

_ We-Wp _Wc
N Qin Qin 1) (

whereW, is the work performed by the gas-filled inverteghg during the upward motion in reservoir
R2, W, is the work performed by the pump “P” a@g, is the thermal energy input to the system. To
evaluatell, we considered the work done by the buoyancy fofdde evaporated working fluid in
the inverted cups. The buoyancy force originatemfthe difference in mass densip) petween the
column fluid and the evaporated working fluid. Nob&t the buoyancy force increases as the cups
move upwards due to the expansion of the workinigl fais the column fluid pressure decreases. For a
detailed calculation df/. please refer to Schoenmaletel., 2011.

In our refined model, we consider a better estiomator Q;,,, taking into account the heat capacity of
the working fluid in the heating and vaporizatiorogess. Considering a classical thermodynamic
point of view, a heat engine works by employing tdvaperature difference between a hot source and
a cold reservoir. In a BORC system, the higher tapire is called “temperature of operatidy), [’

and is defined by the temperature necessary torizapiine working fluid at the bottom of the column
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fluid reservoir. Consider that, the higher the aahy the highef,,,, will be as the pressure increases.
After the working fluid performs work in the expardR2 it has to be liquefied in condenser C by
cooling it down to the “liquefaction temperatufg’. Note thatT; is lower thanT,, due to the
difference in pressure where each of the proceslsegaporation and liguefaction happens. Hence,
once the working fluid is pumped into R2,,, has to account for the heat necessary to perfatht b
heat the liquid fronT; to T,,,, and evaporate it. In this case, the expressioQfois

Qin = Hv(Top) + C(Top - Tl) (2)

WhereT; is the temperature of the condensed working fldidle being pumped into reservoir R1.
Thus, the final expression for the efficiency beesm

_ In|pghc+Py|—In|Py|
1= RTop Hy(Top) +c(Top—T1) (3)

wherec is the molar specific heat of the working fluid.

Fig. 2 depicts calculated efficiencies for two warkfluid candidates: Pentane and Dichloromethane
(DCM). Note that several assumptions are maintaingtis model that has been originally adopted
in the model described in (Schoenmadteal., 2011). Most importantly, the expansion of the kitog
fluid in R2 happens in thermal equilibrium with tlelumn fluid. As we are focusing on low
temperature applications, we considered the low#etved temperature for the working fluid in
gaseous state under column fluid pressure. ThesBORC system'’s temperature of operatify), X

is directly proportional to the water column hei@hyt).
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Figure 2: Calculated efficiencies for DCM and Pentane asretion of the height of the water column for an
ideal BORC system according to eq. (3).

Some noteworthy aspects are apprehended fromdfired model. Firstly, as expected, there is a
small decrease of the overall efficiencies in congoa to previous model. Interestingly, DCM
appears slightly more efficient than Pentane, itmvgithe trend obtained previously. Furthermore, th
refined model presents results more consistent @tlier more established thermodynamic estimates
(Imranet al., 2018).

3. EXPERIMENTAL SETUP

We present a proof of concept BORC system usingnadl, 0,062 m diameter polycarbonate tube as
a column-fluid reservoir. Fig. 3 sketches the cphtgal scheme of the column setup along with a
picture of the actual assembly. We used water @duann fluid. Ideally, for a reliable experimental
procedure, we should attain a stable and uniforimelgted water column. A successful experiment
also required a suitable test body. Initially weasived a combined heating and temperature sensing
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system to control the main parameters of the wetdnmn. As a test body, we outlined a mass
attached to an expandable reservoir containingvtit&ing fluid.

The experimental test would ideally occur as foBounitially the test body is inserted at room
temperature (with the working fluid in liquid state the water column pre-heated to a controlled
temperature of operatiofi,,. Once the test body is inserted, the mass draggest body to the
bottom of the water column. After some time, astés body tends to establish thermal equilibrium
with its surroundings, the working fluid evaporatdsagging the mass upwards to the top of the
column, demonstrating a useful work obtained thioligoyancy force.

Several tests and design adaptations where negassarder to develop an adequate test body to
assess the efficiency of the proof-of-concept BOsy&tem. Fig. 4 depicts the final solution for the
test body, showing each part separately. As anrgdgide container for the working fluid, we used a
nitrile rubber balloon, as pentane demonstratebetpermeable in latex. To allow load adjustment,
we used a variable number of 4,74g steel balls un tests. To ensure proper control of the
experiment, the working fluid was inserted in thanfiated balloon inside a pinholed centrifuge
microtube (Eppendorf). Everything was suitablyefitinside a 15,7 cm tall and 4,0 cm diameter PVC
tube capped in both ends. This tube worked as iéingnstructure for the expansion of the balloon,
thus avoiding the inflated test body to get jamnagdinst the walls of the water column. As it is
visible in the picture, we perforated the PVC tabe its caps to avoid air entrapment and allow wate
movement in and out of the tube enabling the olef@nge of the test body’s density during the
evaporation of the working fluid.

Before After Assembly

——>0,062 me<—
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heating system
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Test body ———— working fluid
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Figure 3: Sketch of the water column setup along with aup&eiof the actual column assembly. The sketch
compares two different moments of a test: theliedy as inserted in the system and after some tirhen the
test body reaches thermal equilibrium with its sundings. In principle, the test body would coneish mass
attached to an expandable reservoir containingatking fluid in liquid state. Several design adsjans
were necessary to the whole assembly.
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Figure 4: Picture of the test body showing each part sepgra®arts consist of: PVC tube (covered with
yellow and black tape) already with top cap, bottoap (brown), nitrile balloon, steel balls, cenigé
microtube, elastomer wire (to seal the balloon).

To control the temperature of the water column,used a joule heating ribbon throughout the entire

height of the tube and three temperature sensottarh, middle and top positioned. The heating and
sensing system was monitored by an Arduino platfioterfaced to a computer (Arduino, 2018).

4. RESULTSAND DISCUSSION

The thermal stability and uniformity throughout thibe has been carefully simulated and verified
experimentally.
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Figure 5: a) Heat loss simulation for the water column kept@@bove room temperature. Image depicts the
bottom 55 cm of the tubda) Measurement of the temperature uniformity alorg hieight of the tube (blue
open circles) in comparison with the simulated terafure difference profile inside de tube and imiaedly
outside the tube (dashed red line). The model ptedi proportional temperature gradient in andafuhe
tube.

Relevant parameters of the water column, suchrapeeture distribution and heat loss have been
simulated using Finite Element Method MagneticsMM| software(Meeker, 2015). The simulation
was performed using the axial symmetry and consigezonduction and convection heat transfer
factors. For a 30°C temperature difference betwden water column and its surroundings,
simulations estimated a total heat loss of 88 Whittime constant of 92 min. We experimentally
verified these values using the joule heating systibtaining a temperature stable water column with
97,4 W power supply. Moreover, simulations showigaiicant temperature gradient at the bottom
~20 cm of the column (see Fig. 5a). This tempeeatlifference has been detected by the sensors
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placed outside the tube. The temperature profiebeen characterized by measuring the temperature
of the tube externally in 25 different positionsray the height of the tube and considering thatkthe
is proportionality between inside and outside paiponate wall temperatures, after the heat loss
process reached steady state. This proportioregdgymption is consistent with simulations (Fig.. 5b)
The bottom temperature gradient has shown to beuresurmountable problem, even with the
rearrangement of the joule heating ribbon and séwatempts to thermally insulate the bottom
aluminum cap of the column tube. Furthermore, dmewtater convection, the heating system
demonstrated to be a source of significant ingtadsl

After the thermal behavior of the water column bagn consistently characterized, we verified that
removing the heating system altogether, maintaijusgthe top and bottom temperature sensors, was
the better procedure. Water was poured alreadygim temperature inside the tube and experimental
tests were taken during the long period of tempegatiecline. As each procedure was undertaken
within 1 minute, we assumed constant temperaturmgleach test given the thermal inertia of the
system (time constant). Moreover, we reduced tlabdlasheight of the water column to just 2,5 m in
order to avoid inconsistencies due the bottom taégradient.

According to our BORC model, the working and coluftuids are in thermal equilibrium during the
expansion process (third phase of the BORC proc@ss)experiments focused on test trials tending
to the lowest possible temperature of operatiaimesed to be 41,5°C for a 2,5 m water column.

For the resulting system, given the size of theliedy and quantized loading scheme, we calculated
the optimum mass and working fluid ratio to be 5399 (18 steel balls plus mass of the test body
structure) and 0,6 ml of n-pentane (measured witlapipette) respectively. Prior to each procedure
we determined the volume of the test body usingidiglislocation technique in a graduated cylinder.
Several successful tests have been performed. Tieewdth the lowest temperature has been
performed withT,,,= 43,8°C with initial volume of the test body of 88. The test demonstrated an
efficiency of 0,84% (Fig. 6), that is about halftbé modeled efficiency for the tested height ab%h3

of the Carnot Efficiency calculated for the expegirtal conditions.
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Figure 6: Best experimental result for the efficiency of quoof of principle BORC system (green square)
plotted together with the calculated efficiency Rentane and DCM working fluids (same data as Flgown
up to the scale of our system) along with Carnfitiehcy calculated fof,,, = 43,8°C (purple circle).

0

The main limitation of our system is related todéesign. Buoyancy force is based on density gradien
and has been estimated based on the amount oftwieetest body can drag upwards. Our test body
has a fixed mass for each procedure. The changeier density along the height of the tube is
negligible. On the other hand, the density of tbst tbody is dependent on the expansion of the
pentane vapor, which is strongly dependent of thesqure of the water column, reaching its
minimum on the top of the tube. Another limitatie the overall size of the system, which is
considerably small. Note that tests were undertalgng working fluid quantities of about 0,5 ml.
This aspect renders the system considerably sutgestiurces of uncertainties which are avoidable
otherwise. We are currently working on a largertexys considering a proper design to avoid the
above mentioned limitations.
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5. CONCLUSIONS

The model for estimating the efficiency of a BOR@Gtem put forward in previous publication has
been refined in this work. Considering the new nhodbe efficiencies for Pentane and
Dichloromethane at temperatures up to 100°C wetienated to be 17,2%. A successful proof of
principle set up has been modeled and construd¥edobtained 0,84% efficiency fat,,, = 43,8°C,
corresponding to 35% of a Carnot cycle workinghe same temperature difference. Keeping the
same proportionality, this represents a BORC systemking with 6,1% efficiency in temperatures
under 100°C. Limitations of the model and the agfoer are put into perspective, pointing directions
for further developments of BORC systems.

NOMENCLATURE
BORC buoyancy organic Rankine cycle
c molar specific heat of the working fluid J.dt?
C condenser
DCM Dichloromethane
g standard acceleration due to gravity m.s?
h, height of the conveyor belt m
Hv(Top) enthalpy of vaporization at BORC's operating terapare () J.mol*
P pump
P, atmospheric pressure Pa
Qin thermal energy input to the system J
R1 working fluid reservoir
R2 column fluid reservoir
Top temperature of operation of R2 K
Tin temperature inside the polycarbonate test tube K
Tout temperature outside the polycarbonate test tube K
T; temperature of the condensed working fluid when pegninto K
R1
W work performed by the gas-filled inverted cups i R J
Wp work performed by the pump “P” J
n efficiency
p density of the column fluid kg.m?®
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