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ABSTRACT

In this paper we compare a recently proposed two-phase ther-
mofluidic oscillator device termed ‘Up-THERM’ to a basic
(sub-critical, non-regenerative) equivalent organic Rankine cy-
cle (ORC) engine. In the Up-THERM heat converter, a constant
temperature difference imposed by an external heat source and
sink leads to periodic evaporation and condensation of the work-
ing fluid, which gives rise to sustained oscillations of pressure
and volumetric displacement. These oscillations are converted
in a load arrangement into a unidirectional flow, which passes
through a hydraulic motor that extracts useful work from the de-
vice. A pre-specified Up-THERM design is being considered in a
selected application with two n-alkanes, n-hexane and n-heptane,
as potential working fluids. One aim of this work is to evaluate
the potential of this proposed design. The thermodynamic com-
parison shows that the ORC engine outperforms the Up-THERM
heat converter in terms of power output and thermal efficiency,
as expected. An economic comparison, however, reveals that the
capital costs of the Up-THERM are lower than those of the ORC
engine. Nevertheless, the specific costs (per unit power) favour
the ORC engine due to its higher power output. Some aspects of
the proposed Up-THERM design are identified for improvement.

INTRODUCTION
Finite fossil-fuel reserves and the increased release of combus-
tion emissions into the atmosphere over the last century have
favoured the development of alternative energy conversion tech-
nologies, which can utilize low- and medium-grade heat, there-
fore increasing primary energy efficiency. ‘Thermofluidic os-
cillators’ are one particular class of promising heat conver-
sion technologies that can contribute to this aim. This in-
cludes single-phase thermofluidic oscillators, such as Sondhauss
tubes [1], thermoacoustic engines [2], Fluidyne engines [3], and
also the two-phase ‘Non-Inertive-Feedback Thermofluidic En-
gine’ (NIFTE) [4-7]. In this paper we present the ‘Up-THERM’
heat converter. The Up-THERM is an alternative two-phase ther-
mofluidic oscillator, which is similar in operation to the NIFTE
engine and additionally contains a single solid piston [8].

By applying and maintaining, with an external heat source and
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sink, a constant temperature difference between hot and cold heat
exchangers, the working fluid inside the Up-THERM converter
evaporates and condenses periodically as the working fluid oscil-
lates within the device. This gives rise to sustained reciprocating
vertical motions of the solid piston and sustained oscillations of
pressure, temperature and liquid volume. The oscillating volu-
metric displacement is turned into a uni-directional flow of a lig-
uid in a hydraulic load arrangement. Power can then be extracted
from the cycle by this liquid flow through a hydraulic motor.

In this paper we compare a pre-specified Up-THERM de-
sign with two n-alkanes, n-hexane and n-heptane, as potential
working fluids in a selected application, to a more mature heat-
conversion technology namely an equivalent basic (sub-critical,
non-regenerative) organic Rankine cycle (ORC) engine. Al-
though it is expected that the Up-THERM will, generally, have
inferior performance to the ORC engine, its costs will also be
considerably lower since the Up-THERM has few moving parts
and dynamic seals, and can be constructed with low-cost manu-
facturing techniques and materials. Therefore, beyond the com-
parison of key thermodynamic indicators, such as power output,
exergy efficiency and thermal efficiency, we perform a simple
economic analysis of both engines by evaluating the bare module
costs and the specific costs (per unit power) to give an indication
of the cost effectiveness of the novel Up-THERM heat converter.

METHODOLOGY
Up-THERM Engine Operation
A schematic of the Up-THERM heat converter is shown in Fig. 1.
The heat converter comprises a vertical displacer cylinder (left
hand side of Fig. 1 and inset), a connection tube, and a load en-
semble including a hydraulic motor, two hydraulic accumulators
and two check valves. The operation of the Up-THERM heat
converter is described briefly below; a more extensive descrip-
tion is available in Kirmse et al. [9] and Oyewunmi et al. [10].
Considering a cycle starting with the piston at top dead centre
(TDC) as depicted in Fig. 1, the piston valve is open, the mechan-
ical spring is fully extended, and the vapour-liquid interface is in
contact with the hot heat exchanger. Evaporation of the liquid
working fluid causes the pressure in the vapour-space gas spring
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Area

Constant

Capacitance, Cost

Geometric constants (i = 1,2,3)

Diameter

Factor

Gravitational acceleration

Head

Heat transfer coefficient, Specific enthalpy
Constant
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[N/m] Spring constant
[kg/m4] Inductance
[m] Length
[kg] Mass
[Pa] Pressure
[W] Heat flow rate, thermal power
[kg/(m*s)] Resistance
[°C, K] Temperature
[s] Time
[m3/s] Volumetric flow rate
[m3] Volume
[W] Power
[W] Exergy flow rate
Greek
o [°C,K] Temperature amplitude
B [1/m] Temperature profile parameter
Yy [ Heat capacity ratio
o [m] Gap between piston and slide bearing
n (%] Efficiency
u  [kg/(ms)]  Dynamic (absolute) viscosity
p  [kg/m?] Density
Subscripts and Superscripts
0 Equilibrium/base/time-average state conditions
1 ORC condenser outlet/pump inlet state conditions
2 ORC pump outlet/evaporator inlet state conditions
3 ORC evaporator outlet/expander inlet state conditions
4 ORC expander outlet/condenser inlet state conditions
BM Bare module
b Slide bearing
C Carnot
c Connection tube
cv Check (non-return) valve
el Electrical
ex Exergy
exp Expander
gen Power generating
hm Hydraulic motor
hx Heat exchanger
in, out Into the cycle, Out of the cycle
LM Log mean
1 Liquid, liquid-phase
lub Lubricant
min, max  Minimum, Maximum
ms Mechanical spring
p Piston (solid)
pr Pressure
pump Pump
pv Piston valve
s Isentropic
sh Shaft
ss Stainless steel
t Overall/total
th Thermal
v Displacer cylinder gas spring
wil Working fluid

to increase, which together with the mechanical spring (and less
s0, gravity), act to force the vapour-liquid interface downwards.
With the piston valve closed, liquid is prevented from leaving
the chamber above it while the piston continues its downward
movement and the pressure above the piston valve increases fur-
ther (the pressure below stays almost constant). After a certain
downward displacement of the piston, the piston valve opens,
liquid rushes from the upper to the lower chamber, and the pres-
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Schematic of the Up-THERM heat converter.

Figure 1.

sures above and below the piston valve are suddenly equalized.

At this point the vapour-liquid interface comes into contact
with the cold heat exchanger and working fluid in the vapour
phase begins to condense. The piston valve closes, which creates
a reduced pressure in upper chamber. This pressure difference
together with the mechanical spring force the piston upwards.
The valve opens again, liquid working fluid flows from the lower
to the upper chamber, and the vapour-liquid interface comes into
contact with the hot heat exchanger completing one cycle.

The aforementioned oscillating fluid movement in the dis-
placer cylinder, and connection tube, is converted through the
two check valves into a unidirectional flow through the hydraulic
motor. The two hydraulic accumulators dampen the oscillating
amplitudes of pressure and volumetric displacement. Power can
be extracted from the cycle at the hydraulic motor.

Up-THERM Engine Model
The methodology used for the modelling of the Up-THERM heat
converter follows earlier approaches by Huang and Chuang [11],
Backhaus and Swift [12, 13], and, in particular, the framework
used in modelling the NIFTE [5-7, 14] that showed good agree-
ment with experimental data. The latter is considered a suitable
starting point, also because the Up-THERM and NIFTE are both
thermofluidic devices that feature phase-change heat exchange
between the hot/cold heat exchangers and the working fluid.
The dominant fluid or thermal process in each component of
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the Up-THERM is described by a spatially lumped ordinary dif-
ferential equation (ODE). Assuming small variations around an
operational equilibrium point, enables us to linearize the ODEs
in the following components: liquid column; connection tube;
piston; slide bearing; hydraulic accumulators; and, hydraulic
motor. Electrical analogies are made such that thermal resistance
or fluid drag are represented by resistors (R), liquid inertia by in-
ductors (L), and vapour compressibility or hydrostatic pressure
by capacitors (C). The pressure difference AP across a compo-
nent and the volume flow rate U through it can be related via
Ohm’s, Faraday’s and Gauss’s laws by the first-order ODEs:
du  d(Aap) 1

AP=RU; AP=L—; ==
dr dr

c (D

In particular, quasi-steady, fully developed laminar flow is as-
sumed in the liquid columns, as the Reynolds and Wormersley
numbers are sufficiently low. Thus, by simplifying the govern-
ing (Navier-Stokes) equation of this flow, the following R, L and
C descriptions are derived, corresponding to Eq. (1):

128l 4ply nd?
= T L=—3; =——. 2
nd Td 4pg

Hydrostatic pressure is negligible in the connection tube, and
only the flow drag and liquid inertia are needed in the descrip-
tion of this flow. The piston and surrounding working fluid, in-
cluding the slide bearing where the piston and flow are sepa-
rated, are modelled by merging similar simplified equations as in
Egs. (1&2) for the annular liquid flow around the piston with a
force balance on the piston. The following components emerge:

R 128calpu _ 128c2lpu ) _ 64lpu
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with ¢ = d? —d3, ¢y =In (de/dy). and c3 = 3 (d? +dZ) —c1.
The hydraulic accumulators are modelled as adiabatic (and
reversible) gas springs filled with an ideal gas, with:
C= &. 4
1P
Losses and inertia in the hydraulic motor are modelled by ap-
plying a torque balance to this component. The power that can be
extracted from the cycle is dissipated in the load resistance Rgen,
which is determined empirically in order to maximize power:
Ry = 1641ubd >, lsn o 8mpm
" medtal T " md*
In addition to the (linear) description of the above mentioned
components, the processes in some components are described
non-linearly. The temperature profile along the heat exchanger
wall is assumed to follow a hyperbolic tangent function [9]:

Tix(y) = aitanh(By), (6)
where y is the vertical displacement of the vapour-liquid interface

Whm = Rgenthm . (5)
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from the equilibrium (time-mean) position.

Flow through the piston valve also exhibits an inherently non-
linear behaviour, as the valve can only be either open (TDC and
BDC) or closed (otherwise). This behaviour is described by the
combination of two Heaviside step functions:

1
va = Rmin + ERmax (*H {Pl,d - va} +H {Pl,d +va}) » (D

where Py = pwaglpy is the position, described as a hydrostatic
pressure, where the valve opens or closes.
The check (non-return) valves in the load arrangement open
and close depending on the flow rate U, through them:
Rcv = Rmax,ch {Ucv} . (8)
Finally, the working-fluid vapour-phase gas spring at the top
of the displacer cylinder is assumed to be isentropic as with the
accumulator gas springs, so that PVY = const., but this is not
linearized as is done in Eq. (3) for the latter. Hence, the pressure
variations in the gas spring are described by:
dp, YRy
@ v Uy. ©))
Solving the (dynamic) Up-THERM engine model requires the
specification of all RLC values in Egs. (2-9), and of the parame-
ters o, 3 that define the heat exchanger wall temperature profile
in Eq. (6); see Section “Application Specification and Solution”.

ORC Model
A schematic of the ORC engine that is used in this work is shown
in Fig. 2. As is the case with the Up-THERM heat converter, the
working fluid of the ORC remains in the sub-critical region. A
simple layout without regeneration is selected for this compar-
ison [15]. The liquid working fluid is pumped from State 1 to
State 2 by the pump, which requires power Wpump:
Wpump = Tilwfl (hZS - hl) /Tls,pump ;
with an isentropic efficiency N pump 0f 75%.

In the evaporator heat Qin from the heat source is transferred
to the working fluid. The evaporator is assumed isobaric, without
heat losses and with a minimum pinch AT of 10 °C:

Oin = it (h3 — ha) .
Hotout

4
AAAAAAANM
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Figure 2. Simple schematic of the main components of the
subcritical, non-regenerative ORC engine.
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Finally, mechanical power is generated in the expander:

Wexp = T]s,expmwﬂ (h4s - h3) . (12)
with an isentropic efficiency N exp 0f 75%. The ORC engine is
optimised for maximum net power output subject to the pinch
conditions in the heat exchangers, the maximum pressure, which
should be lower than 90% of the critical pressure, and the mini-
mum pressure, which should not be below 1 bar.

Application Specification and Solution
Based on a given specification for the employment of an Up-
THERM heat converter as a CHP prime-mover (suggested in the
testing procedure of a prototype Up-THERM engine), the heat
source temperature is set to 360 °C and the mass flow rate of
the heat transfer fluid (thermal oil) that acts as the external heat
source to the device is set to 1 kg/s. To enable a fair thermo-
dynamic comparison between the two systems, the same heat
source temperature and input thermal power into the two engines
is used, although the heat input is allowed to vary when using
different working fluids by adjusting a limited number of param-
eters that define the hot heat exchanger (specifically, the number,
length and thickness of external fins in contact with a heat trans-
fer fluid). The heat sink temperatures are also matched by spec-
ifying a cooling water flow rate at 10 °C. Similarly, the physical
dimensions of the Up-THERM engine are taken from the same
prototype design, and are fully specified in Kirmse et al. [9].
The physical dimensions of the Up-THERM heat converter
along with the working fluid properties define all RLC model pa-
rameters, which can be calculated from Eqgs. (2-9), as well as
parameter 3 in Eq. (6) [9]. Finally, the heat source and heat
sink conditions define parameter o, which is simply half of the
difference between the heat source and sink temperatures, and
therefore the heat exchanger wall temperature profile in Eq. (6).

Thermodynamic Performance Indicators

The thermodynamic performance indicators for the Up-THERM
that are used in the current comparison are, beyond the power
output as defined in Eq. (5), the device exergy efficiency and the
thermal efficiency:

Whm

_ ngenUhdehm .

[PodVe T 0y
where Vpm = [ Unmdt is the volume displacement over one cycle
in the hydraulic motor, Vi, = [ Updt is the referred entropy flow
to the working fluid due to heat transfer during one cycle, and
Oin = hAnxwi (Thx — Twi) is the heat input into the cycle over
half a cycle, with Apx wa the area of the heat exchanger that is in
contact with the working fluid during the heat addition stage.

Similarly, the ORC engine thermal and exergy efficiencies are:

Wex _Wum
p pump |

MNex 13)

n Wexp - Wpump
th = — =~ > ex — T o
Oin Xi

where Qj, and X;, are the heat and exergy input to the cycle.

(14)

Economic Performance Indicators

In order to estimate the capital costs of the two systems, the size
of the heat exchangers of the Up-THERM and the ORC engines
must be determined. A double-pipe heat exchanger is chosen
for both engines. The area of the heat exchangers are calculated
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according to Hewitt et al. [16] from:

o _, (s)
htATLM
with an overall heat transfer coefficient /;, a shell-side heat ex-
changer area A, which can include fins, and a logarithmic mean
temperature difference 7yp. In the calculation of the area the
hydraulic pump work required to pump the heat transfer fluid
should not exceed 100 W, which corresponds to a pressure drop
smaller than 1 bar in the heat exchanger.

For the Up-THERM, the area of the cold heat exchanger is
assumed to have the same size as the hot heat exchanger. In order
to calculate the major equipment costs a concept study according
to Ref. [17] is performed. Based on this method, the bare module
costs Cgm are calculated, which include the direct and indirect
costs for a specific piece of equipment [17]:

CeMm = CSFBM , (16)

with Cg the purchased cost for base conditions and Fgy the bare
module factor that takes the material and operating pressure into
account. For carbon steel at atmospheric pressure the purchased

cost of equipment for base conditions is [17]:
log(CY) = K1 + Kalog(A) + K3 [log(A)]* 17)
where K; = 3.3444, K, = 0.2745 and K3 = 0.0472 are constants

that depend on the equipment and A is the heat exchanger area.
The bare module factor can be calculated from [17]:

Fgm = By + By FvFye (13)
where Fy is the material factor and Fy,; the pressure factor. For
double-pipe heat exchangers B; = 1.74 and B, = 1.55. The ma-
terial of the heat exchangers is stainless steel, so that Fyy = 2.75.
For pressures under 40 bar, which is not exceed in either engine
and for any working fluid, F; is set to unity.

Finally, as the reference year for the calculations is 2001, the
effect of inflation has to be taken into account. This is done by
using the Chemical Engineering Plant Cost Index (CEPCI) [19]:

CEPChy1a (19)

CEPCIZ()O] ’
where CBM,ZO()I =363.9 and CBM,2014 = 640.7.

For the hydraulic accumulators, the hydraulic motor and the
displacer cylinder no cost correlations are available. For those
pieces of equipment commercially available products, along with
their market prices, are selected.

A positive displacement pump is chosen for the ORC engine
due to the low pumping power required. A relation similar to
Eq. (17) is used to calculate the pump cost, with the constants
replaced by K; = 3.48, K> = —0.135 and K3 = 0.144, and A be-
ing the pump power. The pump also requires an electric motor,
whose cost is calculated according to [18]:

CBM,2006 = exp{58259 + 0.13141 [1H(Wpump)]
+0.053255In(Wpump)]? + 0.028628[In(Wyump )]

— 0.0035549[ln(Wpump)]4} . (20)

For the calculation of the expander cost the following expres-

sion is used, which has been derived from a survey of scroll ex-
pander manufacturers’ data sheets and price lists:

log(Cm2014) = 3.819+0.54221og(Wexp ) -

At:

CeMm,2014 = CBM,2001

2y
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The currency Pound Sterling (£) is chosen for the economic
evaluations in the present study. For equipment whose costs are
only available in US Dollars ($), a conversion factor of 1.42 $/£ is
employed. It should be noted that the actual costs of the two en-
gines are higher than the values reported here, since auxiliaries,
contingency funds and other fees and are not considered in the
analysis. However, as this is common to both engines, a compar-
ison between those two engines is still considered valid.

RESULTS

A comparison of the thermodynamic performance of the Up-
THERM heat converter and that of an equivalent sub-critical,
non-regenerative ORC engine in the selected application is pre-
sented in Table 1. For both engines, n-hexane has a superior ther-
modynamic performance to n-heptane in terms of power output,
thermal and exergy efficiencies. Since the external temperature
difference between the hot and cold heat exchangers is fixed, the
oscillation amplitudes of pressure and volumetric displacement
are lower for the heavier n-alkane in the Up-THERM heat con-
verter. This leads to a lower heat input into the cycle and, con-
sequently, a lower power output, since the volumetric flow rate
through the hydraulic motor is reduced.

Similarly in the ORC engine, the evaporation pressure for n-
heptane is lower than for n-hexane, leading to a lower power out-
put. It can be observed that, generally, the ORC engine outper-
forms the Up-THERM heat converter in terms of power output
and thermal efficiency, irrespective of the working fluid consid-
ered. Nevertheless, the Up-THERM demonstrates higher exergy
efficiencies when the better working fluid (n-hexane) is selected.

Table 1. Thermodynamic performance comparison of the Up-
THERM converter and ORC engine in the selected application.

Up-THERM ORC
Working | Wom Mt Mex | Wer  Mm Mex
fluid (kW] [%] [%] | [kW] [%] [%]
n-hexane | 2.80 7.47 386 | 539 144 26.0
n-heptane | 0.81 323 17.7 | 3.19 12.8 23.1

The Up-THERM heat converter requires two heat exchangers,
a piston/displacer cylinder arrangement, two hydraulic accumu-
lators, two check valves and a hydraulic motor, plus pipes, con-
nectors and auxiliaries. With n-hexane as the working fluid, the
area of each heat exchanger amounts to ~1.9 m?, resulting in a
cost of £38,900 for both heat exchangers. With n-heptane the
area drops to ~1.2 m2, leading to a cost of £34,600.

For an indication of the costs of the displacer cylinder a piston
accumulator is selected that has similar dimensions to the dis-
placer cylinder. The piston accumulator has a cost of £220. As
this is the lowest cost of any components, the influence on the
overall costs is very low. In addition, two bladder accumulators
with a volume of 10 L are chosen for the hydraulic accumulators
in the load arrangement, which cost £1,220 each.

For the Up-THERM converter, hydraulic motors were identi-
fied for flow rates up to 200 L/min. However, the flow rate in the
hydraulic circuit when using n-hexane is 275 L/min and when
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Figure 3. Total and specific costs of both engines.

using n-heptane it is 360 L/min, given the pressure drop across
the hydraulic motor. Note that the design of the Up-THERM is
optimized for maximum power output, which is achieved as a
compromise in the value for the load resistance that achieves a
large multiple of the load (hydraulic circuit) flow rate and pres-
sure drop. By splitting the flow into two parallel branches, two
hydraulic motors can be utilized. With n-hexane as the work-
ing fluid, the Flowfit FFPMT200C (£460) hydraulic motor with
a maximum flow rate of 100 L/min and the Flowfit FFPMV400C
(£560) with a maximum flow rate of 200 L/min were chosen;
with n-heptane, two Flowfit FFPMV400C were chosen.

The ORC engine is also optimized for maximum net power
output, and requires two heat exchangers (evaporator and con-
denser). The area of the evaporator is 1.3 m? for n-hexane and
1.2 m? for n-heptane, resulting in costs of £17,700 and £17,300,
respectively. The area of the condenser is 2.2 m? for n-hexane
and 1.3 m? for n-heptane, at a cost of £20,100 and £17,500. Fur-
thermore, a pump is required for working fluid pressurization, at
a cost of about £3,800 with either n-hexane or n-heptane. Finally,
the working fluid is expanded in the expander, which contributes
£12,000 (n-hexane) or £9,000 (n-heptane) to the overall costs.

From Fig. 3, it can be seen that the largest cost component in
both engines is associated with the heat exchangers. However, in
the Up-THERM converter those costs contribute 85% (n-hexane)
or even 90% (n-heptane) of the overall costs, while in the ORC
engine the share of the heat exchanger costs of the total costs is
~75% for both n-hexane and n-heptane. Beyond this, standard,
low-cost and off-the-shelf components can be utilized for the rest
of the device, which explains the very low overall cost of the
Up-THERM heat converter. The fact that no pump is required,
for instance, saves up to £3,800 compared to the ORC engine.
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Consequently, the capital costs of the Up-THERM heat converter
are 19% lower than the capital costs of the ORC engine with n-
hexane and 21% lower with n-heptane as the working fluid.

In both heat conversion systems, due to the lower heat in-
put from the heat source (and rejection to the heat sink), the
heat exchanger areas are smaller when using n-heptane rather
than n-hexane as the working fluid, which results in lower heat
exchanger costs in both engines when n-heptane is employed.
In the Up-THERM heat converter the flow rate through the hy-
draulic motor is higher when using n-heptane, although this only
has a marginal effect on the costs as stated earlier. On the other
hand, since the ORC engine power output with n-heptane is
lower (see Table 1), a smaller expander is required, resulting in
lower costs. Consequently the ORC engine with n-heptane as the
working fluid costs £4,200 less (compared to n-hexane).

Finally, when considering the specific costs per unit net power
output (£/kW), n-hexane appears as the favourable working fluid
option, due to the much higher power output delivered by both
engines compared to the smaller increase in cost. It can also be
seen that the ORC engine has lower specific costs than the Up-
THERM heat converter, which can be directly attributed to the
higher power output from the ORC engine (even though the de-
vice cost of the Up-THERM is 20% lower). It is noted, however,
that these costs are only capital costs and do not account for oper-
ating expenses which are expected to move the balance in favour
of the Up-THERM. This is expected since the Up-THERM has
fewer moving parts and seals, allowing longer maintenance cy-
cles, and lower operating costs than the ORC engine.

CONCLUSION
A thermodynamic and economic comparison between a novel
two-phase thermofluidic oscillator termed Up-THERM and an
equivalent sub-critical and non-regenerative ORC engine was
performed in a specific application using two n-alkanes as work-
ing fluids: n-hexane and n-heptane. While the net power out-
put from the ORC engine is ~2 times higher than than from the
Up-THERM converter, the capital costs are approximately 20%
lower for the Up-THERM heat converter. This makes the Up-
THERM heat converter an attractive alternative for low-power
applications, where minimizing capital costs is highly desirable.
Operating expenses were not considered in this work, which
are expected to be much lower for the Up-THERM heat converter
due to its simple design and minimal number of moving parts.
Thus, the Up-THERM can be a viable alternative, especially in
applications that require low capital and maintenance costs. This
conclusion is made also on the basis that ORC systems are a
mature technology with which we have decades of development
and commercialization experience, whereas the Up-THERM is
still in the first stages of development. In particular, the present
effort was based on a pre-specified ‘first-iteration’ design for the
Up-THERM, with pre-selected working fluids and device design
that emerges as non-optimal in the chosen application.
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