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ARTICLE INFO ABSTRACT

Keywords: Sustainable and efficient refrigerants are essential due to increasing regulatory constraints on traditional high-
Air cycle GWP refrigerants. This study investigates the potential of natural refrigerants, specifically air, in Reverse
EXPng‘memann Brayton Cycles (RBC) for low-temperature applications. Unlike carbon dioxide and ammonia, which pose
Modeling

limitations and safety concerns below —40°C, air offers a safer and more versatile solution due to its
excellent thermodynamic properties and availability. An experimental RBC was constructed using automotive
components like centrifugal compressors, a radial turbine, and inter-coolers. These cost-effective and accessible
components shift the refrigeration paradigm. The RBC was tested to optimize the Coefficient of Performance
(COP) at —100°C while dissipating 2 kW, a typical scenario for whole-body cryotherapy (WBC). Key control
parameters included the pressure ratio of the centrifugal compressors and the position of the stator vanes
in the variable geometry turbine (VGT). The optimization process resulted in a COP increase of up to 28 %.
Additionally, a 1D gas-dynamic model validated these results, suggesting that different component selections
could enhance performance by 17% compared to the experimental optimum point. Air-based RBC systems
using automotive components can effectively achieve temperatures below —40 °C, offering a viable, eco-friendly
alternative to traditional refrigerants. This advancement addresses regulatory challenges and contributes
to the scientific community by providing a sustainable refrigeration solution using commercially available
components and demonstrating improvements through experimental data.

Radial turbine
Reverse Brayton cycle

1. Introduction CFC refrigerant fluid was established for the ongoing decades, bringing
the third generation of refrigerants from the decade of 1990s, which

The sought for alternatives in refrigeration technologies has been a focused on ozone layer protection. A notably successful effect was noted
constant concern since the first generation of refrigerant fluids came regarding ozone depletion, as reported by the World Meteorological
up during the X7Xth century. According to J.M. Calm [1], four gen- Organization [5], contrasting with a worsening climate change situa-
erations of refrigerants are distinguished. From 1830 to 1930, the tion and the global average air and ocean temperatures increase during
first period is defined as “whatever worked” and gases were either the 2000s [6,7]. The high global warming potential (GWP) level of
flammable, toxic, reactive, or a combination of them [2]. Looking most fluorochemicals (F-gases) came up with the 4th generation of

for safety and durability, a second generation of refrigerant fluids
came up during the decade of 1930s [3]. Fluorochemicals led then
the market for more than 50 years. Chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs) allowed the spread of refrigera-
tion technologies worldwide, contributing to industrial applications,
thermal comfort as air conditioners and heat pumps, and preserving
products, such as food, drugs, and vaccines. However, the CFCs had a
huge ozone depletion potential (ODP), which caused great concern and
provoked the international treaty of the Montreal Protocol, first signed
in 1987 with subsequent amendments [4] to be specifically designed
to protect the ozone layer. A progressive phase-out of almost every

refrigerants from 2010 in advance, where low-GWP refrigerant fluids
should help mitigate global warming [8].

Under the exposed situation, using natural refrigerants is an at-
tractive solution to meet the requirements of this fourth generation of
refrigerants [9]. Ammonia, carbon dioxide, water, hydrocarbons, and
air have null ODP, zero or very low GWP compared with fluorochem-
icals, and their safety and availability, despite being variable among
them, are usually higher and more economical than F-gases.

Ammonia (R-717) is a widely used refrigerant for medium and
large-scale refrigeration systems. Both GWP and ODP values equal 0O
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Nomenclature

Symbols and acronyms

A Heat transfer exchange area [m?]
ayGT Angle of turbine stator vanes
CAPEX Capital expenditures

CcC Climatic Chamber

CCyc Closed cycle

CFC Chlorofluorocarbon

CcOoP Coefficient of Performance [-]

¢, Specific Heat at Constant Pressure [J/kg/K]
EC Electric Compressor

GHG Greenhouse gases

GWP Global Warming Potential

y Specific heat ratio

n Corresponding Efficiency [%]
HCFC Hydrochlorofluorocarbon

IC Inter-Cooler

LMTD Logarithmic Mean Temperature Difference
il Mass Flow Rate [kg/s]

MFR Mass Flow Rate [kg/s]

n Rotational speed [rpm]

0oC Open cycle

ODP Ozone Depletion Potential

OPEX Operational expenditures

p Pressure [bar]

z Pressure ratio

(0] Exchanged heat in an intercooler [W]
0 Heat flow [W]

O, Water flow rate [kg/s]

RBC Reverse Brayton Cycle

Re Reynolds number [-]

REC Recuperator

SF Scaling Factor of the turbine

T Temperature [K]

TCC Turbocharger Compressor

ThC Thermocouple

Turb Turbine

U Heat transfer coefficient [W/m2/K]
VEMOD Virtual Engine Model

VGT Variable Geometry Turbine

/4 Work

WBC Whole-Body Cryotherapy

Q Nondimensional turbine speed

Subscripts and superscripts

0 Total conditions

a Air

CcC Climatic Chamber
comp Compressor

EC Electric Compressor
IC Inter-Cooler

in Inlet side

out Outlet side

RBC Reverse Brayton Cycle
Rec Recuperator

TCC Turbocharger Compressor
TL Thermal load

Turb Turbine

w Water

Corrected quantity

for this gas. However, its toxic and flammable properties demand strict
safety protocols, often using indirect systems in various applications.
Despite these risks, its pungent odor is an early warning system for
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potential leaks. Its miscibility with water makes water cleaning systems
effective for containment. The ignition temperature of ammonia is
651 °C, being then classified as moderately flammable since it requires
a robust ignition source. While its production cost and availability
are way better than synthetic refrigerants (being a byproduct of the
Nitrogen cycle), its corrosive tendency when combined with water
is a notable disadvantage, particularly for copper alloys commonly
used in refrigeration systems, thus increasing maintenance costs com-
pared to systems employing other refrigerants. Its applications can
be found in both vapor compression systems [10] and absorption
systems [11]. The boiling point of ammonia is —33 °C, and its melting
point is —77.7°C, limiting the range of actuation, especially for vapor
compression systems.

Carbon dioxide (R-744) has zero ODP and a GWP of 1 since it is
the reference gas for the index. It is a non-flammable fluid, and while
being non-toxic, it can displace the oxygen concentration in breathing
air, leading to suffocation and requiring room indicator sensors. It is
considered economical compared with F-gases since it can be obtained
as a waste product. These refrigerant systems require high working
pressures, ranging from hundreds of bar. However, this high pressure,
together with the low molar mass of the CO, particle, reduces the
volumetric flow, thus the facility dimensions. It is employed in food
plants [12], marine installations [13]. The use of CO, as refrigerant can
cover processes up to —40°C [14], allowing lower temperatures than
ammonia, but again is limited to the range above those —40 °C.

Water (R-718), by its part, used as a refrigerant for high-temperature
applications (because of its freezing point at 0°C) is a safe option. It
has no dangerous properties such as flammability, toxicity, or explosion
hazard. Besides, it has null ODP and <1 GWP, and it is free of future re-
strictions from laws becoming more strict. The cost is one of the lowest
since tap water can be used for refrigerant purposes. Any facility using
water as the refrigerant fluid has great operation safety, and pressure
ratios are not so high (mainly between 1-10 [15]). The application of
water as a refrigerant is done through vapor compression systems, with
geometries of the compressor going from centrifugal [16] to screw [17],
roots [18] or axial water vapor compressors [19]. However, the range
of cryogenic refrigeration is inaccessible for these systems.

Hydrocarbons (HC) such as propane (R-290), propylene (R-1270)
or butane (R-600) have been used as refrigerants especially in the
petrochemical industry, such as refineries, due to their flammability
and explosion limits since those industries are adapted to the treat
of flammable fluids [20,21]. According to International Standard IEC
60335 and European Standards EN-378, if HC refrigerant is charged
below 150g, it can be used safely in closed cooling systems without
additional safety precautions [22], but measures have to be taken
over that quantity of refrigerant, limiting the application to small-
sized facilities in several fields. Some authors, such as Giménez-Prades
et al. [23], pointed out its low GWP value as a promising alternative
for conventional refrigerants mixing R-290 with other fluids to reduce
flammability.

Air (R-729) is the safest and cheapest refrigerant from the above-
mentioned options. Among its properties, there can be listed null
ODP and GWP, minimizing as far as it can be the emissions to the
atmosphere; plenty availability, ambient air is entirely viable to be
used in any refrigerant cycle, being only necessary to deal with its
humidity, and, if necessary pollutant filters; highest safety standards
accomplished, non-flammable, non-toxic, and of course, breathable.
Again, as it was noted with the water case, there is no reason to ban
the use of air as a refrigerant in any case with future regulations. Any
facility using air would only be out of phase because of its components
if there are better options in the market, but not for the fluid itself
(as it happens with other refrigerant fluids having life expectancies
between 10 and 20 years [24]). Besides, the operation of air cycles
is highly safe, pressure ratios are small (mainly in the range 1-5),
any leak is repairable, and would only affect efficiency in what are
considered as indirect emissions [25]. Compared with ammonia and
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carbon dioxide, the freezing temperature of the air is much lower
(—194°C), and much lower temperatures can be achieved, covering the
range of temperatures below —40°C and reaching temperatures below
—100°C without any problem. This feature converts air systems into a
viable alternative, especially for that ultra-low temperature range of ap-
plication. There is no consensus about which can be the alternative for
F-gases at those temperatures for purposes such as vaccines and other
heat-sensitive health products [26] since current extended options are
HFCs as Fluoroform (R-23) with a GWP value of 12400 or hydrocarbons
as ethane (R-170) with an A3 ASHRAE classification [27]. Air systems
seem well suited to accomplish both A1 ASHRAE and low-GWP. Also,
air-based cycles could then cover other liquefaction tasks as shown in
the works by Capra et al. and Jin et al. [28,29].

Its greatest disadvantage is the reduction in COP compared with
F-gases, but the absence of taxes and no restrictions on future use
turn this type of cycle into a matter of study where different ap-
plications have been studied as refrigerated transport [30,31], food
freezing [32], cleaning and preserving vehicles, structures, or cultural
heritage [33], heat pumps [34], aircraft cabin conditioning [35], or
whole-body cryotherapy [36], with the advantage of avoiding anoxia
cases due to direct injection of vaporized nitrogen gas [37]. To deal
with the COP limitations, the study of the exergy destruction ratio
reveals that the increase in efficiency of certain components (mainly
the expander [38] and the compressor [39]) is vital to raising COP
to its technological limits, making then air-cycles competitive with
other alternatives. Using turboexpanders and compressors presents cou-
pling problems that have been addressed in the literature for open-
loop RBCs [40] and regenerative RBCs [41], proposing optimization
methods for this kind of cycles [42]. Other studies as [43] showed
an experimental cascade refrigeration system able to work between
—100°C and —170°C that showed a COP of 0.127 for —100°C. [27]
presented a Linde-Hampson refrigerator system trying blends of low-
GWP refrigerants to replace R23 for applications below —40°C, but a
COP below 0.1 was shown for all the studied range of temperatures.
Using blends of different refrigerants with R23, [44] obtained a COP
of around 0.6 for a minimum temperature of —85°C with a cascade
system. Another RBC using a turboexpander [45] has recently shown
an analysis for temperatures between —55°C and —135 °C with a max-
imum cooling capacity of 400 W when the temperature is —100°C
and offering COP values in the range of 0.1 for that temperature.
This work addresses the optimization of a reverse Brayton cycle (RBC)
experimental facility, and a method to optimize COP for a desired
objective in temperature and refrigeration capacity is developed and
experimentally tested. After that, a thermo and fluid dynamic model
of the facility is depicted, showing the validation of each component,
and results for the whole cycle are shown. Finally, an analysis of the
results obtained and how to further improve the COP of the cycle by
choosing more suitable components is done thanks to the development
of the gas-dynamic model of the facility.

2. Description of the RBC

The testing facility designed for evaluating the performance of
automotive components as a refrigeration cycle is shown in Fig. 1.
Its dimension is approximated as 1.6m?, but this figure is far from
being optimized and can be further reduced, even though, in [46],
a similar RBC is developed with a similar volume. The present RBC
includes several measuring sensors for research purposes that would not
participate in a commercially developed facility. To better understand
the cycle, a scheme is illustrated in Fig. 2. The system counts with
a series of three compression stages, enhancing efficiency compared
to having just one compressor doing all the work. Consequently, the
turbine regime is not attached to the speed of the main compressors,
which are electrically driven compressors (EC) by two e-motors. We
then have the first two degrees of freedom for the facility, with the
independent control of the speed of each EC. The components are
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Fig. 1. Reverse Brayton Cycle test rig.
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Fig. 2. Reverse Brayton Cycle diagram.

Rotrex® models EC15-60 and EC15-20 [47]. The turbine power gener-
ated in the expansion process (used to cool down the air temperature
at every moment) is used in the third compression stage. The main
characteristics of the employed turbocharger are shown in Table 1.
After the first and the third compressors, there are two water inter-
coolers, with a double effect of increasing compression efficiency and
reducing the temperature at the inlet of the recuperator, which would
lead to minimizing the temperature at the turbine inlet.

The RBC developed can actuate both as an open-cycle or closed-
cycle system. The closed cycle is performed through a heat exchanger
placed on the upper side of the climatic chamber (CC), as shown in
Fig. 3. Open-cycle means blowing cold air directly to the climatic
chamber versus closed-cycle, that is when air passes through a heat ex-
changer, which allows different pressures downstream the turbine (Re-
sults from closed cycle can be seen in the work by Serrano et al. [41]).
The climatic chamber was equipped with several thermocouples evenly
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Fig. 3. Climatic chamber used in the RBC facility for temperature measurements.

Table 1

Specifications of the turbocharger.
Turbine
Wheel diameter 34.5 mm
Stator vane number 11
Rotor blade number 9
Max. reduced mass flow 15 kg s7! K% MPa™!
Max. reduced speed 108.3 Hz K%
Compressor
Wheel diameter 46.5 mm
Max. corrected mass flow 0.16 kg s!
Max. corrected speed 170 krpm
Shaft diameter 5.8 mm

distributed to build a map of temperature field distribution inside the
cabin, following the work done by Anténio and Afonso [48]. Before
entering the climatic chamber, the air passes through a cyclonic sep-
arator where condensation droplets are removed from the air stream,
removing ice growth in any part of the system and allowing it to work
with natural fresh air. Once the climatic chamber is surpassed, the
air returns to the recuperator, which will use the low temperature to
reduce the turbine inlet temperature, returning then to the inlet of
the first compressor. This paper will discuss open-cycle distribution for
every studied case. Since the climatic chamber is not designed to stand
pressure differences with the ambient, the pressure at the inlet of EC1
will always be closed to ambient conditions (a bit lower because of the
pressure drop the system provokes between stages 9-1).

The turbocharger uses oil-fed journal bearings, which, according to
different sources [49,50], are not the best choice since they dissipate
a significant amount of shaft power due to viscous losses in the oil
films (25% according to Spence et al. [46]), other options as air
bearings, magnetic bearings, or high-speed ball bearings became of
higher interest. However, the high market availability and low cost
of turbochargers equipped with oil-fed bearings make them a suitable
choice for a facility that pretends to be cost-effective in terms of CAPEX
and not intensive in use to contain OPEX. No change was made to
the original components of the turbocharger, nor was there any other

component of the cycle, making it the most accessible prototype to ob-
tain a cryogenic system, thanks to the availability of every component.
The turbocharger was tested in a gas stand before its coupling to the
RBC [51]. The turbine counts with a variable geometry stator, where
the vanes can be placed in different positions, changing the mass flow
rate through the facility and adding a third degree of freedom.

The measuring sensors referred to in the previous paragraph are
depicted in the scheme of the facility (Fig. 2). Thermocouples and
pressure sensors have been placed upstream and downstream of each
element in the cycle to assess its performance and gather data for
diagnosing and constructing a thermal and fluid dynamic model of
the test rig. The features of the transducers employed during the
experimental study in the reverse Brayton cycle were:

« Mass flow rate: It is worth noting that although mass flow me-
ters from a turbocharger gas stand were employed to measure
turbocharger mass flow rate (MFR), as documented by Serrano
et al. [51], they were not directly utilized within the RBC facility.
However, the turbomachinery adiabatic maps obtained from the
gas stand were representatives for measuring the RBC’s mass flow.
Measurements described in the aforementioned work [51] were
taken at both the inlet and outlet of the turbine and compressor
using hot-film and vortex mass flow meters. These were calibrated
for air, accommodating a maximum flow rate of 0.200kgs~'. The
uncertainty of the device followed a uniform distribution, with
a deviation of 1.1 % from the measured value for measurements
exceeding 0.005kgs~!, and the disparity between the inlet and
outlet was verified. The same actuation took place with the ECs.
They were characterized in a gas stand to build performance maps
and then used as transducers. Having up to 4 devices to check the
M FR (EC1, EC2, TCC, and the turbine) was sufficient to ensure
the accuracy of M F R measurement.

Temperature: Three T-type thermocouples were positioned up-
stream and downstream of every element. They were radially
distributed at the same diameter, separated by 120° between each
thermocouple, and inserted to varying depths at 1/2, 1/3, and 1/4
of the pipe diameter. The uncertainty associated with them was
0.5K. In order to minimize propagated uncertainty, each channel
in the acquisition system underwent individual calibration.
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« Pressure: Piezoresistive transducers for absolute pressure were
utilized at every cycle stage. They were positioned upstream of
the thermocouples to prevent measurement distortion. Their mea-
suring range ranged from 0-2.5 bar to 0-6 bar, with an uncertainty
exhibiting a non-linearity of 0.5 %.

The uncertainties associated with measured physical quantities,
such as temperature or pressure, are carried over when calculating de-
rived parameters like any component efficiency, COP, or refrigeration
capacity. In this study, the variability in calculated variables has been
assessed through an uncertainty propagation analysis. This uncertainty
analysis is crucial for ensuring the acceptability of the precision of
derived variables. When the statistical probability distribution of a
variable can be assumed, its value can be determined with a confidence
level. The methodology employed in this study follows the guidelines
outlined by the Joint Committee for Guides and Metrology [52] and
has been utilized in previous research endeavors [41,53]. A coverage
factor of k = 2 has been adopted, implying that, under a normal
distribution assumption, the actual values of the derived variable z fall
within the range [z — k - u,, z+ k - u_] with a confidence level of 95 %,
where u, represents the uncertainty of the derived variable z. Before the
start of the experimental campaign, sensor measurements were Cross-
checked against calibration instruments to mitigate systematic errors,
thus focusing solely on random contributions. The uncertainty (u,) of
a derived quantity z can be determined using Eq. (1). For simplicity,
Eq. (1) can be linearized and simplified by incrementally perturbing
the mean values with their respective uncertainties:

n 2 n )
ui:Z((;)T_Z) -uﬁizZ[z()'ci+u)—ci)—z(ii)] (€D)]
i=1 i i=1

Where X, x5, ... X,, are the mean of the measured quantities.

In previous analyses, the capacity of the cycle has been tested, and
up to —145°C have been achieved in the turbine outlet [41]. Despite
covering much of the working capacity of the RBC in those tests, the
adequacy of the power needed by each electric compressor for a specific
operating point was not evaluated, and there is room for improvement
in the COP. For the ongoing analysis, the definition of COP applied will
be as shown in Eq. (2)

cop — (Tout.cc = Tincc)

(Tout,ECl - in,ECl) + (Tout,ECZ - in,ECZ)
(Ty - Tx)
(T, -T)) + (T, - T3)

(2

The COP depends on the efficiency of both electric compressors
(ECs). For each operating point, an optimal combination of EC effi-
ciencies results in the highest aerodynamic COP. This analysis excludes
electrical losses in the ECs, such as derating or transmission losses.

3. COP optimization procedure

Given the degrees of freedom in the system, an optimal COP is
sought. Various speeds will be applied to the electric compressors, and
the blade opening in the turbine stator will be utilized. The target point
is set to cool 2kW at —100°C in the climatic chamber. This working
point is a case scenario for whole-body cryotherapy (WBC) [36,54],
involving temperatures between —40°C to —180°C, while 2 kW could
be between one and two people depending on the mass and height
of the person. Different electric compressor speeds offer a variability
of compression ratios, and with the variable geometry turbine (VGT),
control over the mass flow passing through the installation is achieved.
Since there are two electric compressors in the facility, three variables
come into play: n;, n,, and aygr. Being n,, and n, the rotational speed
(expressed as a percentage of the maximum allowable values) in both
of the electrically driven compressors and aygy the position of the VGT
stator-blades, varying its value between 0 and 100 (O for the narrowest
possible channel and 100 for fully opened position).
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Fig. 4. COP vs MFR for equal speed regimes in both ECs. Experimental results
dissipating 2 kW at —100 °C.

The facility counts with an automatic control system that is able
to adjust parameters through a proportional-integral-derivative (PID)
control to achieve a desired purpose, in this case, the temperature
of —100°C inside the climatic chamber. The parameters that the PID
can actuate on are n; and n,. Meanwhile, aygy has to be manually
modified since there is no automatic control on the vane position.
Since an experimental optimization process is performed, time matters,
and a procedure for the experiment must be established. Based on the
work from Spence et al. [46] that showed there is an optimum M FR,
alongside a maximum overall pressure ratio (that offers a maximum
COP) for a specific operating point (the refrigeration capacity at the
desired temperature), a preliminary test is done varying aygr and
adjusting both speed regimes with the PID using the link equation
n; = n, (as it was done for every studied point by Serrano et al. [41]).
The result of this experiment is shown in Fig. 4, showing a clear trend
where a range of mass flow rates optimizes COP. In this case, the
optimum M FR is around 0.134kgs™!, offering a COP of 0.105. For both
higher and lower M F Rs, achieved varying aygr, the COP of the system
decreases rapidly, lowering by a 5% at 0.126kgs™' and 0.144kgs~!.
There is a trade-off between all the components participating in the
cycle to get the desired cooling power. If the M FR is too high, the
added work needed from the compressors to move that air mass flow
penalizes COP; besides, the optimum efficiency area of the compressor
must be considered. The minimum temperature achieved is a function
of the turbine efficiency, so aygr must be placed in a sufficiently good
position to ensure the performance of the expansion process.

The two electric compressors are different models. Thus, they do not
have the same optimum efficiency ranges of operation. While EC1 offers
a wide operating range at its peak (Fig. 7), EC2 shows better behavior
at low regime speeds (Fig. 8). According to [38], there are chances of
increasing COP with a higher EC2 efficiency. Consequently, an upper
bound for #, is set at 70 % of its overall capacity, compensating the lack
of compression ratio controlling »n; with a PID. Thus, n, and aygy will
be varied independently following the scheme shown in Fig. 5. The goal
is to obtain the combination of parameters (1, n, and aygt) that offer
the maximum COP value. First, a rotational speed below 70 % of n, for
the second electric compressor is set alongside an aygy position. Then,
aygr is actuated in one direction, changing the stator vanes position
and varying the mass flow through the system until a decrease in COP
is noticed. After that, the vanes are moved in the opposite direction (if
at first, they were more open each time, now the aim is to close them)
to find another change in the trend in COP. That way an optimum aygr
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is found for a certain n,. From the local optimum point found of aygr
position, a variation of n, is done following the same process as done
before with aygr. The repetition of this process drives the convergence
of a combination of aygr and n, offering an optimum COP for the
established target.

The way the cycle is designed (with no cooling phase between EC2
and TCC) favors a better performance when 7y, is reduced (besides
its increase in efficiency because of the compressor map distribution),
the temperature at EC2 outlet is lower, and therefore the temperature
received by the TCC decreases, minimizing the heat transfer between
turbine and compressor in the turbocharger and increasing the pressure
ratio in TCC for the same VGT power. In the case of the present RBC,
unlike other turbocharger applications, the compressor is much hotter
than the turbine, and the higher its temperature, the more affected the
cooling capacity of the turbine will be. Thus, by minimizing the outlet
temperature of EC2, the RBC has the advantages of a system with series
compressions, reducing the need to add an extra cooling stage before
TCC. Combining the optimization of 7y, with the variation of aygr, to
place the system at the optimum M F R, will maximize COP. However,
this could affect turbine performance since the optimum range in M FR
could not match the aygy that offers the best efficiency for the turbine.
This is expected because the turbine was selected from a field different
from refrigeration, specifically the automotive industry. The chosen
turbine was picked according to the M FR of the electric compressors,
trying to fit best with their operating maps. A modeling tool will be
used to check the effect of modifying the turbine size.

4. RBC computational model

As it has been explained, the idea of optimizing the cycle might
take into account the scale of the turbine and its adequacy with the
range of M FR that optimizes COP. It is an element readily available
in the market, allowing the exploration of substitutes of different sizes.
This is a matter of high interest according to the results from Serrano
et al. [38], where it was noticed that for an RBC operating with air, the
efficiency of the turbine is the most important parameter when looking
for an increase in COP. Hence, with a modeling tool, the turbine size
can be scaled up or down while maintaining the performance properties
to guess how much enhancement potential there is just by changing the
VGT size.

A 1D model of the whole cycle is developed in VEMOD (Virtual
Engine Model), a gas-dynamic software created in-house by researchers
at CMT-Clean Mobility & Thermofluids, in which its researchers have
full control of the physical models implemented in it [55]. The cycle
scheme has been built as depicted in Fig. 6. The pipes of the facility
were modeled according to the display shown in Fig. 1, being the
reason why between EC2 and TCC there is a 3-segment pipe involving
two straight ducts with a bent in the middle. The VEMOD scheme of
the RBC is separated into three areas: the hot side, involving the two
electric compressors and the two intercoolers; the cold side, counting
with the climatic chamber, modeled as an intercooler with a heat
source applied, and the cyclone, modeled as a straight pipe plus a bent
pipe, to simulate the pressure loss provoked; and a third area that is
marked as “connection to ambient” that models how a relief valve
always keeps the climatic chamber at ambient pressure, with the two
reservoirs being infinite deposits of air at ambient conditions. Two PID
actuators are connected to the valves to let air flow in or out of the
climatic chamber if there are pressure changes in the cycle. Between
the hot and cold sides, two components belong to both of them: the
turbocharger, with the turbine on the cold side and the compressor on
the hot side, and the recuperator, with the points marked as 1, 4 being
cold, and the points 2, 3 hot. The operating maps of the two electric
compressors were measured in the supplier gas stand. Experimental
results have been used to validate these maps, resulting in Figs. 7 and
8. The latter can be used to check how EC2 (Fig. 8) becomes more
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Fig. 5. Flowchart of the proposed optimization technique with COP optimization
as objective function, while maintaining a constant dissipated power at a given
temperature (2kW & —100°C at present study).

interesting with the use of lower EC2 speeds, enhancing compressor ef-
ficiency, meanwhile EC1 (Fig. 7) showed a better behavior for medium
and high speeds. These figures show the total to total pressure ratio

of the compressor r,

comp against is corrected mass flow M FR* for a
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Fig. 6. Scheme of the thermal and fluid dynamic model of the RBC developed in VEMOD [55].
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Fig. 7. EC1 map with experimental points from RBC testing facility.

range of corrected speeds M omps and includes the compressor adiabatic
efficiency #on,- Both electric compressors have been experimentally
tested trying to cover their whole operating range in terms of mass flow
(varying aygr) and rotational speed (through n; and n,). The model
has proved accurate in replicating the experimental response for every
covered map area. In this case, there can be seen points following an
isospeed line for a range of M FR, that corresponds to constant n;, n,
tests, and clouds of dispersed points in the upper side of the map plotted
in Fig. 7. That cloud of points is the result of the optimization procedure
applied, being those the conjugate points of the sequence of points that
cross perpendicularly the 100 krpm speed line plotted in Fig. 8, when
searching for the optimum combination of speed regimes, combined
with aygr position, that showed its influence in Fig. 4.

Two different models were applied to the turbocharger. On the one
hand, the compressor was modeled as shown in [51], since the same

turbocharger was employed, based on a wide experimental campaign
performed on a turbocharger test rig. Experimental results obtained in
the RBC through different testing campaigns showed a good agreement
with the modeled map of the TCC, according to Fig. 9. It must be
considered that the points tested at the RBC facility were not planned
to build a whole compressor map by themselves, and that there are
different clusters of points corresponding with the different power
levels applied to the ECs. That is the reason why the points get together
in different areas, but they are not on the same isospeed line. It can
be noticed how, despite the wide variation in M F R between different
points tested, the pressure ratio of the TCC remains in low values,
below 1.25. Corrected speeds obtained in the RBC indicate that the
turbocharger is far from being at high speeds, taking into account re-
sults from Serrano et al. [51]. Besides, the distribution of experimental
points shows how they lie closer to the choke than to the surge area,
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Fig. 9. TCC map with experimental points from RBC testing facility.

being on the area of the map where the isospeed lines are vertical. With
this information, it can be deduced that the TCC size could be increased
for the present RBC. That could lead the points to lie in the optimum
efficiency area, given that in Fig. 9 none of the points are placed on
that area, no matter the workload.

Unlike the compressor, the turbine map measured by
Serrano et al. [51] was not useful since the ultra-low temperature
conditions in the RBC changed turbine performance compared to the
adiabatic measurements, as it was concluded in work done by Serrano
et al. in [41], where the extreme cold conditions affected turbine
efficiency, having lower peak efficiencies in the RBC facility than in
the turbocharger test bench. Therefore, a new turbine map was built
and fed with experimental points exclusively obtained in the RBC test
bench. The map counted with ayg positions up to 40 %, being this the
widest one tested at the RBC, since the COP of the facility decreased for
every test done in positions over that one, indicating that the turbine
size would be bigger than needed for the RBC. Thus, through different
experimental campaigns involving different target temperatures, from
0°C to —150°C, and a range of thermal loads downstream the turbine,
various aygr positions and expansion ratio were tested. As part of the
employed dataset, in Fig. 10 there can be seen three aygy positions,

each of them with three reduced speeds tested. The turbocharger model
developed by Serrano et al. [56,57] was used to extrapolate a whole
map, obtaining a good accuracy in the obtained model. Peak efficiency
points obtained are in the range of 0.6. Meanwhile, according to results
from Serrano et al. [51], up to 0.7 was expected for aygr of 40 %.
However, as it has already been announced, the COP of the facility
for aygy of 40 % was far from the optimum, and the efficiency of the
turbine in the RBC did not reach the peak efficiency value reported by
Serrano et al. [51] in a gas stand.

Based on these results, using a scaling tool for the modeled tur-
bocharger is justified since the turbine and TCC performance showed
them to be wrongly sized for the facility. The turbine is oversized,
and the turbocharger compressor could be bigger to offer a higher effi-
ciency. However, in this analysis, the scale factor available in VEMOD
(other examples of applications can be found in [58,59]) will be applied
only to the turbine since it is the most influential component for COP
improvement [38].

The scale factor will be applied to the turbine based on its inlet
conditions to operate at high-efficiency points across different speeds.
This scaling maintains the similarity in the turbine by keeping non-
dimensional groups constant. Non-dimensional mass flow and speed,
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Fig. 10. Turbine map built with experimental points from RBC testing facility.

calculated using Egs. (3) and (4) are employed for this scaling:

mA/y RTy,
D2P01V

o=-ND_ )

VY RTy,

Adiabatic maps are generated to calculate efficiencies, which are
assumed constant for all operating points. Actual efficiencies are then
determined by calculating heat transmission and friction losses, which
vary with geometric changes due to the scaling factor applied in each
case.

The coolers were modeled using the experimental dataset from
the RBC facility; water mass flow and inlet temperature and air mass
flow and temperature at both the inlet and outlet in each cooler were
employed to obtain the amount of energy heat transferred to the water.
The exchanged heat in each intercooler, Q, is defined by Eq. (5)

m=

3)

O=U-A-LMTD (5)

Where U is the heat transfer coefficient, a measure of how the IC
exchanges heat; A is the heat transfer exchange area, this is, the surface
of tubes and fins used to exchange heat between air and water; and
LMTD is the logarithmic mean temperature difference, a measurement
of the average temperature difference between the fluids involved in
the heat exchange process. As U and A are internal parameters of the
IC and U varies under different operating conditions, a new parameter
is defined as UA (Eq. (6)), and it is obtained for each point of the
experimental dataset.
__©0

LMTD
After that, a correlation was built to link the UA value of each cooler
to their operating conditions. Water flow rate, Q,,, Reynolds number,
and the variation in temperature in the air side of the IC were chosen
as the parameters to build the correlation. The expression is shown in
Eq. (6):

Yua = Q‘:U . Rezi”’n . (Tair,out - Tair,in)c ™

Where a, b, and ¢ are constant parameters adapted for each IC to
optimize the expression adjustment to the experimental dataset through
a linear regression. Results from the adjustment for IC1 and IC2 can be
seen in Fig. 11. Each IC has its own axis to define its U A since the
parameter achieves one order of magnitude more in the case of IC2
(because of the higher demand that suffers due to the two subsequent

UA (6)
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Fig. 12. Pinch point in the recuperator comparison between experimental and
modeling data.

compression stages in EC2 and TCC before entering IC2). The x-axis of
the plot has been normalized with the maximum value of v, , obtained
for each IC. This is the reason why values are contained between 0-
1, calling this corrected parameter y; 4 *. Both ICs responded well
to the built correlation; the coefficient of determination, R?, is over
0.98 for IC1 and 0.99 for IC2. Therefore, the results were added to the
computational model.

The recuperator counted with an efficiency correlation provided by
the manufacturer depending on the mass flow, which was introduced
in the model. Pressure losses were characterized experimentally with
pressure sensors placed at their inlet and outlet ducts. Results of the
modeling of the recuperator can be seen in Fig. 12, showing how the
model fits the experiment results with a maximum discrepancy of +3 °C.
Besides, the climatic chamber where the thermal resistance was placed
was also characterized in terms of pressure losses, allowing the model
to estimate the overall performance of the cycle based on the M FR
through the facility.

With all of the present adjustments, a whole RBC model was built,
permitting the attainment of results from different cycle configurations
and saving time and money invested in the experimental test rig.
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Fig. 13. Pressure evolution in the RBC. Model validation against experimental results.

However, despite having modeled every element separately, they must
replicate the cycle performance under different circumstances to show
the model utility. To do so, two different RBC operating points are
shown, with the target mentioned in the previous section (to cool
2kW at —100°C in the climatic chamber). A combination of aygr and
n, that offered an optimum COP and another combination of these
parameters that did not reach an optimum COP in the facility are
shown in Figs. 13 and 14. In Fig. 13 the pressure evolution through
stations 1-9 (numeration is done according to Fig. 2) is shown. Each
polygon vertex represents one of those stations, corresponding with the
places where thermocouples and pressure sensors were placed in the
experimental facility. It is appreciated how the modeled cycle (dotted
lines) replicates the experimental results with high accuracy for the
two cases depicted. A slight overestimation in pressure can be observed
between 6-7, meaning that the pressure loss in the recuperator is
underestimated, with the maximum pressure differences recorded in a
+60 mbar range. Additionally, the affection of the control parameters to
the cycle can be well observed since a lower 7, (p4/p3) is needed in
the optimum case (circle dots) while zg-, (p2/p1) remains mostly equal
for both cases. A better choice in aygr reduces the needs in terms of
pressure, and the ability to reduce 7, drives an increase of efficiency
according to Fig. 8, enhancing the performance of the overall cycle.
In Fig. 14, the evolution in temperature through the whole cycle is
depicted. Maximum differences of +4°C were found between experi-
mental and model results, reported in this case after the compression
stage in EC1 (T2/T1), meaning that if a good pressure agreement
was obtained, the efficiency of this element should be improved in
the model. Nonetheless, in every case, experimental and modeled, the
target is sufficiently achieved, 173K (—100°C) at station 9. If in the
experimental procedure section, it was explained that the test rig was
equipped with a PID that controlled n;, the same has been modeled in
VEMOD, and a PID controller was varying the rotational speed of EC1
until convergence of target temperature was obtained at station 9. Since
the temperature leap provoked by the expansion of the turbine is not
quite big (below 30 °C), small inaccuracies in turbine efficiency are not
a major issue, and the model will predict the experimental behavior.
As it happened in the pressure analysis from Fig. 13, the maximum
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temperature achieved in the optimum case is lower than in the non-
optimum. This is due to the lower demands in the overall pressure ratio
since the compressors would not need to increase that much pressure
and temperature. Once again, the agreement in obtained temperature
for each element analyzed is good between experimental and modeled
cases, and the model is shown to be operative and valid for analysis
purposes.

To better understand the process, the two experimental cases shown
in Figs. 13 and 14 were plotted in a temperature-entropy diagram,
resulting in Fig. 15. It can be seen that the low-pressure side of the
cycle (8-9-1) is equal mainly for the two cases since it is dependent
on the boundary conditions. Once the expansion occurs in the turbine,
pressure is fixed at ambient conditions since the climatic chamber
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Fig. 16. COP vs M FR using the optimization technique proposed in Fig. 5 in the RBC
facility. Experimental results dissipating 2kW at —100 °C.

cannot stand pressure differences with its surroundings. Point 9 is
asked to be at —100°C, and point 1 is determined from the water
line (Fig. 14) and the losses in the circuit (equivalent between cases
because MFR is at the same order of magnitude). From that point,
changes between cycles begin to be noticeable, and the optimum case
requires less compression work in each of the three stages between
point 1 and point 5. The compression stage segment corresponding to
EC2 (3-4) is much shorter in the optimum case, reducing the work
and increasing COP. Point 6 for each case has approximately the same
temperature again due to the water line temperature. Finally, looking
at the expansion segment (7-8), it is clear that the turbine efficiency
is higher in the optimum case since it has a greater slope closer to the
isentropic process.

5. Results discussion

Following the procedure from Fig. 5, an optimization process was
done, showing experimental results in Fig. 16. A first try with n, =
63 % was done for 10 different aygr positions. M F Rs from 0.122kgs™!
to 0.146kgs™! were covered just by changing the vanes of the turbine
stator for each point. Meanwhile, n, was kept constant, and n, adjusted
to meet the target temperature. A giant variation in COP can be seen in
the dark blue circles since for the smaller M F R, the COP is slightly over
0.105, whereas in M FRs between 0.13kgs™! and 0.14kgs™! kg/s, the
COP is rather constant at 0.12. Finding an optimum aygy for that n, =
63 %, COP can vary over 15%. Moreover, at this point, the procedure is
similar to the one shown in Fig. 4, where the optimum COP was 0.105
at 0.133kgs™!, and the range of optimum M FR is found to be the same
in both cases, but offering a higher COP just by setting EC2 at a higher
efficiency point. Once the boundaries of optimum aygy for a certain n,
have been found, the next step of the process is to fix the position of
aygr, and vary n,. In this case, it is decided to start by decreasing this
parameter, and soon, an improvement in COP will appear. This step is
illustrated with light green triangles in Fig. 16. Without changing the
angle of the turbine stator, it is checked how the range of M FR that
can be covered is much smaller. Studied M FRs go from 0.130kgs™! to
0.138kgs™!, and COP is increased up to 0.124 when n, = 55%.

After the two steps were performed, partial optimums of both
control parameters were found. However, they need to be double-
checked since aygp was found optimum for the first try in n,, but not
for the second. Then, with n, = 55% a new swept of aygr was done.
In this case (shown with dark green squares), a wider area of M FR
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Fig. 17. Comparison of the evolution of COP and nturb with M FR for different aygr
at constant n, = 63 %. Experimental results dissipating 2kW at —100 °C.

is covered with less impact on the COP, as it happened with the first
step of this optimization procedure since aygr affects the M FR more.
Values from 0.122kgs~! to 0.138 kg s~! were checked, with the optimum
being found at 0.133kgs~! where COP reached a value of 0.126 (it can
be seen how the room for improvement is being reduced with every
iteration, showing at the same time that the planned procedure works
in the desired way). A new step of the optimization process is done,
from the new optimum in aygr, new attempts of n, are completed.
This time, light blue diamonds represent the variation of COP for n,
over and below the aforementioned value of 55%. In both cases, COP
decreases markedly, as it happened with the procedure step marked
with triangles, indicating that COP is more sensible to changes when
aygr is fixed (at a position that keeps M F R in the optimum range), and
the efficiency of EC2 is changing with different n, values, finding n, =
55 % combined with aygy = 17 % to show the optimum performance.
Hence, with the available control parameters at the current facility,
it can be ensured that the optimum COP for cooling 2kW at —100 °C is
0.126, with a power consumption of the facility of slightly over 15kW.
Once the optimum parameters have been experimentally found, it
is certified that the chosen VGT is operating far from its optimum
efficiency since the aygy that offered the best COP was around 20 %.
This effect can be visualized at Fig. 17 where the corresponding turbine
efficiency is plotted for every tested point during the optimization
process for n, = 63 % (This one has been chosen since it counted with
the broadest experimental dataset). The correlation between aygr and
efficiency is mostly linear meanwhile at the lowest aygr position, with
an M FR of 0.122, the efficiency of the turbine is around 0.52, at
the maximum M FR measured, corresponding with the greatest aygr
value, the efficiency increases over 0.62. However, that increase only
positively influences COP until M FR reaches around 0.14kgs~!. The
weight of M FR in COP decreases overall performance from a specific
value of M F R, no matter how much the turbine performance improves.
This is due to the increase in compressor work necessary to move a
higher M FR to accomplish the same demand in refrigeration terms.
Once a particular M FR has been shown as optimum to maximize
COP for a certain application (fixed thermal load and fixed target tem-
perature), it can be appreciated how the aygp necessary to reach that
M FR differs from the one that offers the optimum turbine efficiency.
Results from Serrano et al. [38] showed how the turbine is the key
element when an increase in COP is sought. However, empirical results
shown in this work show evidence that the whole system needs to be
considered. The fact that the turbine vane position needs to be below its
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Fig. 18. COP vs M FR using the optimization technique proposed in Fig. 5 in the RBC
facility. Model in VEMOD results.

optimum efficiency to maximize COP indicates that a smaller turbine
would be desirable.

With the 1D model developed, a scaling of the turbocharger can
be applied. Since the optimum M FR of the facility is known, a new
control parameter is included in the model. Besides the target temper-
ature (that controls n;), aygr will be actuated by a PID controller in
search of the optimum M FR. Before that, a complete simulation of
the experimental optimization process shown in Fig. 16 is performed
to check how close the model becomes to the experiment regarding
COP. Overall results have already been shown in Figs. 13 and 14,
with the optimum cycle corresponding with the optimum found in
Fig. 16, and the non-optimum being one of the lowest COPs (MFR =
0.125kgs™! for n, = 63%). The good agreement when looking at the
general performance of the cycle in pressure and temperature (with
variations of +60 mbar and +4 °C) can show greater discrepancies when
looking at a derived component as it is the COP, obtained as shown in
Eq. (2).

Applying the optimization procedure sketched in Fig. 5 to the 1D
model offered the COP vs M F R distribution that can be seen in Fig. 18.
Comparing the obtained simulation results with those from Fig. 16
there can be seen how the experimental trend is followed, for the case
of n, = 63% the bell-shaped distribution of COP through the M FR
studied is replicated. Maximum COP values are slightly higher in the
case of the simulation results (0.121 in comparison with 0.119 in the
experiment). When aygr is fixed in the model, a narrowing in the range
of M FR covered by the facility is noted. The model is less sensitive
to M FR changes when n; and n, are being changed for a constant
turbine position. Nonetheless, an increase in COP up to 0.124 matches
the experimental results. When #, is fixed constant for a second time,
another increase in COP is noted, but this time for a higher M FR
(requiring a slightly higher aygr position) than that found optimum
at the experiment. In this case, the optimum COP was reached at an
M FR of 0.135kgs™!, being this COP value of 0.125 quite similar to the
0.126 found experimentally within the error bar limits.

The analysis of results offered by the 1D model ensures that it is
a valuable tool to replicate the experiments at the RBC test bench.
Consequently, the aforementioned scaling factor is applied to the tur-
bine, trying to match the high-efficiency area of the turbine with the
M F R that offers the maximum COP. The chosen value for the optimum
MPFR is 0.135kgs™!, as that is the one with the optimum COP in the
simulation. Therefore, a PID acting on aygr will seek that M F R. Results
from the parametric study performed are shown in Table 2.
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Table 2
Model results from the scale of the turbine to show potential COP improvements with
alternative turbine selection.

SF CoP COP improvement nr [%] aygr [%]
[%]
1 0.125 62.4 19
0.967 0.131 4.8 64.8 20
0.933 0.142 13.7 66.5 23
0.9 0.144 14.9 67.0 26
0.867 0.147 17.1 68.1 29
0.833 0.137 9.7 66.7 30
0.8 0.121 -5.1 65.0 32
Table 3

Model results from the scale of the turbine to show potential compressor performances
with alternative turbine selection.

SF TECI TEC2 rcc MEct Mec2 firce

1 1.90 1.42 1.22 71.6% 76.7% 65.0%
0.967 1.87 1.40 1.22 72.0% 76.9% 66.1%
0.933 1.82 1.39 1.22 72.1% 76.7% 67.0%
0.9 1.80 1.39 1.23 72.1% 76.5% 68.5%
0.867 1.77 1.38 1.23 72.2% 76.0% 69.3%
0.833 1.76 1.39 1.25 72.2% 76.2% 73.2%
0.8 1.82 1.39 1.24 72.1% 76.1% 74.3%

A scale factor (SF) down to 0.8 was applied to the turbine. A
potential COP improvement of over 17 % (COP increases up to 0.147)
can be achieved with a reduction of the size of the turbine of a 13%
(scale factor 0.867). This increase results from the rise in turbine
efficiency, from 0.62 to 0.68. The simulations were performed with a
constant TCC size, keeping it the same as in the real RBC facility. As the
M FR is constant for every studied case, and the speed of the turbine
increases, a higher 7, can be observed, with a better compression
process efficiency. This is even more beneficial for the COP since it
reduces the need for compression ratio from both EC1 and EC2 in two
ways: a better use of the expansion and a higher profit from turbine
work to increase the pressure in the RBC. The reduction of compression
ratio can be seen in Table 3 where EC1 (the compressor with the
highest workload) reduces its compression ratio from 1.90 to 1.77 for
the optimum SF case, while EC2 needs a compression ratio of 1.42 in
the base case, while for an SF of the turbine of 0.867 the compression
required is 1.38. In the case of both ECs, as the mass flow required
in each simulation is the same as in the base case, the working points
in the compressor maps are not too far from the original ones, and the
efficiency area is mostly the same. Consequently, there are few changes
in efficiency for both ECs, below 1%. The TCC remains mostly equal,
changing just from 1.22 to 1.23 in terms of compression ratio. Still,
its efficiency is much higher, moving from 0.65 to 0.69 thanks to the
change in the rotational speed provoked by the turbine modification in
size.

6. Conclusions

This work presents an experimental optimization process to improve
the COP in a Reverse Brayton Cycle (RBC) with three-stage serial
compression, using air as the working fluid. The cycle, built with
automotive components, has zero ODP, zero GWP, and an A1 ASHRAE
classification. Air is assessed for temperatures below —40°C, whereas
other natural refrigerants like carbon dioxide and ammonia face chal-
lenges due to phase changes. The optimization is performed at —100 °C,
dissipating 2 kW, a common scenario for WBC. Key conclusions from
the study include

The design should focus on aligning the peak efficiency of compo-
nents with the optimal M FR range to achieve maximum COP, which
corresponds to a certain overall pressure ratio. If the M F R exceeds this
range to maintain the same pressure ratio, the compressors consume
more powetr, resulting in a lower COP for the facility.
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Each compression stage should be controlled separately to optimize
the COP. By adjusting the speed ratio of each electric compressor, COP
can increase by up to 19 % within the optimal M FR range.

The relationship between COP and turbine efficiency is linear to the
optimal M FR. Beyond this point, even if turbine efficiency improves,
COP decreases due to the excess power consumed by the electric
compressors at higher M FR. Since the turbine significantly impacts
COP, adjusting its size can enhance COP by 17 % over the current setup.
Therefore, selecting the turbine size according to the optimal M FR is
crucial for maximizing COP. Further gains might be possible with a
lube-less bearing turbine.
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