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Abstract Experimental studies that investigate the utilization of ultra-low temperature (between
48 °C and 120 °C) waste heat, which forms 25 % of the global unrecovered waste heat, to drive
thermal cooling systems are rare. Thus, this study fills a significant gap in the literature by (i) exper-
imentally evaluating the performance of a new full-scale thermo-mechanical refrigeration (TMR)
system at ultra-low temperatures ranging from 50 °C to 85 °C, (ii) characterizing its operation with
different commercial refrigerants, and (iii) identifying optimal operating conditions and working
fluids for the investigated TMR system. An organic Rankine cycle (ORC), vapor compression cycle
(VCC), and expander-compressor unit (ECU) make up the TMR system. To ensure its efficient
operation, flexibility, and reliability, a full-scale ECU-based TMR system with a design capacity
of 1 kW at a heat source temperature of 85 °C is built and put through a series of tests. Further-
more, the TMR system is tested with different commercial refrigerants (R134a, R410A, R407C)
over a wide range of operating conditions of the power loop. The results reveal that the ECU-
based TMR system can work with ultra-low temperatures of 65 °C with an energy efficiency of
5.92 % and COP of 2.36, for the ORC and VCC, respectively. At a heat source temperature of
85 °C, a condenser water temperature of 15 °C, and an evaporator water temperature of 33 °C,
the energy efficiency of the ORC and COP of the VCC are increased to 9.85 % and 3.99, respec-
tively. For the cooling quality, the TMR system shows a minimum evaporator temperature of
—10 °C using R134a in both the power and cooling loop, which is improved to lower than
—20 °C by using R407C in the cooling loop. The results presented herein will be beneficial to the
development, design, and optimization of refrigeration and power systems that utilize low-
temperature waste heat.

© 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0)).
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classified into five categories based on their temperature
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Nomenclature

Symbol Description
Aex, Acomp Cross-sectional area of the expander and com-
pressor pistons, respectively, (m?)

Anamy  Heat transfer area between the heater and ambient
air, (m?)

Acoamy Heat transfer area between the cooler and ambient
air, (m?)

Cphavg Average specific heat of the hot water passes
through the heater, (kJ/kg-°C)

Cpcoavg Average specific heat of the cold water passes
through the cooler, (kJ/kg-°C)

hy,hy,- -+ Specific enthalpy of the working fluid at states 1,
2,..., (kJ/kg)

L Length of the expander’s piston stroke, (m)

mcerr  Mass flow rate of the cooling loop refrigerant, (kg/
s)

Mo in Mass flow rate of the cold water passes through

the cooler, (kg/s)
Tl in Mass flow rate of the hot water passes through the
heater, (kg/s)

mprr ~ Mass flow rate of the power loop refrigerant, (kg/
s)

N Frequency of the expander-compressor unit, (Hz)

Py, P,,--- Pressure of the working fluid at state 1, 2,...,
(kJ/kg)

Pypsy  Percentage of the pneumatic pump stroke length,
(%)

Q'w Heat transfer between the refrigerant and cold

water through the cooler, (kW)

Q.m,am,, Heat transfer between the cold water of the cooler
) and ambient air, (kW)
Qo0 Total cooling load of the cooler, (kW)

0., Cooling load of the evaporator, (kW)

Ojearer  Heat transfer between the hot water of the heater
and the refrigerant, (kW)
Q.,,‘amb Heat transfer between the hot water of the heater
' and ambient air, (kW)
Q',L,(,m, Total heating load of the heater, (kW)

Toamp Ambient air temperature, (°C)

Teoin> Teoows Inlet and outlet temperatures of the cooler
cold water, respectively, (°C)

Thins Thow Inlet and outlet temperatures of the heater hot
water, respectively, (°C)

Tey Evaporation temperature of the refrigerant at the
inlet of the evaporator, (°C)

WEx,, Work rate of the expander, (kW)

Wp Work rate of the pneumatic pump, (kW)
Nyt Energy efficiency of the power loop, (%)
Abbreviations

CLR Cooling loop refrigerant

COP Coefficient of performance

ECU Expander-compressor unit

HTC  Heat transfer coefficient

ORC  Organic Rankine cycle

PLR Power loop refrigerant

TMR  Thermo-mechanical refrigeration

VCC Vapor compression cycle

ranges, which are ultra-low temperature (less thanl120 °C),
low-temperature (120-230 °C), medium-temperature (230-
650 °C), high-temperature (650-870 °C), and ultra-high tem-
perature (greater than870 °C) [1,2]. A recent report from the
US department of energy [1] indicates that waste heat at low
and ultra-low temperatures accounts for more than 51 % of
unrecovered industrial waste heat. In particular, for a temper-
ature range of 48 °C to 120 °C, the ultra-low temperature
waste heat forms about 25 % of the total unrecovered waste
heat. Thus, the recovery of the wasted heat in this temperature
range is a promising step to increase energy efficiency, reduce
greenhouse gas emissions, and increase profits of the industrial
systems. Therefore, several technologies were developed to
recover low-grade waste heat (low and ultra-low temperature)
by utilizing it to preheat another process, generate electricity,
or drive thermal cooling systems [3]. The choice of thermal
cooling system to recover the low-grade waste heat is more fea-
sible than other applications due to the following reasons: (1)
the low efficiency of the heat-to-power systems at low-grade
temperatures, which negatively affects their economic feasibil-
ity [4], (2) the high energy demand for air-conditioning and
refrigeration systems, which exceeds 10 % of the worldwide
energy consumption and anticipated to treble by 2050 [5],
and (3) the urgent need to mitigate the global warming and
ozone depletion issues which are partially caused by the
electric-based cooling systems (where electricity obtained from
fossil-fuel-based power plants) [6,7].

Many thermal-driven cooling systems enjoy the ability to
work with low-grade waste heat including sorption-based [8]
and thermal-mechanical-based [9] systems. Sorption-based
systems are designed as closed-type cycles (absorption and
adsorption cycles), or open-type cycles (solid and liquid desic-
cant systems) [10,11]. In general, sorption-based systems have
high cooling capacities at heat source temperatures between
90 °C and 220 °C [12]. However, these systems suffer from lim-
ited evaporation temperatures, higher costs, and bulky size
compared to other thermal-driven cooling systems [13]. The
conventional thermal-mechanical-based systems include
organic Rankine cycle-based (ORC) and ejector-based sys-
tems. The current status, applications, and advancements of
these systems were reviewed by Sleiti et al. in [14]. Despite
the low coefficient of performance (COP) of the ejector-
based systems (COP between 0.1 and 0.62), they suffer from
the instability raised by the inflexibility of the ejector opera-
tion. On the other hand, the ORC-based systems are a mature
technology and show the most economic viability for the
recovery of low-grade waste heat as reported in [1]. However,
these systems lose their economic feasibility and operability at
temperatures less than 100 °C [15], due to the poor perfor-
mance of their conventional expanders (scroll, twin-screw,
and rotary-vane expanders [16]).

Numerous studies have been conducted to improve the per-
formance of ORC-based systems [17,18]. Some of them are
specifically focusing on the selection of suitable refrigerants
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as working fluids [19,20]. For example, Andreasen et al. [21]
investigated the effectiveness of using pure and mixed refriger-
ants in an ORC system operating at two different heat source
temperatures, 90 °C and 120 °C. Through their research, they
found that an optimized mixture of ethane/propane resulted in
a net power increase of 11.1 % at 90 °C and 12.9 % at 120 °C.
Similarly, Le et al. [22] explored the use of various pure refrig-
erants as working fluids in an ORC system with a heat source
temperature of 150 °C. Their study revealed that R152a, when
used in a supercritical regenerative ORC scheme with a heater
pressure above 47 bar, achieved a maximum energy efficiency
of 13.1 %. However, a few experimental analyses were con-
ducted on these systems, especially at ultra-low temperature
heat sources. Over the heat source temperature range of
80 °C to 100 °C, a pumpless ORC with R1233zd(E) is exam-
ined experimentally by Lu et al. [23]. They reported an energy
efficiency of 3.5 % at a water temperature (heat source) of
95 °C. Another experimental work on ORC over heat source
temperature of 40 °C to 80 °C using HCFO-1233zd (E) is con-
ducted by Araya et al. [24]. They reported a maximum energy
efficiency of 5 % at a temperature of 85.7 °C. An integrated
ORC-sorption system operating at a temperature range of
75 °C to 95 °C using R245fa is tested by Jiang et al. [25]. A
COP of 1.61 to 1.90 is reported with an evaporation tempera-
ture of 10 °C. A similar system was tested by Chaiyat et al. [26]
but at a temperature of 105 °C. They reported an average COP
of 0.56 at an evaporation temperature of 8 °C. At a generator
temperature of 88 °C to 126 °C, an ejector-based refrigeration
system was experimentally investigated by Huang et al. [27]
using R32 as a working fluid. Although the generator temper-
atures are adequately high, the COP does not exceed 0.60,
which emphasizes the need for more efficient cooling systems
at ultra-low temperatures. Lower values for the COP (less than
0.40) are reported for the ejector cooling systems if operated
with generator temperatures below 60 °C as examined by
Gagan et al. [28]. Instead of examining the system’s overall
performance, other experimental studies have focused on the
functionality and advancements of specific ejector and ORC
cooling system parts (such as the ORC scroll expander [29],
ejector-expansion freezer [30], an adjustable double-slider ejec-
tor [31], and ejector geometry [32]). While these studies aim to
address the technical challenges of these systems, their perfor-
mance is still limited, with a coefficient of performance (COP)
of less than 2, and they are primarily suitable for air-
conditioning applications rather than refrigeration.
Therefore, to overcome the aforementioned drawbacks of
the ORC and ejector cooling systems, Sleiti et al. [33] intro-
duced a new thermo-mechanical refrigeration (TMR) system
working at low-grade heat sources. This TMR system inte-
grates an ORC (power loop) with a vapor compression cycle
(VCC, cooling loop) using an isobaric expander-compressor
unit (ECU). The ECU is developed based on the work of
Encontech BV [34] and consists of two rigid-connected pistons
that slide inside expander and compressor cylinders. The
detailed thermodynamic characteristics of the new ECU-
based TMR system were investigated by Sleiti et al. in [33].
Also, the performance of this system with several refrigerants
was presented in [35]. Furthermore, an experimental study
was conducted by Sleiti et al. [36] to analyze the performance
of the VCC within the developed pressures by the ECU using a
small-size air compressor to drive the ECU. The studies
demonstrate that the developed TMR system can operate

within the ultra-temperature range of up to 60 °C using vari-
ous refrigerants, achieving a power efficiency of 4 % to
11 % and a coefficient of performance (COP) ranging from
1.5 to over 2.7. Based on the findings of these studies, the
ECU-based TMR system is a promising technology for recov-
ering ultra-low waste heat in various industrial processes.
However, there are significant gaps in our understanding of
its operability over a wide range of heat source temperatures
and with mixed refrigerants in the power and cooling loops.
To address these gaps, this study presents a comprehensive
experimental evaluation of a full-scale ECU-based TMR sys-
tem with a cooling capacity of 1 kW. The objectives of the
study are as follows:

e To experimentally evaluate the performance of a full-scale
ECU-based TMR system, including its efficiency and effec-
tiveness in heat recovery.

e To characterize the performance of the ECU-based TMR
system over a wide range of ultra-low temperatures, from
50 °C to 85 °C, to identify its operating limits and potential
challenges.

e To experimentally evaluate the system’s operation with (i)

different commercial refrigerants and (ii) varying tempera-

tures and flow rates of the heat source and sink to determine
the optimal operating conditions and working fluids for the
system.

To identify the best practices for the ECU-based TMR sys-

tem’s design and operation to maximize its performance

and efficiency in recovering ultra-low waste heat.

The rest of the manuscript is organized as follows: Section 2
presents a detailed description of the experimental setup and
the technical specifications of its components and measure-
ment devices. Then, the data reduction analysis, testing proce-
dures, and validation are introduced in Section 3. Section 4
discusses the results of the experimental analysis in terms of
the performance indicators and major operating variables.
Also, a comparison between the present TMR system and
other thermal-driven systems is introduced in Section 4.
Finally, Section 5 provides a summary of the main findings
and conclusions of this study.

2. Experimental setup

Fig. 1 shows the arrangement of the experimental setup. It is
made up of a cooling loop (a vapor compression cycle
(VCC)) and a power loop (an organic Rankine cycle (ORC))
that are integrated via the ECU. A pneumatic pump, heater,
expander cylinder, and cooler make up the bulk of the power
loop. Additionally, an evaporator, compressor cylinder, con-
denser, and expansion valve make up the majority of the cool-
ing loop.

In the power loop, the pneumatic pump is equipped with a
stroke length adjuster to control the pressure ratio through the
compression of the working fluid (power loop refrigerant
(PLR)) from the low-pressure side (state 1) to the high-
pressure side (state 2). The heater is a heat exchanger that is
used to absorb heat from external hot water to evaporate the
PLR to reach saturated vapor or superheated vapor phase at
state 3. The external hot water is heated using an electric heater
that is equipped with a temperature controller and control
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valve to heat a specified water flow to the desired temperature.
After the heating process, the heated PLR is expanded to the
low-pressure side (state 5) by pushing the expander piston to
compress the cooling loop refrigerant. The expander of the
power loop is part of the expander-compressor unit (ECU),
which is described in detail in the Supplementary material
(SM. A). Then, the PLR is cooled to the saturated liquid phase
(state 1) through the cooler by rejecting heat to the cold water
of the cooler, which is circulated using pump 2. The cooler cold
water temperature is controlled using ice cubes to maintain it
at the desired value.

In the cooling loop, the cooling loop refrigerant (CLR)
enters the compressor cylinder at low pressure (state 6) to be
compressed to high pressure at state 7 using the expansion pro-
cess of the PLR. Then, the pressurized CLR is cooled down to
the saturated liquid phase (state 8) by rejecting the heat into
the circulated cold water (using pump 4) through the con-
denser. After that, the CLR is expanded through an expansion
valve to the low pressure at state 9 to perform the evaporation
process by absorbing heat from the circulated hot water (using
pump 3). A mini-dry block heater is used to control the tem-
perature of the evaporator hot water.

In addition, the flow of the circulated cold and hot water in
both loops is controlled using a control valve for each circula-
tion and a water flow meter (WFM) is used to measure its vol-
umetric flow rate. Furthermore, as shown in Fig. 1, both

power and cooling loops are fully instrumented by installing
pressure and temperature sensors at the inlet and outlet of each
component. Also, the flow rates of the PLR and CLR are mea-
sured using refrigerant volumetric flow meters RFM-1 and
RFM-2, respectively.

A top view of the experimental setup is presented in Fig. 2
(a). The circulating pumps of the power loop have a flow
capacity of 600 — 1800 L/h and are connected with water vol-
umetric flow meters (300-3000 L/h Plastic Tube Water rotame-
ter, model: LZS-25). Similar pumps and volumetric flow
meters are used for the circulated water in the cooling loop
with a capacity of 100 — 270 L/h for each pump and 100 —
1000 L/h for each rotameter (model: LZS-15). For the refriger-
ant volumetric flow, calibrated LZJ-10F Glass tube flow
meters are used. The hot water of the heater is heated by a
12 kW 3-phase electric heater, which is installed inside a
PVC pipe with an inner diameter of 101.6 mm and length of
1.60 m (Fig. 2(b)). The PVC pipe is partially filled with water
to be heated to the desired temperature using a thermostat
controller and the hot water is circulated using Pump-1. A
plate  heat exchanger (Model: B25THx30/1P-SC-M
2x22U + 2 x1”& 22U) is used for the heater and another heat
exchanger (Model: B25THx40/1P-SC-M 2x22U + 2 x1"&
22U) is used for the cooler. These heat exchangers are
arranged together with the pneumatic pump and the ECU as
shown in Fig. 2(d). Also, as shown in Fig. 2(c), two identical
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Fig. 2 Experimental setup.

plate heat exchangers are used for the evaporator and con-
denser of the cooling loop (Model: B3-014-12D-3.0). These
heat exchangers are selected due to their compactness, high
performance, and compatibility with several refrigerants
including R134a, R407C, and R410 that are used in this study.
Finally, for the expansion process of the CLR, a needle-based
expansion valve is used (Model: WINFLOW %” NPT [F],
stainless steel). The technical details of the measuring instru-
ments are provided in the Supplementary material (SM. B,
Table B.1).

3. Methodology

This section outlines the methods for the data reduction of the
experimental setup, as well as the testing procedures, valida-
tion, and uncertainty analysis.

3.1. Data reduction

The energetic performance of the investigated TMR system is
analyzed based on the collected experimental data in this work.
These data are used to obtain the thermodynamic properties of
refrigerants using the real fluid properties available in the
library of Engineering Equation Solver (EES) software. Also,
EES is used for the performance evaluation of the tested
TMR system of this study. The performance of the TMR sys-

tem is mainly evaluated based on the energy efficiency of the
power loop (1), and the COP of the cooling loop. Other per-
formance indicators could be used to assess the system such as
the expander work (WExp) and the cooling capacity of the
evaporator (Q,,). Thus, a thermodynamic model for the
TMR system is developed as shown below with the assump-
tions of (1) steady-state analysis, (2) the variation in the kinetic
and potential energies are neglected, and (3) the pressure drops
through connecting pipes are neglected.

Referring to the T-s diagram of the TMR system shown in
Fig. 3, the power of the pneumatic pump is given as [37]:

W, = titprr(hy — hy) (1)

where ritp; g, 1y, and hy are the flow rate of the power loop
refrigerant, and specific enthalpies of the refrigerant at state 2
and state 1, respectively. The heat absorbed by the PLR from
the hot water as it passes through the heater (Q,,,,,) is given as
[37):

Qhearer = mPLR(h3 - /’lz) (2)

Part of the heater’s hot water energy is lost to the surround-
ing air, thus, it must be calculated to obtain the total amount
of heat provided by the electric heater. Thus, the heat loss from
the hot water to the ambient through the heater is given as [38]:

Q/z,amb = Uh,amb X Ah,amb X (Th,avg - Tamb) (3)
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Fig. 3 T-s diagram of the TMR system.

where Uy g, and Aj .. are the heat transfer coefficient
(HTC), and surface area of the heater. T, 4, and T, are
the average hot water and air temperatures, respectively. The
detailed procedures for the calculation of the HTC of the plate
heat exchanger are given in [36]. From Equations (2) and (3),
the total heat provided by the hot water of the heater (Q.h_’mm,)
is given as [38]:

Qh,lotal = Qheuter + Qh.amb (4)

Qh,pgml = thn X Cphavg X (Th,in - Th,(m/) (5)

where 71, Cppavgs Thin, and T}, are the mass flow rate,
average specific heat, inlet temperature, and outlet temperature
of the hot water that passes through the heater, respectively.
Part of the expansion process will be at an isobaric pressure
(from state 3 to state 4), then expand to the low pressure of
the cycle at state 5. Thus, the expander power produced
through the expansion of the PLR through the expander cylin-
der is given as [33]:

WExp = mPLR(h3 - /14) (6)

Wiy = NLA(P3 — Ps) (7)

where N is the frequency of the ECU, L is the length of the
stroke, A,, is the cross-sectional area of the expander piston,
and P; and Ps are the pressures of the CLR at states 3 and
5, respectively. Similar to the heater model, the heat rejected
by the PLR to the cold water of the cooler is given as [37]:

0., = tipr X (hs — hy) ®)

And the heat transferred from the ambient air to the cold
water of the cooler is given as [38]:

ch.amb = UL'(r,an1b X A(ru,amb X (Tamb - Tm,avg) (9)

where Uy gmp and A, .m are the HTC, and surface area of
the cooler. T, ., is the average temperature of the cooler cold
water. The total heat absorbed by the cold water of the cooler
is given as [37]:

Q.mymlal = Qm + Qm,amh (10)

Tua,in) ( 11 )

Where 71co in, Cpcoaves Teoours AN Ty 5, are the mass flow rate,
average specific heat, outlet temperature, and inlet temperature
of the cold water passes through the cooler, respectively.

It is worth mentioning that the detailed model of the cool-
ing loop was provided by Sleiti et al. in [36]. Thus, as the main
focus of this study is on the performance of the TMR system at
ultra-low heat source temperatures, only the definitions of the
compressor power (WCW,,,) and the cooling capacity of the
evaporator are adapted here for the complement of the
TMR system model. The power consumed through the com-
pression stroke is given as [37]:

WCvmp = mCLR(h7 - h6) (12)

where ricrr is the mass flow rate of the cooling loop refrig-
erant. In terms of the frequency, length stroke, and surface
area of the compressor piston alongside the pressure gradient
between the condenser and evaporator, the compression power
is given as [33]:

WComp = NLAmmp (P7 - PG) (13)

Qco,mm/ = mm,in X cp,cn‘avg X (Tm,out -

The evaporator cooling capacity is given as.

0., = nicrr(hs — ho) (14)

Now, the energy efficiency of the power loop is given as
[33]:
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W, — W,
My = 100x(5.‘"7’) (15)
hitotal
And, the COP of the cooling loop is expressed as [33]:
COP = A (16)
Comp

The next subsection introduces the validation of the above
model that is used for the analysis of the TMR system with a
detailed description of the systematic procedures that were
employed through the experimental testing of the TMR in this
study.

3.2. Testing procedures and validation

To start the experimental testing of the TMR setup, the test rig
is installed and tested against the leakage of the refrigerants
and circulating water through its heat exchanger. Then, based
on the results of the experimental investigation of the cooling
loop that was performed by Sleiti et al. in [36], 85 g of R134a is
charged to the VCC as recommended for optimal operation of
the cooling loop. To provide a cooling load to the evaporator
of the VCC, water is heated to a temperature of 33 °C and cir-
culated at a rate of 275 L/h through it. The water is heated to
the 33 °C to achieve a high cooling load with the compact size
of the evaporator by increasing the temperature difference

between the hot water and the working fluid of the VCC. Sim-
ilarly, to achieve a fast condensation process within the com-
pact size of the condenser of the VCC and the cooler of the
ORC, cold water is circulated in both of them with an inlet
temperature of 15 °C. The cold water of the condenser (in
the VCC) is circulated at a rate of 275 L/h and a rate of
1200 L/h in the ORC. To drive the ORC, hot water is circu-
lated at a flow rate of 1750 L/h, and an inlet temperature of
85 °C with 200 g of R134a is charged as the working fluid of
the power loop. This set of values for the circulated water is
referred to as the Base Case of the experimental test of this
study. Then, the pneumatic pump and the pneumatic control
valves of the ECU are actuated by compressed air provided
by a small air compressor to start the operation of the TMR
system frequency of 0.30 Hz. It was noted that the developed
pressure by the ECU is not sufficient to provide a remarkable
pressure gradient through the compressor of the cooling loop.
Thus, the charged mass to the power loop was increased grad-
ually, it was noted that a higher charged mass caused higher
pressure by the ECU at state 7 until the charged mass reached
600 g. As the charged mass increased to 700-800 g, no increase
was noted in the pressure developed by the ECU at state 7 with
higher temperatures at the inlet of the cooler which increase
the cooling load of the cooler. Thus, the test rig was evacuated
and charged again with 600 g of R134a (the optimal mass of
the first tested refrigerant). At this mass with the aforemen-
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Table 1 Validation of the measured parameters compared to their calculated values*.

Parameter T T Ts MpLR MCLR Pgcu T Ty
Unit [°C] [°C] [°C] [g/s] [g/s] [kPa] [°C] [°C]
Measured Value 15.20 64.10 39.80 4.20 1.10 540 44.0 —8.10
Calculated value 14.90 63.40 38.98 4.16 1.13 544 42.79 —7.88
Abs. relative error*®, [%] 2.01 1.10 2.10 0.96 2.65 0.74 2.83 2.79

*Abs. relative error {%] = 100x|(Calculated value — Measured value)|/|Calculated value|.

tioned set for circulated water through all heat exchangers, the
frequency of the pneumatic pump and ECU expander is
increased to 0.50 Hz, but an unstable operation for the cycle
was noted as the developed pressure by the ECU fluctuated
for a longer time than at 0.30 Hz. Thus, the experimental test
of the TMR system was performed at a frequency of 0.30 Hz in
this study.

At the base case of the circulated water and frequency of
0.30 Hz, the test rig was operated several times before the
beginning of the systematic testing of the controlled variables.
This is done to ensure the repeatability of the measured data.
Then, as shown in Fig. 4, five controlled parameters were
selected for the systematic experimental assessment of the
TMR system, which are: (1) stroke length percentage of the
pneumatic pump (Pnpsy), inlet temperature (77, ;,) and (3) flow
rate (r1,;,) of the heater hot water, (4) inlet temperature (7,
), and (5) flow rate (s1.,,,) of the cooler cold water. The per-
formance of the TMR system was examined by varying each of
these parameters over a predetermined range while maintain-
ing the other parameters at their base case values, as discussed
and detailed in Section 4.

To ensure the accuracy of the measured data, several
parameters of the TMR systems were calculated using the
above thermodynamic model (Section 3.1) and compared to
their measured values by the pressure, temperature, and flow
rate sensors of the test rig. These parameters with their calcu-
lated and measured values are presented in Table 1. It is noted
that the measured values show a good agreement with the cal-
culated values with an absolute relative error of less than
2.90 %. In addition, the accuracy of the measurement devices
is used to perform the uncertainty analysis of the performance
indicators as presented in Supplementary material (SM. B).

4. Results and discussion

Based on the measurement results, the specifics of the testing
procedure and the performance indicators are provided and
discussed in this section. Sections 4.1 to 4.3 present the results
of the tested controlled variables of the power loop including
the stroke length of the pneumatic pump (Section 4.1), heating
source temperature and flow rate (Section 4.2), and cooling
sink temperature and flow rate (Section 4.3). It should be
noted that during the test of a specified parameter, the other
parameters of the system were maintained at their base case
values as mentioned in Section 3.2. Section 4.4 present the
experimental results of the TMR system using different refrig-
erants in the power and cooling loops and compares them to
using the same refrigerant in both loops. Then, a comparison
between the present TMR system with other cooling technolo-
gies was introduced in Section 4.5.

4.1. Effect of stroke length (full versus partial length)

As shown in Fig. 5, the full stroke length of the pneumatic
pump piston is 110 mm. Using the stroke length adjuster,
the stroke length can be reduced from 110 mm (100 %) to
11 mm (10 % of the full stroke length). This is referred to as
the stroke length percentage of the pneumatic pump (Pnpsr).
This means that Pxpsy = 100 % at a stroke length of
110 mm and Pnpsp = 10 % at a stroke length of 11 mm.
For the test of the stroke length effect, the test rig first oper-
ated at the full stroke length (Pnpsp = 100 %), then tested
at Pypsp = 75 % (82.5 mm) and Prpst. = 50 % (55 mm).

Fig. 6(a) shows the performance indicators of the TMR sys-
tem with the variation of the stroke length percentage. It is
noted that with the decrease of the stroke length percentage
(from 100 % to 50 %), the energy efficiency (n,,) decreased
from 9.85 % to 7.18 % (27 % reduction). This is explained
by the fact that the decrease of Pnpsp yields lower pressure
for the PLR at the inlet of the heater (state 2) as shown in
Fig. 6(b). Thus, the amount of heat absorbed from the hot
water of the heater (from 0.88 kW to 0.43 kW, Fig. 6(a). In
addition, the expander work rate is reduced (from 0.087 kW
to 0.031 kW) as the pressure ratio through the expansion pro-
cess depends on the developed pressure by the pneumatic
pump.

Although the expander power is decreased with the reduc-
tion of the Pnps, the developed pressure by the ECU at the
outlet of the cooling loop compressor (state 7) is slightly
reduced from 424 kPa to 413 kPa (Fig. 6(b)). However, the

Partial stroke
length

Full stroke length
(110 mm)

Stroke
length
adjuster

Compression
chamber of the
pnumatic pump

Fig. 5 View of the pneumatic pump mechanism.
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flow rate of the CLR is reduced from 1.6 g/s to 0.81 g/s and the

capacity is reduced by 46.87 %, the cooling quality is accept-

pressure at the inlet of the evaporator is increased. This in turn
reduces the cooling capacity of the evaporator (Q.,) from
0.32 kW to 0.15 kW and increases the evaporation temperature
from —10.98 °C to —4.5 °C. Thus, even though the cooling

able at Pnpsp = 50 % as the evaporation temperature is con-
siderably below 0 °C.

From the above results, it is noted that the expander power
is reduced by 64.36 % compared to a 46.87 % reduction in the
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cooling capacity, thus the COP of the cooling loop is increased
from 3.66 to 5.08 with the decrease of the Pnypsy from 100 % to
50 %.

In conclusion, the decrease of Pnpsp negatively affects the
efficiency of the power loop and the cooling capacity of the
evaporator. However, the cooling quality is acceptable and
the COP is improved even with the reduction of the cooling
capacity.

4.2. Effect of heating source temperature and hot water flow rate

The effect of the inlet temperature of the hot water of the hea-
ter (7},;,) is evaluated by decreasing it gradually from the base
case value (85 °C) to less than 50 °C to mimic the available
energy sources with ultra-low temperatures. Through this test,
the flow rate of the hot water was maintained at 1850 L/h. It is
noted that as the 77, ;, is less than 65 °C, the evaporation tem-
perature increases to values higher than 0 °C, which is consid-
ered an unacceptable cooling quality in this study. Thus, the
performance curves were plotted over the range of 7, ;, from
65 °C to 85 °C as shown in Fig. 7.

As shown in Fig. 7(a), the energy efficiency of the power
loop is increased from 5.92 % at T}, ;, of 65 °C to 9.52 % at
Thin of 85 °C. Similarly, the COP of the cooling loop is
improved from 2.36 to 4.40 over the range of T};. The
improvement of the power loop efficiency is explained by the
increase of the temperature (T3) and pressure of the PLR at
the inlet of the expander cylinder with the increase of 7}, ;, as
shown in Fig. 7(b). The increase of the pressure occurs due
to the increase of the pressure developed by the pneumatic
pump (P,). This is because the higher heater temperature
reduces the viscosity of the PLR, thus the pressure loss
through the back-stroke of the expander piston and the flow
through the cooler is minimized which allows higher pressure
at both the inlet and outlet of the pneumatic pump.

Also, as Ty, is increased, the developed pressure by the
ECU is increased from 393 kPa to 448 kPa and the flow rate
of the CLR is increased from 0.67 g/s to 1.35 g/s, which
enhances the COP. Although the efficiency and COP of the
TMR system at T, ;, of 65 °C are considerably lower than at
Thin of 85 °C, the cooling quality is still appreciable as an
evaporation temperature of —1.66 °C is achieved at T}, ;, of
65 °C. This demonstrates the ability of the TMR system to per-
form an efficient cooling process even at ultra-low tempera-
tures of the heat source compared to those required by other
thermal cooling technologies such as absorption-based and
ejector-based systems. These systems need heating source tem-
peratures higher than 90 °C to perform an effective cooling
process as mentioned in [14].

Fig. 8 shows the performance of the TMR system if the hot
water temperature of the heater is maintained at 85 °C and its
flow rate is changed from 1000 L/h (16.66 L/min) to 2000 L/h
(33.33 L/min). Note that the flow rate of the heater hot water
(my,,) 1s presented in in L/min instead of L/h for the conve-
nience of the figure’s presentation. It is noted that the effi-
ciency of the power loop is slightly improved (from 8.89 %
to 9.47 %, Fig. 8(a)) with the increase of the 71, comparison
to that of the T}, ;, increase. This is due to the increase of the
flow rate which improves the overall heat transfer coefficient
of the heater with a minor effect on the pressure and temper-
ature at state 3 up to a flow rate of 25 L/min. However, at

my, i, higher than 30 L/min, the temperature of the PLR at state
3 (Ty) arises from 63.21 °C (at 25 L/min) to 71.97 °C (at 30
L/mun). This enhances the developed work on the refrigerant
of the cooling loop and increases the developed pressure by the
ECU (from 492 kPa to 523 kPa) and the flow rate of the CLR
(from 1.15 g/s to 1.95 g/s) as shown in Fig. 8(b). This is
explained by the increase of the cooling capacity Q., (from
0.24 kW to 0.35 kW) and the COP (from 2.91 to 3.99) of the
cooling loop as presented in Fig. §(a).

In terms of the cooling quality, it is noted that evaporation
temperature is slightly decreased from —6.0 °C to —7.5 °C with
the increase of n,;, as the increase of the ECU pressure is
lower than that obtained with the increase of T}, ;,. Therefore,
it can be concluded that the performance of the TMR system is
greatly affected by the heat source temperature more than the
flow rate available at that source. Thus, if the heat source tem-
perature is higher than 65 °C, then the TMR system can be
worked with appreciable cooling quality and efficiency higher
than 5 % even at low flow rates for the heating source fluid
(water in this study).

4.3. Effect of cooling sink temperature and cold water flow rate

The effect of the water cooler temperature (7 ;, cooling sink
temperature) on the performance of the TMR system is evalu-
ated by increasing it gradually from 10 °C to 30 °C as shown in
Fig. 9. At the base case value of T, (15 °C), the power loop
efficiency and COP of the cooling loop are 8.62 % and 2.97,
respectively. The increase of T, ;, yields a higher temperature
of the PLR at the inlet of the pneumatic pump which nega-
tively affects its performance and reduces its developed pres-
sure at the heater (P,) (Fig. 9(b)). Thus, an even higher
temperature is obtained at state 3 with the increase of 7.,
the developed pressure by the ECU, and the flow rate of the
CLR are reduced (Fig. 9(b)). Therefore, both the efficiency
and the COP of the TMR system are reduced (from 9.6 %
to 5.51 %, and 3.15 to 2.52, respectively) with the increase of
T..»- However, the cooling capacity is slightly affected by the
increase of 7., and levelized at an average value of 0.41 kW
up T, ;, of 25 °C and sharply reduced to 0.28 kW at T, of
30 °C. Furthermore, the evaporation temperature is levelized
at —8.80C and negligibly changed with the variation of T, ,.
This reveals that the cooling process through the cooler can
maintain a stable cooling capacity for the TMR system as
the cooling sink temperature is less or close to the ambient
temperature (25 °C).

For the effect of the cold water flow rate (#1,,,,) at the base
case inlet temperature of 15 °C, #,,;, is gradually increased
from 11 L/min to 22 L/min as shown in Fig. 10. It is noted that
the effect of i, ;, is the opposite for the T, effect. That
means the increase of the 71, ; enhances the efficiency of the
power loop (Fig. 10(a)) even with the decrease of the temper-
ature at the inlet of the expander (T3, Fig. 10(b)). This is
explained by that at higher 71, ;,, the PLR enters the pneu-
matic pump at a lower temperature (denser phase), which
enhances the pressure through the heater. However, the tem-
perature of the PLR is reduced at the inlet of the heater, which
minimizes T3 (from 82.39 °C to 56.67 °C) and levelized the
absorbed heat from the hot water at an average value of
Qheater = 0.88 kW. Furthermore, the developed pressure by
the ECU and the flow rate of the CLR are increased from
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413 kPa to 448 kPa, and from 0.66 g/s to 1.38 g/s, respectively. In conclusion, it can be noted that the TMR system can
This is returned to the increase of the COP with the increase of work with energy efficiency higher than 8.5 % and COP higher
Hieom- Also, it is noticed that the evaporation temperature is than 2.40 even at low flow and high temperature for the cold
not affected by the variation of 7, and is maintained at water of the cooler.

—8.79 °C (Fig. 10(b)).
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4.4. Comparison between using the same refrigerant versus
different refrigerants in each loop

The results of the previous sections (Sections 4.1 to 4.3) were
obtained for the refrigerant R134a in both power and cooling
loops. This is referred to as scenario 1 (S1). After the examina-
tion of the controlled parameter of the power loop, the effect

of the refrigerant type was tested by replacing R134a with
R407C and R410A.

It is noticed that the TMR system has a poor performance
in case of replacing R134a with R407C or R410A in the power
loop or replacing R134a with R410A in the cooling loop.
Thus, their results were not discussed in this study as the evap-
oration temperature does not reach below 0 °C, which is con-
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sidered poor cooling quality. However, at the base case values R407C in the cooling loop (CL). This is referred to as scenario
of the controlled parameters (discussed in Section 3.2), the 2 (S2). The performance indicators for S1 and S2 are depicted
TMR system works at comparable efficacy and better cooling in Fig. 11 with the variation of the pneumatic pump stroke

quality for the case of using R134a in the power loop (PL) and length.
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It is noted that the power loop efficiency of S2 is close to
that of S1 with an efficiency of 9.95 % and 7.01 % at 100 %
and 50 % of the full stroke length, respectively. However,
the COP of S1 is about 11 % higher than that of S2 as the cool-
ing capacity of R134a is much higher than that of R407C at
evaporation temperatures between —5°C to —10 °C. But, with

R407C, the developed pressure by the ECU is much higher
than that of R134a, which increases the pressure gradient
through the cooling loop. Thus, the evaporation temperature
for S2 varies from —18.82 °C to —20.43 °C, which is two to
three times lowers than that of S1. This implies that the cooling
quality of S2 is better than that of S1 as lower evaporation
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temperatures are achieved. Thus, if the demand from the cool-
ing loop is to produce a higher cooling capacity rather than the
value of the evaporation temperature, then S1 is recom-
mended. But, if low evaporation temperatures are needed as
applied for some food treatment applications, then S2 is
recommended.

4.5. Comparison

From the previous results, it can be stated that the TMR sys-
tem can work efficiently with power loop efficiency between
5.92 % and 9.85 %, COP between 2.36 and 3.99, and evapora-
tion temperature from —1.6 °C to —20.43 °C over a wide range
of operating conditions for the heat source and heat sink of the
power loop. Furthermore, the present TMR system shows its
workability and acceptable cooling quality at ultra-low tem-
peratures of the heat source up to 65 °C at the minimal stroke

length of the pneumatic pump. Also, the cooling quality could
be improved by alternating the refrigerant of the cooling loop
(R134a) with a more suitable refrigerant to reach a lower evap-
oration temperature such as R407C (as discussed in
Section 4.4).

The present experimental analysis reveals that the COP
(2.36-5.08) of the tested ECU-based TMR system is higher
(by four times) than that of the ORC-based and Ejector-
based systems which have COP of 0.1-0.75, and 0.1-0.62,
respectively [39]. The high COP of the ECU-based system is
mainly due to the direct use of the expander power to compress
the refrigerants, with minor losses due the friction. However,
the ECU of the TMR system has some technical limitations
such as fluctuated operation at a high operating frequency
and the need for lubrication and sealing to prevent leakage
from the ECU’s cylinders.

5. Conclusions

This study presents a systematic experimental analysis of the
performance of a thermo-mechanical refrigeration (TMR) sys-
tem that utilizes an expander-compressor unit (ECU) to inte-
grate an organic Rankine cycle (ORC) cycle (power loop)
with a vapor compression cycle (VCC, cooling loop). The
experimental investigation is conducted on a new full-scale
ECU-based TMR system with a design cooling capacity of
1 kW at a heat source temperature of 85 °C, which includes
the novelty points of (i) experimentally evaluating the perfor-
mance of a new full-scale TMR system at ultra-low tempera-
tures, (ii) characterizing its operation with different
commercial refrigerants, and (iii) identifying optimal operating
conditions and working fluids for the investigated TMR sys-
tem. The TMR system is tested with a heat source temperature
range of 50 °C to 85 °C (using circulated hot water) to match
the range of ultra-low temperature waste heat sources, and the
performance of the system is analyzed for a wide range of
operating conditions of the flow rates and temperatures of
the heat source and heat sink of the power loop. Moreover,
the conducted tests are performed at different stroke lengths
for the pneumatic pump of the power loop with three commer-
cial refrigerants (R134a, R407C, and R410A). The main find-
ings of the present study are:

e With R134a in both the power and cooling loops, the TMR
system shows efficient operability up to an ultra-low tem-
perature of 65 °C with power loop efficiency of 5.92 %
and COP of 2.36 at 50 % of the pneumatic pump stroke
length.

e The TMR system shows a power efficiency of 9.85 % and
COP of 5.08 at an ultra-low temperature of 85 °C and
100 % of the pneumatic stroke length.

e At high temperatures of the power loop heat sink (up to
30 °C), the TMR system shows stable operation with a
power loop efficiency of 8.5 % and COP of 2.40.

e The cooling quality of the TMR cooling loop is enhanced
by replacing R134a with R407C which provides an evapo-
ration temperature of less than —20 °C.

The current experimental study also demonstrates that the
ECU-based TMR system can overcome the ORC ejector cool-
ing systems’ limitations when used with ultra-low temperature
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waste heat sources. Furthermore, the presented results serve as
guidelines for designing and building experimental setups for
thermo-mechanical refrigeration systems and for developing
more efficient ECU-based TMR future systems. Finally, it is
worth noting that the choice of refrigerants as working fluids
can significantly impact the performance of the TMR system.
Moreover, many commercial refrigerants have high global
warming potential, making it important to explore the use of
more eco-friendly mixed refrigerants in future studies. To this
end, we recommend conducting experimental evaluations of
the TMR system under different conditions with environmen-
tally sustainable mixed refrigerants, building upon the optimal
conditions reported in this study.
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