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New avenues of decreasing environmental impacts and increasing the efficiency of
HVAC systems are constantly being explored in the race to reduce carbon emissions and global
warming. These new avenues have led to the exploration of the use of carbon dioxide as a
refrigerant in refrigeration applications. Many researchers have also investigated ways to reduce
the power consumption of compressors, which is typically the main source of power draw for

HVAC systems. One theoretical process to achieve this is through isothermal compression.

This thesis explores the idea of isothermally compressing CO2 by using a liquid piston
and integrated gas cooler to achieve higher efficiencies with this transcritical cycle. A test
facility was designed, sized, constructed, and calibrated to emulate the suction and discharge
conditions of a typical COz system for air conditioning applications. A prototype of the liquid
piston and integrated gas cooler chamber was designed and constructed as well. A simulation
model was built in Engineering Equation Solver in order to properly design the gas cooler
chamber. Other critical components have been carefully chosen to ensure smooth operation of

the system.



Results show isothermal efficiencies of up to 82.7% during steady-state operation and an
isothermal efficiency of 91.2% during steady-state operation with the additional help of
evaporative cooling. Comparing this to other conventional compressors give up to 34.2%
absolute improvement in the isothermal compressor efficiency. These results show sufficient
performance to warrant the design of a fully working prototype despite efficiency/capacity
tradeoffs in the system. Challenges had been encountered such as the loss of refrigerant through
the liquid piston, which will be accounted for in the next prototype. Discussion of the next
prototype includes the use of a double-acting piston and a smaller tubed fractal heat exchanger

design.
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1 Introduction

The reversed Carnot cycle is an idealized refrigeration cycle, which consists of two
isothermal processes and two isentropic processes as seen in Figure 1. From the cycle, the
theoretical efficiency limit is reached, which is dictated by the temperature of the hot and cold
reservoirs. Unfortunately, real-world systems do not resemble these processes due to irreversible
friction, pressure drops, superheated vapor compression, and isenthalpic expansion, making the
reversed Carnot cycle an unrealistic ideal cycle. However, isothermal compression processes can
be realized, which is a more efficient process than isentropic compression, leading a system one
step closer to Carnot cycle efficiency. This is especially true because the compressor is
responsible for a considerable amount of the system’s power input. Typical compressor
isentropic efficiencies range from 65% to 90% [15], while reciprocating compressors particularly

lean toward the lower efficiencies, giving more room for improvement.

Figure 1: Ideal Reversed Carnot Cycle [10]

Looking at a simple vapor compression cycle (VCC) system, the basic components to

drive the system are the condenser, expansion valve, evaporator and the compressor as seen in



Figure 2. The condenser is a heat exchanger that rejects heat, the evaporator is a heat exchanger
that absorbs heat and the expansion valve is a device that allows the refrigerant inside to expand
to a lower pressure. The compressor’s function is to compress the working fluid, which results in
an increase in pressure. This increase in pressure causes a pressure difference in the system,

which is what drives the refrigerant inside to circulate, enabling constant mass flow.

3 2
Condenser
}Z Expansion Valve
Compressor
> Evaporator
4 1

Figure 2: Simple Vapor Compression System

Many methods have been made to compress the gas but the most common is the use of a
positive-displacement piston, which is essentially when the gas is forced into a smaller and
smaller volume to compress the gas. Doing so increases not only pressure but temperature as
well. This is due to a phenomenon called “heat of compression”, which makes it harder to
compress gas. Heat of compression describes the inefficiencies of compressing a gas where a lot
of the energy is converted to heat instead of compressing the gas itself. If enough heat is rejected
from the chamber as the gas is being compressed, then the same temperature can remain, hence
the term, isothermal compression, the underlying principle. It can also be thought of as

combining the roles of the compressor and condenser, which are happening simultaneously.



Motivation for the pursuit of this technology stems from the increasing concern for
climate change in the world. The amount of CO2 emissions has spiked since the industrial
revolution which have led to an increase in the global climate by approximately 1 °C from 2011
to 2020 [58]. While this has resulted in relatively mild changes in the weather, higher global
warming temperatures will have catastrophic effects. Knowing this, the Paris Climate Accords
and Kigali Amendment to the Montreal Protocol were brought to fruition in 2016 [16]. This has
led to the international recognition of the effects of climate change and first steps toward its
mitigation and adaptation. One such step would be the gradual reduction of consumption of
hydrofluorocarbons (HFC) due to their global warming potential (GWP). This means that
common refrigerants such as R-134A will be phased out, leaving other environmentally friendly
refrigerants to fill the void.

CO- has been one such potential refrigerant to replace what were industry standard
refrigerants for households such as R-22 and refrigerators such as R-12. It has considerably
lower GWP, is an abundant resource and is non-toxic. Figure 3 shows the energy distribution
generated by the U.S. and shows a major part of the electricity generated goes to residential and
commercial. Heating, Ventilation and Air Conditioning (HVAC) systems are a major contributor
in energy consumption in residential and commercial buildings. A consensus survey done by the
Energy Information Administration (EIA) in 2015 showed 55% of energy consumption for
residential and 54% for commercial buildings comes from heating, cooling, ventilation, and
refrigeration [53][54]. The Department of Energy (DOE) as well as many other organizations
have set goals for themselves to combat climate change. If these conventional systems were to be
replaced with CO> based systems with isothermal compression, then it is estimated that 1 quad of

energy could be saved annually. This energy is equivalent to 1.055*10*® Joules.
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Figure 3: Estimated U.S. Energy Consumption in 2021 [28]

2 Literature Review

To effectively understand isothermal compression and come up with a design for a
system, it is important to look at past work that has been done on isothermal compression. Work
for two main applications have been explored: refrigeration and air compression applications.
Research work for air compression applications have been on the rise in recent years with new,
innovative approaches to isothermal compression while refrigeration applications have not seen
much new development. The reason may be likely due to the global power generation rise in
renewable energy, which has increased to 27% in 2019 [50]. As the world transitions into more
renewables, storage becomes more and more of an urgent issue in which compressed air energy
storage technologies have become a significant area of research. As the demand for wind and

solar increases, more capacity is required, mainly because the power generation of these



renewables is intermittent. Therefore, energy storage technologies are needed, such as hydro and
air compression storage, which promises large-scale energy storage. In particular, compressed air
energy storage (CAES) has become more and more of a viable option thanks to research on
isothermal compression. The idea of more efficient compressed air energy storage technologies
via isothermal compression has become more desirable. But isothermal compression would not
only benefit compressed air applications but also in refrigeration applications as reducing the
worlds overall energy consumption will help lead to a path of carbon neutrality. The hope will be
to apply applications from air compression to refrigeration. A complete breakdown of categories

can be seen in Figure 4 below.

Isothermal
Compression
Refrigeration Air Compression/CAES
Applications Applications
Refrigerant Inter-stage External Oil Water Chamber Other
Injection Cooling Cooling Flooded Injection Design Methods
Simple Chamber Chamber

Geometry Manipulation Packing

Figure 4: Breakdown of Isothermal Compression Technologies

2.1 Refrigeration Applications

The topics discussed in this section overview the methods explored to achieve isothermal
compression in refrigeration applications, including refrigerant injection, inter-stage cooling,
external cooling, and oil-flooded compression. Some of these methods have become mainstream

applications to achieve this process, while others have remained a research topic. Most of these



methods can be an afterthought application to the already existing scroll compressors or other

high-frequency counterparts.

2.1.1 Refrigerant Injection

Refrigerant injection has become a well-known research topic in the refrigeration
community and is closely tied to inter-stage cooling. The liquid refrigerant injection is used to
cool the compression gas, which can be used for isothermal compression. The benefits and
limitations are similar for water injection in that surface area is greatly enhanced. Still, the
equipment costs are also higher than some of the other techniques discussed in this review. Table
1 summarizes the findings in this section.

Cho et al. (2003) [13] tested the effectiveness of this strategy in a scroll compressor with
the following parameters in mind: compressor motor drive frequency, injection pressure,
injection ratio (ratio between injection and suction mass flow rate), and injection location. In
short, high frequency leads to high performance, high injection pressure leads to a decrease in
discharge temperature, and a rise in injection ratio leads to lower adiabatic efficiency. There are
interesting corner cases where the normalized capacity is rapidly reduced at low injection ratios
at the frequency test case for 45 hz.

Lee et al. (2015) [29] compared the effectiveness of liquid versus vapor injection on a
scroll compressor. Performance metrics include the coefficient of performance (COP),
subcooling, and discharge temperature. It should be noted that the authors goal was to decrease
the discharge temperature by exploring the refrigerant injection to ensure a longer lifespan of the
system while maintaining baseline performance. It should also be noted that the injections
happen at the suction line of the compressor, making it a pre-mixed method. The discharge

temperature decreases with increasing injection ratios, which increases compressor efficiencies



up to about 90%. However, at injection ratios greater than 10%, performance metrics such as the

cooling capacity and COP are negatively affected for liquid injection. In contrast, these

performance effects are seen linearly from the beginning for the vapor injection. Lee et al. (2015)

[29] recommended using liquid refrigerant injection at a 10% injection ratio in this case.

Xu et al. (2011) [59] provided an excellent review of research in this field at the system

and the component level. The study described a paper that tested a two-stage CO> cycle with

vapor injection, which enhanced the COP by 16.5%. The refrigerant injection can be broken

down by cycle type (internal heat exchanger or flash tank), compressor type (screw, rotary,

scroll, and reciprocating), and performance parameters (injection port location, injection

pressure, and injection ratio), which are discussed in this paper.

Table 1: Refrigerant Injection Literature Summary

(2015) [29]

scroll compressor suction port
« Working Fluid: R-22

Author/year | Type Details Application |Findings
« Compare the effectiveness of « Liquid injection recommended over vapor
Leeetal. . liquid and vapor injection at . . injection with an injection ratio of 10%
Experiment Refrigeration

« Liquid injection at suction port proves to be
simple and effective means

Cho et al.
(2003) [13]

Experiment

« Experimentally explore effects
of refrigerant injection on scroll
compressor

« Vary the following parameters:
Compressor frequency, injection
pressure, injection ratio, and
injection location

« Working Fluid: R-22, Pressure
Ratio: 0.63 — 2.15 MPa

Heat pumps

« 10% normalized increase in compressor
efficiency

« High frequency leads to high performance

« High injection pressure leads to a decrease in
discharge temp. as well as an increase in power
input

« Arise in injection ratio leads to lower adiabatic
efficiency

« Injection location at a=180° give slightly better
performance

2.1.2 Inter-stage Cooling

Inter-stage cooling has become commonplace as a tool to achieve higher efficiency

systems. The concept of inter-stage cooling proposes that if the working gas is compressed in

smaller discrete steps with cooling in between each compression, a more efficient compression




process can be attained. If you had an infinite amount of these discrete steps, theoretically,
isothermal compression would be achieved. Dividing up the compression work among multiple
compressors means that the gas's temperature is reduced, having the added benefit of using low-
temperature material. Figure 5 shows a typical schematic of a two-stage compression system.
The downside is the practical effects of pressure drop that will be more apparent with this
cooling method. In addition, there will also be a steep increase in the number of equipment costs.
To quote a paper, "The equipment is relatively expensive given the number of cylinders, valves,
heat exchangers and pulsation dampers, which are required in a multistage unit” (Coney et al.,

2002) [14]. Table 2 summarizes the findings in this section.
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Figure 5: Schematic of Two-Stage Compression System with Associated P-h Diagram

(Huang et al., 2007) [23]

Inter-stage cooling is also very niche in that a problem is being divided and conquered.
Still, the cooling method in-between stages are mentioned in this review, such as refrigerant
injection called pre-mixing, as aforementioned in Lee et al. (2015) [29]. The refrigerant injection
is commonly used in these cases and is closely tied to inter-stage cooling. With inter-stage

cooling, the refrigerant vapor is recirculated downstream after the expansion valve is back to the



line after each stage. The method for introducing it back into the stage is through refrigerant
injection in Huang et al. (2007) [23]. More specifically, it is a borrowed technique used for
impeller blades to provide a thin gas film to provide cooling called film cooling. Huang et al.
(2007) [23] analyzed this for hole-injection type (3D flow field) and slot-injection type (2D flow
field). The geometries of the two can be seen in Figure 6. In summary, there is pressure loss at
larger injection angles but is less pronounced in hole injection. Also, better mixing results from
this, which leads to lower temperatures. Higher injection velocities have a negligible influence

on temperature or velocity uniformities.
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Figure 6: The Geometry of Slot Injection (left) and Geometry of Hole Injection (right)

(Huang et al., 2007) [23]

Roytta et al. (2009) [44] explores using a flash intercooler in a two-stage compressor
system. Flash intercoolers extract a portion of the flow from the condenser, expanding and
evaporating in a heat exchanger that cools the main flow to the compressors. The goal was to
simulate the system and obtain an optimal point based on calculated COP values tweaked by
changing the compressor speed for two refrigerants. Higher COPs were seen at higher
compression ratios and rotational speeds that were slightly lower than the optimal rotational

speed for the compressor for R-245FA. The opposite happened in the case of R-134A.



Liu et al. (2019) [31] provided an interesting perspective on inter-stage cooling by

exploring the antithesis of using inter-stage cooling, i.e., seeing the effects of not using inter-

stage cooling on a multistage system. Liu shows performance hits for insufficient cooling and

sees a primary trend in that for every 10 K increase in temperature; the isentropic efficiencies are

reduced by about 1% at each stage for a four-stage compressor. There is a linear decrease in

efficiencies as suction temperature goes up.

Table 2: Inter-Stage Cooling Literature Summary

(2019) [31]

properties for multistage
compressor

compression

Author/year | Type Details Application |Findings
« Simulate an increase in suction « for every 10 °C increase in suction
temperature in increments of 10 temperature, the volumetric efficiency of first-
Liu et al. Simulation to see resulting efficiencies and | Air stage, second-stage, third-stage, and fourth-

stage reduced by an average of 1.43%, 1.86%,
2.32%, and 2.56%, showing an increasing
trend

Jin etal.
(2018) [25]

Experiment/
Simulation

« Establish a coupling relationship
between injection parameters
(mass flow rate and specific
enthalpy), the formation process
of inter-stage parameters, and the
compression process

Refrigeration

« Deviations between the simulated and
experimental values of inter-stage parameters-
Minj, Pm, and Tm are 10-5%, 5-4%, and 17-5%,
respectively

« Specific enthalpy changes the direction of
change in the state point

« Mass flowrate determines the degree of
change in the state point

Roytté et al.

« Optimization of two-stage
centrifugal compressor and flash

« Optimum point no optimum for both
compressors due to model has shared shaft for

(2009) [44] Simulation intercooler model with two Refrigeration both compressors
refrigerants: R-134a and R-245fa « Modest COP values
. - « The recommended configuration is to use the
« A numerical study examining N - L2 o
L hole-injection with an injection angle of 60
Huang et al. | . . flow characteristics on slot and . . S - R
Simulation S Refrigeration | « Large injection angles and higher injection
(2007) [23] hole injection in a two-stage . L
velocities lead to more significant pressure
compressor L
loss but better temperature mixing
Guo etal. |Experiment/| « Explore effects of precooling Refrigeration | * Energy consumption decreases by 0.65% for
(2017) [19] | Simulation Screw compressor g every 1°C drop in suction temperature

2.1.3 External Cooling

This section contains papers related to achieving isothermal compression through

external cooling of the compression chamber. As opposed to more conventional ways of external

10




cooling, i.e., through multistage cooling, other unorthodox methods such as dripping condensate
water on the compression chamber and applying tube-in-tube heat exchangers into the design of
a compression chamber are explored. While these methods increase energy savings/efficiency,
they are not as promising as other methods mentioned in this section. Table 3 summarizes the
findings in this section.

Taghavi et al. (2021) [51] explored a highly novel concept of using the suction line piping
to cool down the compressor, resulting in a 4% increase in COP. This minor change to the system
would cost virtually nothing, and a significant performance boost would be seen, which could be
applied to all refrigeration systems.

Nethaji and Mohideen (2017) [35] wasted no resources and utilized frost drip
accumulated at the evaporator to cool the compressor. This experiment’s premise is that there
will be a substantial condensate in high relative humidity countries. They test an off-the-shelf
unit (Electrolux makes frost-free cool type) with 150 watts of cooling, which uses R-134A
refrigerant. At an outside dry bulb temperature of 29 °C and relative humidity of 72%, the
average shell temperature and current consumption decreased, increasing the COP. While the
compressor’s efficiency is not reported, a 10.3% increase in COP would increase efficiency. This
method’s advantage is that an enormous temperature difference is achieved, which will help
facilitate heat transfer from existing resources, so not much modification is needed. As seen in
Figure 7, there are more hurdles in getting from the outside of the compressor to the winding and
mechanism. Yet, substantial heat transfer is achieved thanks to the water droplets below ambient

temperature.
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Figure 7: Heat Transfer Modes in Shell Cooling (Nethaji and Mohideen, 2017) [35]

Unlike Nethaji and Mohideen (2017) [35], Yusha et al. (2015) [61] require a considerable

amount of more hardware and energy input, which is not desirable. These papers share the same

concept: they are cooling the compressor chamber with a colder-than-ambient gas/liquid

externally, which is not specified in this paper. Yusha essentially has a tube/in/tube heat

exchanger. What is unique about this simulation is that they also take advantage of hydraulic

diameter by presenting a slow-speed (0.5 — 2 s), long-stroke (0.2 -2 m) reciprocating compressor

design. What is also interesting is that they also use ammonia/propane as their working fluid.

Results show that this method is effective when the adiabatic coefficient is high (1.31) but does

not influence temperature when it is relatively low (1.13).
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Table 3: External Cooling Literature Summary

« Exergy analysis

Author/year | Type Details Application | Findings
« Experimentally explore the effect of
Nethaji and cooling market compressor (from Refrigeration | * 8-10% energy savings from the method
Mohideen |Experiment| Electrolux) by externally dripping S ste?ns « 10.3% increase in COP
(2017) [35] defrost drip on compressor shell y « Use of already existing conditions
« Working Fluid: R-134a
« Computationally assess the effect of « Best effect when the adiabatic
externally cooling long-stroke coefficient is 1.31
Yushaetal. | .. . . . - . Natural N
Simulation | reciprocating compressor while varying - « When the coefficient is 1.13, external
(2015) [61] - : Refrigerant . .
heat transfer coefficient and cycle time cooling does not influence temperature
« Working Fluid: Ammonia/Propane much
« Cooling motor increases COP by 4% but
« Reduce the power consumption of does not reduce power consumption
compressor two ways: cool motor by « Combined isothermal and isentropic
Wang et al. Simulation external means or make compression | Refrigeration| compression can reduce power by 16%
(2008) [56] process isothermal Systems depending on operating conditions and
« Simulate R-22, R-134a, R-410A, and fluid choice
R-744 cycle « More beneficial for refrigerants with a
smaller molecular mass
Taghavi et « 12.6% reduction in total reversibility
g « Experimental study of the cooling - . from baseline
al. (2021) . . S Refrigeration - ;
Experiment| compressor using suction line « 4% increase in COP
[51] Systems

« Virtually no cost to implement
« Money saved from less charge required

2.1.4 Qil-Flooded Compression

Hugenroth et al. (2007) [23] proposed a liquid-flooded Ericsson cooler that uses liquid

flooding of the compressor and expander to approach isothermal compression and expansion. A

thermodynamic model was developed to analyze the idealized Ericsson system. Based on their

model, the input parameters, such as liquid specific heat, gas specific heat, pressure ratio, etc.,

could derive maximized cycle COP from the optimum amount of liquid flooding and pressure

ratio. The results show that the cycle has the highest second law efficiency when the evaporating

temperature is around -85 °C and condensing temperature at 32.2 °C. Such a high-temperature

difference indicates it may apply to the refrigeration industry. The study also mentions that the

practical approach for achieving liquid flooding would be to utilize oil in combination with a
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scroll compressor, which could tolerate high oil volumes. Table 4 summarizes the findings in this
section.

Bell et al. (2011, 2012a, 2012b, 2013) [4][5][6][7] continue the oil-flooded compression
research. First, they analyzed the cycle performance adopting oil-flooding compression and
suction line heat exchanger simultaneously by thermodynamic modeling (Bell et al., 2011) [4].
Comparing several working fluids in the parametric study, they found R-404A has the most
impact using the technique, especially at a more significant temperature lift. Combining the oil-
flooded compression and suction line heat exchanger, the isentropic efficiency could rise by
16.7% above the baseline cycle and further improve to 17.7% above the baseline cycle with a
hydraulic expander. After that, they targeted the scroll compressor and scroll expander,
developed a predicting model, and validated it through experiments (Bell et al., 2012a, 2012b)
[5][6]. In their modeling, they break down the scroll machine model into the following sub-
models: A volume calculation, which can calculate the scroll machine chamber as a function of
the crank, a mass flow model, a heat transfer coefficient model for the gas-oil mixture, a
temperature and pressure differential equation solver, and an overall solver for obtaining the
lumped mass temperatures. The modeling prediction takes nitrogen as working gas and alkyl-
benzene as refrigerant oil. If pure nitrogen were compressed from an inlet state of 400 kPa and
300 K to an outlet pressure of 1,200 kPa, the discharge temperature would be 480 K without
flooding and 348.6 K with flooding. A test rig, following Figure 8 was built to validate and tune
the modeling work. The mechanical simulation models show that for the scroll compressor and
expander, the mixture mass flow rate and shaft power can be predicted to mean absolute error

bands of 4.0% after tuning the model with experimental data. The validated models can also be
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used to conduct parametric studies to evaluate the design parameters, such as the flank gap or

ambient heat transfer coefficient.
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Figure 8: Schematic for Ericsson Cycle Test Rig (Bell et al., 2012b) [6]

Ramaraj et al. (2014, 2016) [45][46] tested an R-410A scroll compressor over a wide
range of operating conditions while flooding POE oil into the compression chamber using a hot-
gas bypass test stand. As shown in Figure 9, they customized a scroll compressor to inject oil
into the chamber to avoid volumetric efficiency reduction and suction gas density increase. They
found that oil-flooded compression increases refrigerant mass flow rate and decreases
compressor discharge temperature.

Additionally, there is a tradeoff between reduced leakage and friction and increased
pressure drops through the suction and discharge pathway. Ramaraj et al. (2016) [46] also
evaluated the benefits of oil-flooded compression applied to heat pumps used in low-temperature

climate regions. Given the hourly temperature distribution of Boston, Indianapolis, and
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Minneapolis, the estimated COP could improve by approximately 9%, 10%, and 13% higher

than the standard vapor compression cycle.

Oil injection ports

Figure 9: Location of Dual Oil Injection Port in the R-410A Scroll Compressor (Ramaraj et

al., 2014) [45]

Luo (2016) [32] investigated the R-32 refrigerant performance and applied the oil-
flooded technology theoretically. The isentropic efficiency improved by 3.6-7.3% because of less
increased internal superheat from the compressor's suction port to the scroll chamber's actual
suction port. The study shows that the heating and cooling capacity degraded, contradicting the

previous R-410A experimental results.
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Table 4: Oil-Flooded Compression Literature Summary

Author/year | Type Details Application Findings
« The concept uses the compressor and
« Analytical models of liquid-flooded gxpander liquid flooc_ilng to approagh the
. - isothermal compression and expansion
compression and expansion were
Hugenroth developed using ideal gas, constant process.
. . i . e - « For ideal components, the COP of the
etal. (2007) | Simulation specific heat, and incompressible liquid Heat pump -
. cooler approaches the Carnot COP as liquid
[23] assumption. Lo
; . . flooding is increased.
« Parameters: Capacitance rate ratio, A
. . Lo « The cycle has the highest second law
pressure ratio, a ratio of specific heat . .
efficiency at source temperatures in the
range of -85°C and a sink at 32.2°C.

« Evaluate oil-flooded compressor to « Efficiency improvement is increased by
achieve a quasi-isothermal compression over 40% for supermarket refrigeration
process and use a regenerator to increase applications. For typical air-conditioning

Bell et al. . . refrigerant subcooling. . . applications, 5% improvements are

(2011) [4] Simulation « Working Fluid: Ammonia, propane, R- Refrigeration predicted.
134a, R-404A, R-410A, CO.. Flooded « The method has the most significant impact
Fluid: Polyalkyl glycol(PAG) oil, Pressure for R-404A and the most negligible impact
Ratio: 1.7-2.1 for ammonia among the working fluid.

« A detailed flooded scroll compressor and . . . .

scroll expander models have been « The isentropic efficiency of the oil-flooded
scroll compressor was up to 73%, and the
Bell etal. developed. volumetric efficiency was above 92%
(20124, Experiment/| « Then, the models have been validated and Y .

Refrigeration

« The mechanistic simulation models have

2012b) Simulation tuned using the experimental database. . . .
. . - - been validated using experimental data, and
[5]1[6] « Working Fluid: Dry nitrogen. Flooding '
Fluid: Alkyl-benzene refrigeration oil the mass flow rate a_nd shaft power can be
(Zerol 60) predicted to be within 4.0%.
« A residential air conditioning compressor . o
has been modified to inject large quantities s Atan eva porating temperaturei of -10°C and
of ol into the working chamber condensing temperature of 30°C, the overall
) I 1 1CI 0,
Bell et al. . « The compressor was tested with oil . . |s_entrop|(§ e_ff_|C|e_ncy was up 1o 70% at the
Experiment | . .~ " - Refrigeration highest oil injection rate.
(2013) [7] injection mass flow fractions of up to LT
45% « As the oil injection increased, the
. Workin Fluid: R-410A Elooded oil: refrigerant mass flow rate and isentropic
Polyol-gster (P.OE) ' efficiency increased.
Ramaraj et * An R-410A scroll compressor was test ed « By fitting the experimental data, the semi-

. over a wide range of operating conditions - . - -
al. (2014) Experiment flooding POE oil into the compression Refrigeration empirical compressor performance map is
[45] chamber using a hot-gas test stand. developed.

» An R-32 single-stage oil-flooded The compressor's overall isentropic
compressor model is developed to obtain a ¢ efficiencp is imoroved by 3.6-7 3po/ at
more accurate system-level improvement. . . y1s1mp 0y 3.6-1.3%

Luo (2016) Simulation | « The heat transfer losses between shell and Alr optimum ol mass fraction.
[32] conditioner « The COP in cooling improved 5.8-8.7%,

ambient, suction gas and motor, and high-
pressure and low-pressure cylinders are
considered.

and the COP in heating improved 8.6-
16.4%.
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2.2 Air Compression/CAES Applications

The topics discussed in this section overview the methods explored to achieve isothermal
compression in air compression applications, including water injection, chamber design, which
have subtopics in geometry manipulation and “chamber packing,” and other miscellaneous
methods. Most of these methods require using a liquid piston which has proven to pair well with
the use case of applying these methods to air compression.
2.2.1 Water Injection

This section contains literature exploring water injection to achieve isothermal
compression. This method encompasses the process by which you inject atomized water particles
into the compression chamber to absorb the heat during compression, which can be visualized in
Figure 10. There are quite a few papers on this idea. Hence, it is a highly explored topic of
interest. Once again, these papers' focus lies in applications for air compression. This means that
the piston fluid and working fluid are water and air for these papers. Most have achieved very
high efficiencies, upwards of 98%. Water injection is the most promising since a high surface
area is achievable, but it has shortcomings. Firstly, something must be done with the injected
water after it has been injected, and it may mix with the working fluid, which requires separating
the two afterward. This is extra work and equipment that must be accommodated with water

injection. Table 5 summarizes the findings in this section.
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Figure 10: Representative Model of Spray-Droplets in Liquid Piston (Patil et al., 2020b)

[40]

Coney et al. (2002) [14] described a conventional reciprocating piston that uses water
injection as the cooling mechanism. While cooling the working gas, water injection has the
benefit of acting as its lubricant for the piston. In this case, the challenge is the water droplets'
ability to disperse inside the compression chamber during compression uniformly. The process
can be tricky because if it is injected too early, the droplets' velocity is slowed by the end of
compression, where it would be most needed. Still, if injected too late, the working gas density
may hinder the water droplets' ability to penetrate deep into the chamber. CFD simulations show
this is the case as cooling is not seen at the chamber's core, so a combination of nozzles and
different injection timings is adopted. This is interesting because better results are found in Patil
et al. (2020b) [40], but a smaller chamber was used for this experiment. Uniform spray can be
achieved with high injection pressure, but larger compressors with higher volume to surface area
ratios will be more costly. This becomes even more costly with higher compression ratios
because a higher injection pressure will be needed. Bigger water droplets are used, which is not a

concern, unlike in Leibowitz and Karamchetty (1984) [30], and the water’s atomization would
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depend on the droplets colliding with each other. Problems with "hydro locking" are raised but
report no issues in this area.

Patil et al. (2020b) [40] did the same experiment, except a liquid piston is used in this
case, which opens the novel idea of recycling the water through the water piston. The parameters
considered are nozzle angle, stroke time, and spray water injection pressure. Tests were
performed with at least ten continuous compression cycles to ensure better reliability in the
results. In summary, smaller nozzle angles and slower compression times, while small, better
affected the efficiency. Spray pressure had the most significant influence on the isothermal
efficiency, with the highest recorded efficiency of 95% at 70 psi spray pressure, which is
relatively high. All parameters had diminishing returns on improving efficiency.

Qin and Loth (2014) [43] had a setup similar to Patil et al. (2020b) [40] using water
injection and water pistons. The difference here is that this is a simulation and the fact that they
explore the effect of pre-mixing the gas and water droplets upstream and direct injection, as seen
in Figure 11. Pre-mixing would benefit from injecting the water at a lower pressure and prevents
the likelihood of getting non-uniform dispersion. The disadvantage is that more water cannot be
injected while the compression process is happening, which hurts the efficiency in this case. Two
parameters were explored: droplet diameter and mass loading, virtually the total amount of mass
of water used during the compression. Higher mass loadings and smaller droplet diameters lead
to higher efficiencies, and overall, the direct injection method achieved higher efficiencies than
the pre-mixed method. With this simulation, using direct injection with a mass loading ratio of 5
and a droplet diameter of 20 um could lead to isentropic efficiencies up to 98% from a baseline

of 71%.
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Figure 11: Premixing (left) versus Direct Injection (right) (Qin and Loth, 2014) [43]
Odukomaiya et al. (2016) [36] took the idea of recirculating water one step further by
adding a heat exchanger component in line downstream with the spray nozzle. Three
configurations were explored, where the base configuration is the adiabatic compression,
configuration two is the compression with water injection, and configuration three is the water
injection with the heat exchanger component, as seen in Figure 12. Configuration three would

theoretically gain a better performance boost with the higher temperature difference, but this

would need to be considered with the extra energy input required to do so.
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Figure 12: Investigated Configurations (Odukomaiya et al., 2016) [36]

The patent from Leibowitz et al. (1984) [30] used water injection by strategically placing
holes in the centrifugal compressor's impeller. It would reduce the impact on the blades, but the
droplets of water would still need to be small to minimize damage, especially at the frequencies
that a centrifugal compressor would be going at. The water would also need to be extracted in

some recovery system before being mixed with gas and ignited.
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Table 5: Water Injection Literature Summary

Author/year | Type Details Application Findings
. « The highest efficiency is seen with 70 psi
» An Experimental study used water spray spray at 95% but with a diminishing
injection in a liquid piston air compressor. : -
. « Parameters: spray pressure 10-70 psi, 60 INCTease In spray pressure
Patil et al. . ) . ' « The 60-degree nozzle makes the most
Experiment | 90 120-degree spray nozzles, different CAES .
(2020b) [40] stroke times difference
« Working Fluid: Air, Piston Fluid: Water, ‘ Spra#/_ a_ngle mfljﬁ; a minimal improvement
Pressure Ratio: 2.5 to efficiency (1-4%)
- « Baseline efficiency 75%
. . . « Efficiency improvement is achieved via
« Evaluate transient, analytical, physics-
. - heat transfer enhancement and the use of
Odukomaiya based thermodynamic system model for
et al. (2016) | Simulation three designs CAES waste heat. . -
[36]. « Working Fluid: Air, Piston Fluid: Water, « Energy storage roundtrip efficiency (RTE)
g Hul o ’ ' of 82% and an energy density of 3.59
Pressure Ratio: 1.6 h
MJ/m3 is shown.
« One-dimensional simulation of a
sinusoidally driven piston in a 5 KW first-
Qin and stage cylinder with various compression « Compression efficiency 71% adiabatic
Loth (2014) | Simulation ratios and both pre-mixed and direct CAES process to as much as 98% with spray
[43] injection scenarios. injection at a compression ratio of 10
« Working Fluid: Air, Piston Fluid: Water,
Pressure Ratio: 10
Guanwei et « Performance test of mechanical piston « Compression efficiency improvement from
al. (2018) Experiment with water spray for different nozzle sizes CAES 86.1% to 92.4% for 0.3 mm nozzle spray
[1.8] P « Volumetric compression ratio =2,0.1 -1 « Temperature reduction from 92.1 C to 32.4
mm diameter nozzles, 4 Hz frequency C
« Compared and benchmarked prototype « Lowered end cycle temperature from 120
compressor for CO2 with an established °Cto80°C
predecessor compressor and other « CFD analysis shows heat transfer limited by
compressors Air shallow water droplet penetration into the
Coney et al. | Experiment/| « Experimental comparison of suction compressor chamber
(2002) [14] |Simulation pressure, suction temperature, discharge | for power « Volumetric efficiency 67-75%, isentropic
pressure, discharge temperature, generation efficiency 49-73%, overall isentropic
refrigerant mass flow rate, and compressor efficiency 38-59% for prototype
power consumption was measured « Performance: Improved prototype >
« Working Fluid: CO2, Pressure Ratio: 1.6-3 prototype > predecessor
Leibowitz et « Describes patent for isothermal Rotary .
f « Nozzles strategically placed, so rotor blades
al. (1984) Patent compression of the rotary compressor compressor are not impacted
[30] using water injection applications imp
« 2-10 micron water droplets
« Patent used for Brayton cycle
2.2.2 Chamber Design

2.2.2.1 Simple Chamber Geometry Manipulation
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This section contains literature dedicated to exploring the effects of using liquid pistons
in air compressor applications instead of reciprocating pistons and using simple chamber
geometry manipulations to enhance heat transfer. Liquid pistons are advantageous because there
is no need for oil to use as a lubricant. They are inherently hermetically sealed and provide the
flexibility needed to increase heat transfer by increasing the chamber's surface area by geometry
manipulation. The tradeoff to this is its low power output, which is not a problem for air
compression or CAES applications but will be for refrigeration applications if the user wants
sufficient cooling. There may also be issues with working fluid dissolving in the piston with a
liquid, further reducing power density and causing maintenance issues. In addition, there may be
issues with cavitation as the piston's frequency increases, resulting in more splashing and,
therefore, more low-pressure areas for the cavitation to occur (Van de Ven and Li, 2009) [55].
Table 6 summarizes the findings in this section.

Van de Ven and Li (2009) [55] showed improvement in switching from a reciprocating to
a liquid piston. There is a design tradeoff between leakage and high sealing friction with
reciprocating pistons, but as mentioned above, there are some issues with liquid pistons. Van de
Ven and Li (2009) [55] addressed these problems by selecting low-soluble liquids or using a
bladder to separate the two interfaces. This simulation shows a 13% uplift in efficiency against
the reciprocating piston. The main parameter that was changed was the piston diameter, while the
volume remained unchanged to increase the heat transfer area. After iteratively optimizing the
diameter to be smaller and smaller, cylinder diameters reach below 0.001 m, which may seem
unrealistic to manufacture, as seen in the left of Figure 13. Another result in such a small
diameter is that while it improves heat transfer, it also negatively impacts the viscous pressure

drop, and viscous forces decrease the Reynolds number, resulting in laminar flow. The graph on
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the right of Figure 13 depicts the temperature versus % piston travel of the compressor. Most
notably, the temperature begins to drop after a peak rise in temperature around 80% piston travel
for the liquid piston. This suggests there is enough temperature difference and heat transfer area

to decrease the temperature even at the final stages of the compression cycle.
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Figure 13: Cylinder Diameter versus Cylinder Iteration (left) Temperature versus Piston

Travel (right) (Van de Ven and Li, 2009) [55]

On the other hand, Neu et al. (2020) [33] tested variations of multiple parameters such as
chamber diameter, length, piston speed, and initial chamber pressures instead of vast iterations of
one parameter. The results are predictable in that they do what they intuitively would do. The
decrease in chamber diameter, increased length and decrease in piston speed all help to decrease
the overall chamber temperature. Increasing the chamber’s initial pressure offsets the
temperature profile up while causing a more rapid intensification of convective heat exchanges
(Neu et al. 2020) [33]. As seen on the left in Figure 14, all test variations would see a slight
increase in temperature during compression, then dip at an inflection point where it would
exponentially increase. Neu and Subrenat (2021) [34] also followed up with the study by
analyzing the air velocity distribution within the chamber, and its transition to turbulent airflow

as the piston compresses the air.
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Zhang et al. (2016) [62] interestingly approached geometric manipulation to take
advantage of the liquid pistons’ flexibility in that non-cylindrical gourd-like shapes are created to
increase heat transfer by encouraging turbulent flow. After iterative design changes, the final
design shape goes from an efficiency of 63% from design #6 to 69% for design #16, whose
characteristics have a steeper slope and longer chamber length from the original design, as seen
on the right of Figure 14. With this design, the flow is more agitated, creating better heat transfer
conditions.

Finally, another interesting take on geometry manipulation is a patent from Gerstmann
and Friedman (1979) [17]. This patent aims to take advantage of surface area by having multiple
columns of chambers together in a manifold-like chamber geometry, which is a compromise
between what was shown in Van de Ven and Neu’s applications. The heat pump design operates
in a thermally regenerated cycle without valves, closely approximating a Stirling cycle. Figure

15 shows the simplified liquid piston schematic.

26



HEAT PUMP

REGEN,
[

Ti Tc

wi .
We

QI:I:'!M}}T

Figure 15: Simplified Liquid Piston Schematic (Gerstmann and Friedman, 1979) [17]
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Table 6: Simple Chamber Geometry Manipulation Paper Summary

Author/year Type Details Application | Findings
« For (D=100mm, v=0.12m/s, L =
« Experimental and numerical 6m) indicates transition into
evaluation of liquid piston turbulent flow but inconclusive
compression using an inverse method « Lowering hydraulic diameter,
Neu et al Experiment/ | * Three chamber diameters, five- lowering piston speed, and
(2020) [3'3] Sirgulation chamber lengths, different piston CAES increasing chamber length decrease
speeds, different initial pressures for a final temp.
total of 73 test variants « Did not consider air movement
« Working Fluid: Air, Piston Fluid: analysis
Water, Pressure Ratio: 2.2 « Satisfactory agreement from
experimental and numerical data
« Measurement and analysis of flow « Initial air velocity speeds are higher
Neu and distribution of air in the chamber with than piston speed
Subrenat (2021) | Experiment | K - CAES « Displacement past 24% results in
[34] ow stroke to b_ore ratio . turbulent flow, causing Kelvin
« Use of 2D particle image velocimetry Lo
Helmlotz instabilities
« 19% reduction in energy
« Analyze liquid piston on efficiency consumption over the reciprocating
« 1200 rpm cycle piston
van de Ven and « Use a long, small-diameter piston with Air « 83% efficiency versus 70%
Li. (2009) [55] Simulation the same volume as reciprocating compression efficiency in liquid versus
' piston P reciprocating, respectively
« Working Fluid: Air, Piston Fluid: « Asslight increase in friction due to
Water, Pressure Ratio: 9.5 viscosity but the overall net gain in
efficiency trumps this
« Design compression chamber as
dlfferent_ go_urd?shapes {o encourage « Best efficiency seen with designs
more agitation in gas, thus attaining ith a hih i0 (lona lenath
better heat transfer with a high aspect ratio (long length,
S A . short diameter) and steep cross-
Zhang et al. . . « Water/air-liquid piston combination Air . :
Simulation e L . sectional radius change
(2016) [62] with “open-cell metal foam medium” | compression Desi - -
; : « Design 16 achieves 69% efficiency
(10 pores per inch, 93% porosity) T -
. . « Enhanced mixing during
« CFD simulation compression
« Working Fluid: Air, Piston Fluid: P
Water
« A patent describing heat-actuated heat « It has three liquid pistons with a heat
Gerstmann and umo with Stirling cvele using liquid pump regenerator and power
Friedman(1979) | Patent pump gey ghq regenerator
[17] pistons Heat pumps « Liquid columns organized in a heat-
« Working Fluid: Air, Piston Fluid: g - 9
exchanger-like fashion
Water .
« Less moving parts
2.2.2.2 Chamber Packing

This section contains literature whose focus was to increase the compressor’s efficiency

by increasing heat transfer through what this paper will call “chamber packing.” Doing so is a
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passive method of increasing heat transfer cost-effectively. It is concluded in many documents
that a significant factor in making isothermal compression feasible is through an increase in heat
transfer, which is highly correlated to the heat transfer surface area. In short, packing lots of
material inside the compression chamber increases the efficiency of the compressor.
Interestingly, the heat transfer medium’s material provided little to no difference in the heat
transfer rate, as referenced in (Patil et al., 2018; Xu et al., 2011) [37][59]. This means that even
with the considerable increase in surface area, it is still a limiting factor in the transfer rate.
While these references have applications for air compression, it is hoped that these techniques
can be applied to refrigeration applications. Overall, there are significant efficiency
improvements by increasing the surface area through wire mesh or other means. Table 7
summarizes the findings in this section.

In addition to the water injection paper mentioned previously, several papers were also
written by Patil et al. (2018, 2019, 2020a) [37][39][38]. This is significant because direct
comparisons between methods can be established to see which techniques worked the best under
similar conditions. The test setup can be seen in Figure 16, where the chamber is submerged in a
circulating water bath to eliminate a limiting factor in heat transfer. Their paper on using
different chamber materials teaches that while it affects efficiency, there is slight variance.
Efficiencies could be seen from 84-86%, where aluminum takes the lead. This surmises that
thermal conductivities would not matter until the heat transfer area is significantly increased. It
should also be noted that this was one of the few known papers to perform multiple continuous
cycles (10 cycles). The water injection still holds the highest recorded efficiency among these
experiments at 95%. Still, among the ones in chamber packing, the aqueous foam had the highest

efficiency of a 4-8% improvement from the base efficiency of 86%, assuming that this base
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efficiency is accurate. Patil’s wire mesh experiment falls short but reports a 6-8% efficiency
increase from 82-84% base efficiency. It could be argued that since these experiments are a year
apart from each other, the base efficiencies could fall within error of each other. This means that
regardless of the base efficiency, the percent increase in the wire mesh experiment has an overall
higher growth than the aqueous foam experiment. Looking more into Patil’s wire mesh
experiment, the wire meshes are formed into a distinctive Archimedean spiral to help facilitate
heat transfer in the axial and radial directions at a compression ratio of 2.8. Two types of
materials are considered: Aluminum and copper. Two types of mesh densities; 8 and 16
wires/inch. Peak air temperature was reduced by 26-33 K, which translates to a 6-8% lift in
compressor efficiency. The polycarbonate compression chamber dimensions are 88 mm diameter
by 170 mm height. Similar temperature profiles in Aluminum and copper suggest thermal
conductivity is not a limiting factor. Compression times vary from 3 to 6 seconds, concluding
that longer compression times are favorable. The less-dense wire mesh also did better than the
denser mesh, which suggests that there must also be a balance between surface area and thermal

capacity. But this is not the case for porous inserts, as will be seen for Yan et al. (2015) [60].
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Figure 16: (left) Experimental Setup of Liquid Piston Compressor (Patil et al., 2020a) [38]
(middle) Aqueous Foam Compression (Patil et al., 2018) [37] (right) Aluminum and Copper

Metal Wire Mesh Spirals (Patil et al., 2020a) [38]

Yan et al. (2015) [60] performed an experimental study of chamber packing using what
the author calls porous inserts, improving Patil's wire mesh idea. Several configurations are
considered to vary in material and porosity. The polycarbonate compression chamber is 353 mm
long and 50.8 mm in diameter. The plastics have interrupted plates (seen in Figure 17), which
disrupt and restart the boundary layers, so heat transfer is enhanced and open structures to allow
for low liquid drag. Essentially, they have vertical walls with spacing every discrete distance or
so in a grid-like fashion. Yan plays with a range of compression times from 2 to 23 seconds and
finds a better heat transfer seen at longer compression times. The author also concludes that
interruption of the boundary layer also helps significantly in attaining better heat transfer.
Another explanation is the small hydraulic diameters in porous media also induce higher local
velocities. An optimized profile typically consists of segments of high flows at the beginning and
end of the process and a slow (nearly isothermal) portion in the middle, which agrees with the

Pareto optimization of Saadat et al. (2012) [48]. The thermal conductivity of the aluminum foam
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(167 W/m K) is 1,000 times higher than that of the ABS plastic interrupted plates (0.19 W/m K).
Results in this paper suggest that at the relatively low-pressure ratios of 6-10, these differences
in conductivities and capacitances do not have significant effects. This analysis shows that
because the thermal capacitance is sufficiently large compared to the thermal energy and the heat
transfer coefficients in these low-pressure ratio experiments, the effect of thermal conductivities

is, once again, insignificant.
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Figure 17: Types of Porous Inserts Used (Yan et al., 2015) [60]

Saadat et al. (2012) [48] expanded on the works of Van de Ven and Li (2009) [55] and put
a little twist on it by taking all the tiny diameter tubes and putting them together in a bigger tube
that encompasses them all. This would increase the heat transfer area inside the compression
chamber but limit the heat transfer area on the outside. Simulations show a 10-40% increase in
power density at 90% efficiency. Pareto optimizations also show that 91.45% can be achieved if
the compression speed is varied for a cycle, i.e., having an initial fast compression followed by a
long, relatively slow compression, then a final rapid compression to get to the final desired

pressure.
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Table 7: Chamber Packing Literature Summary

Author/year | Type Details Application | Findings
« Compression efficiency of 84-86%
« Overall, the heat transfer coefficient reaches
« Experimental study of Liquid piston a steady value towards the end of
Air/water with different chamber materials compression.
Patil etal. |Experiment/| and stroke times Air « The convective thermal resistance of air
(2019) [39] | Simulation | « Polycarbonate, PET, Aluminum, Copper compression | contributes to the total resistance.
« Working Fluid: Air, Piston Fluid: Water, « High thermal conductivity of chamber
Compression Ratio: 2.05-2.35 material helps with heat transfer at the initial
phase of compression, but potential limit
reach during the latter phase of compression
« Experimental study of Liquid piston
. Air/water with aluminum/copper wire . - .
Patil et al. - . h . « Compression efficiency improved from 83-
(20202) Experiment (r;;snhg?:gvggﬁg?edsg??neiierrsezlong i f;;wpression 84% to 88-90%
[38] « Working Fluid: Air, Piston Fluid: Water, « Smaller wire diameter beneficial
Pressure Ratio: 101 — 280 kPa
« Achieve isothermal compression of air
using aqueous foam in compression
chamber through experimentation
« Tested for one stroke, which takes 4.2-4.4
Patil et al _ sec Air . 4-8% impr_ovement in compressor efficiency
(2018) [3'7] Experiment | « The aqueous foam generated by surfactant, compression | ° Provides higher heat transfer area as well as
i.e.,, DAWN ULTRA higher heat transfer coefficient
« Varied airflow speed for foam generation
and % foam volume
« Working Fluid: Air, Piston Fluid: Water,
Compression Ratio: 2.5
« Experimentally determine the effects of
dlfferer_lt_porous materials on heat transfer « Increase in power density by 39 fold at 95%
and efficiency L
Yan et al . « Use five unique inserts: three interrupted eff|0|ency_ .
.~ | Experiment . - o CAES « The material type did not seem to matter
(2015) [60] ABS inserts with plate spacing 2.5,5, and hen lookina at heat transfer effectiveness
10mm and two aluminum foam inserts when 100KINg - -
. . « Provide better gas mixture during
sized 10 and 40 pores per inch compression
« Working Fluid: Air, Piston Fluid: Water,
Pressure Ratio: 10
« Pareto optimal compression profile for a . Optim_ized pistop speed profile to compress
Saadat et al liquid piston air compressor that maximizes faster in the beginning and ramp down
" | Simulation CAES toward the end

(2012) [48]

given parameters
« Working Fluid: Air, Piston Fluid: Water,
Pressure Ratio: 10

« 10-40% increase in power density at 90%
efficiency
« The more general numerical approach

2.2.3 Other Methods

This section contains literature related to uncommon, unique methods of an isothermal

compression. While they can achieve very high efficiencies, they are grossly unexplored on
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performance metrics due to patent protections or simply because of the niche applicability of the
method. Table 8 summarizes the findings in this section.

Weiging et al. (2020) [57] and Ren et al. (2020) [47] proposed similar ideas to use a
mechanical piston in conjunction with a porous medium attached to the mechanical piston, which
would be dipped into a circulating water reservoir as seen in Figure 18. This idea combines
methods that have been discussed thus far, such as chamber packing, with the addition of other
unique applications such as the mechanical piston and water reservoir. This specific design
would have the advantage of achieving high compression speeds, increasing its capacity, and
providing a more stable mass flow. Although, this will be limited by how well the heat transfer is

between the air and the environment.
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Figure 18: Weiqing Compressor Design (left, 2020) [57] Ren Compressor Design (right,

2020) [47]

Another unique method in enhancing heat transfer is called a "dry finned" piston, which
is the opposite of a liquid piston in that it uses a solid physical piston, hence "dry." Heidari et al.
(2014) [21] analyzed a patent submitted by Benson (1984) [3], as seen on the left of Figure 19.
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Heidari et al. (2014) [21] showed analysis from the "pneumatic-electric” analogy perspective.
What differentiates a dry finned piston and a dry piston is that the piston and the chamber have
fins attached to them to increase the surface area. They are offset from each other, so they do not
interfere when compressing the working gas. The main advantage of using such a piston is that
its surface area remains constant while the compression process is happening, unlike liquid
piston, whose heat transfer area is decreased as the piston compresses the working fluid more
and more. This is especially advantageous since a large part of the gas's temperature increase
happens towards the latter half of the compression cycle (Heidari et al., 2014) [21]. Of course,
this opens it back to several of the disadvantages mentioned considering reciprocating pistons.
Their analysis shows an improvement of 88% efficiency instead of a 78% efficiency for an

adiabatic process.
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Figure 19: US patent by Benson (left, 1984) [3] and Heat Transfer Area for Liquid, Dry

and Classic Piston (right, Heidari et al., 2014) [21]

Payne and Weinbrecht (2002) [41] described a compressor that compresses the working
gas at a constant volume called the "reflux gas densifier" (Figure 20). Gas is taken in at the
suction line, where the turning gears will create a pressure differential and pack more gas mass to

the right, thus compressing the gas. The reflux conduits would recycle the compressed gas that
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would be cooled at this point and mixed in with the fresh incoming gas in a closed-loop
essentially. Though the current design does not have a means for heat removal during the
process, one could be added right at the cavity after the turning gears. Calculations show a
reduction in temperature from 300 to 22 °C at a pressure ratio of 10 on the theoretical curve
compared to typical volumetric compression. Additionally, Langston and Faghri (1995) [26]
described the use of heat pipes to extract the heat out of a turbine vane. Heat pipes are extremely

good at moving heat because they take advantage of the heat of vaporization.
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Figure 20: (left) Reflux Gas Densifier (Payne and Weinbrecht, 2002) [41] (right) Heat Pipe

Flow Diagram (Langston and Faghri, 1995) [26]

Finally, an innovative method for isothermal compression, which was inspired by a
trompe, was a patented device by a company called Carnot compression. They have two patents
(Cherry et al., 2015, 2017) [11][12] concerning the device and from what can be gathered, the
device, which is used for air compression, essentially is what can be described as the opposite of
water injection. Air is extracted from the top, which creates an emulsion of air and water by
bubbling air into the water with microchannel capillary tubes. A vortex is created from the water

in the drum. As the bubbles are sent radially outward (the opposite from what is happening in the
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left Figure 21), they get compressed from the centrifugal force, where it is somehow separated
once it has reached the edge of the drum. Water is circulated to keep the process isothermal,
which is advantageous because, in this design, there is essentially a large, constant-temperature
reservoir. The company states that the only moving parts are the drum and radiator fan. This is a

rough explanation of what is happening.
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Figure 21: Hydraulic Bubbling (left, Sakama et al., 2012) [49] and Carnot Compression

Concept (right, Carnot compression, 2021) [9]
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Table 8: Other Methods Literature Summary

Author/year | Type Details Application | Findings
« Discuss and Analyze ways to achieve « Identified heat transfer from gas to compressor
Heidari et isothermal compression chamber walls limiting factor
al. (2014) |Simulation | « Analyze dry "finned" piston design CAES « 88.4% efficiency compared to 78% for
[21] « Working Fluid: Air, Pressure Ratio: conventional piston
100-580 kPa « 0.25 m? surface area versus 0.05 m?
« Fluid flow analysis of finned piston * _Concludes Very effeqtive in approachi_ng .
A s ! - isothermal compression thanks to the increase in
Heidari and using "pneumatic-Electric" analogy h
. . eat transfer
Rufer Simulation lumped method CAES » The method proved to be an easier way of
(2014) [22] « Working Fluid: Air, Pressure Ratio: -
100-580 kPa modeling .
« system of a complex finned piston
« Experimental performance of prototype shown in
« Patent explaining "dry finned" piston- | Solid piston graph (non-flow thermizer performance)
Benson Patent type design and possible modifications | reciprocating | « Suggested modification to the heat sink by flow
(1984) [3] to improve heat transfer compressor fluid through hollow fins
« Used for heat engines applications | « Limited against long-stroke or high-density
applications
« Calculation show a reduction in temperature from
« Redesign of Gas Densifier 300 to ?2 °C at a pressure ratio of 10 on the
Payne and « Shows iterative design process and Natural gas theoretical curve compared to volumetric
Weinbrecht | Simulation . : - compression
some calculations on theoretical and vehicle fuel - .
(2002) [41] « Simple and rugged design
actual performance « There are no valves and no contacting or rubbing
« Working Fluid: Air, Pressure Ratio: 10 parts
« High volumetric input
« Present design ideas for implementing
heat pipes to gas turbines « Heat pipe vane cooling offers isothermal cooling
Langston Experiment/| * Discuss advantages and disadvantages and prevents heat stress on the turbine
and Faghri Simulation of heat pipes versus conventional Gas Turbine | « Increase in weight of the turbine
(1995) [26] methods « Extracted heat may take away from the cycle
« Discuss testing methodology for
experimental and simulated testing
« Ka, the ratio of heat transferred from the air to
Weidi « Simulate the performance of heat generated from air, over 80 reduces the
leiging et N . . o
al. (2020) _ _ compressor deS|g_n. cor_nblnes porous temperatu_re of air _by 80 o _
57] Simulation medium, mechanical piston, and liquid | CAES « Compression efficiency diminishes with greater
cooling compression ratios
« 28% increase in compressor efficiency at a
compression ratio of 7
« Simulate and experimentally validate « Reduced energy consumption by 45%
Renetal. |Experiment/| isothermal compressor with CAES « Air temperature lowered from 517 K to 342 K
(2020) [47] | Simulation mechanical piston and porous medium « Frictional forces negligible (0.21% of

« Pressure Ratio: 4,100 rpm

compression work)
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2.3 Literature Review Summary

Isothermal compression is a very promising process that could drastically improve the
efficiency of the compressor. Due to this, methods have been explored to apply this process to
existing conventional compressors such as scroll compressors in refrigeration applications. At the
same time, isothermal compression has been applied in more unconventional ways, such as with
liquid pistons in air compression applications. To gather bearings on the progress of isothermal
compression to discuss the benefits, limitations, and challenges of these methods, 47
papers/patents were reviewed and summarized.

These are the main takeaways from what could be extracted from the papers: A bulk of
the ideas try to explore modifying the compression chamber in some fashion, particularly trying
to increase the chamber's surface area. This suggests that surface area is an essential limiting
factor in achieving isothermal compression.

This is mainly done by stuffing in material with a high surface area into the chamber to
increase heat transfer inside the chamber uniformly. Other significant methods use water
injection, which is analogous to refrigerant injection. Still, other niche methods include changing
the chamber geometry to encourage mixing or even using programming to reach optimal
compression speeds. More conventional ways have been to either do inter-stage cooling or
refrigerant injection. Still, these methods take a more active part in cooling the working gas and
usually have high initial and maintenance costs. Ideally, techniques such as stuffing material in
the compression chamber with a more passive effect would be desirable, minimizing cost. Out of
these methods, water injection seems to attain the highest efficiency in both simulation and

experimentation.
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In addition, chamber manipulation seems to do reasonably well. However, chamber
manipulation may be more favorable as they still have high efficiencies while benefiting from
being simple to apply. Other notable mentions are discussed in the following:

The dry "finned" piston is also a promising idea since its design can achieve a constant
amount of high surface area throughout the compression process. Still, it presents issues with
what typical reciprocating compressors will have. Tackling the challenge of isothermal
compression can be looked at in four aspects: heat transfer coefficient, surface area, temperature
difference, and time. Saadat et al. (2012) [48] discussed the idea of variable speed compression
to achieve higher compression efficiencies discovered in their Pareto optimization. Having the
concept of using programming to change the compressor's speed dynamically would be
beneficial because temperature increase tends to spike at the latter half of the compression cycle.
This would lower the compression time needed in one cycle and provide better overall heat
transfer. There is also a need for long-term tests to ascertain each method's benefits fully. Many
single-cycle tests are quick ways of getting data. Still, the reported efficiencies should be taken
with a grain of salt as unforeseen long-term effects could impact the compressor's performance.

With all these aspects explored, it can be concluded that many studies that had
applications for air compression can be applied to refrigeration. With all the possible methods
explained to increase heat transfer, achieving near isothermal compression is feasible, while there
may be challenges in achieving the desired power density. In addition, there seems to be a lack of
experimental validation concerning isothermal compression. Many papers described ideas to
increase heat transfer through simulations. It may be beneficial to explore experimental studies

of isothermal compression, mainly applied to refrigeration applications.
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3 Novel Approach

To take what has been learned in the literature review and apply it, the system that will be
designed will take advantage of the CO- transcritical cycle and use a liquid piston. The
transcritical cycle stands to benefit more from isothermal compression due to nature of
transitioning to the supercritical state. Figure 22 compares conventional gas compression and
desuperheating processes to achieve an isothermal compression in a transcritical cycle and a
subcritical cycle. For the transcritical cycle, compressing from state A (1,000 kPa, 40 °C) to state
B (10,000 kPa, 239 °C) and then removing the heat to get to state C (10,000 kPa, 40 °C) results
in a huge amount of enthalpy that will need to be extracted to maintain isothermal conditions.
This is due to not only the high compression ratios but also the fact that is enthalpy change is
drastically changed past the critical point. Larger compressions will also result in larger
temperature increase which, in turn, will make the heat transfer easier because of larger
temperature differences. This will also result in larger improvement over the isentropic
compression due to higher temperatures requiring more work to compress the gas. Compare this
with a typical sub-critical cycle for R-410A and compressing from state A (1,000 kPa, 35 °C) to
state B (2,138 kPa, 74.6 °C) and then removing the heat to get to state C (2,138 kPa, 35 °C)
results in a more modest amount of required enthalpy to maintain isothermal compression.
Cooling would have to stop at the edge of the vapor dome because wet compression is not ideal.
Not much improvement can be gained from isothermally compressing the refrigerant. A liquid
piston is used to compress the CO> which will be advantageous since it will be able to conform to
almost any geometry in the designed chamber. This will be important since manipulating the
geometry of the chamber will be needed to enhance the surface to facilitate heat transfer for

isothermal compression.
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Figure 22: Enthalpy Difference Comparison Between CO: (left) and R-410A (right)

Shown in Figure 23, the chamber geometry will be designed as a one bank, single pass,

bare tube heat exchanger which has been named the “compressor within heat exchanger” or

“integrated gas cooler chamber” or heat exchanger compression chamber (HXCC). The

compressor will work by driving the pump which will flow the liquid piston up through the

bottom header, forcing the gas into a smaller and smaller space, effectively compressing it. As it

is compressed and heats up due to the heat of compression, the chamber will act as a heat

exchanger where a fan will blow air over the tubes to cool the gas. The geometry of the chamber

should be designed so that the increase in surface area will allow sufficient heat transfer to keep

the gas at isothermal conditions. Essentially, the job of the compressor and condenser are

combined in one simultaneous process. This design is protected under the University of

Maryland Invention Disclosure under PS-2018-077 [42].
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Figure 23: Integrated Gas Cooler Concept Design [42]

4 Objectives

The objectives of this research are focused on two major fronts: energy savings and

isothermal capability. Objective goals include the following:

Building fully working system
o Design and build proof-of-concept test facility
o Design and build prototype HXCC

o Develop reliable level sensor for specific application

Generate enough mass flow for 1.75 kKW system

Compress CO2 above critical point up to 10 MPa

Save up to 40% in energy savings compared to conventional compressors
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e Compress as isothermally as possible
e Evaluate performance

o Power draw

o Mass flow

o Compression temperature

o Isothermal efficiency

e Develop improved prototype based on 1% prototype design

5 Cycle Modeling

A simple Engineering Equation Solver (EES) model was constructed to simulate the
isothermal compression process of CO». The isothermal compression process was estimated as a
quasi-equilibrium process with 100 discretized processes that is comprised of isentropic
compression (process A-B) and isobaric cooling (process B-C). An exaggerated visualization of
this process can be seen from Figure 24 below with the plotted P-h diagram. The red dots along
the 40 °C isothermal line represent the 100 discretized processes. These discretized processes are
done until state D is reached, at which point a condenser could be used to further cool down the
working fluid and extract more cooling capacity of the system (process D-E). From process E-F,
the working fluid would then expand down to the desired evaporating temperature and then
heated up to state G where it will be superheated. Additional heating will be necessary to get
back to state A which may be done with a suction line heat exchanger, exchanging heat between

processes D-E and G-A.
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Figure 24: Transcritical CO2 Cycle in EES Modeled

From each discretized process, all the isentropic compression work can be summed to
obtain the total work for the isothermal compression process. Comparing this number with a
conventional compressor with a typical isentropic compression efficiency, it is estimated that up
to 40% in energy savings can be realized. This method of calculating the real isothermal work
also matches with the method using the ideal gas law with the z compressibility factor, which

would be done similarly by integrating the work using the real isothermal work equation for

small pressure steps with changing z factors.

Wiso = Z % In (M) (1)

Pinitial

45



Where Z is the compressibility factor, R is the ideal gas constant, T is the temperature at
which the gas is being compressed at, M is the molar mass of the gas, P;,;:iq: 1S the initial gas
pressure and Pr;pg is the final gas pressure. Calculating the isothermal work this way will be

useful in future simulation prediction for near-isothermal compression experimental validations.

For the most accurate way to calculate the isothermal work, finding the difference of the

enthalpy and entropy can also be used as shown in the equation below.
Wiso = [h(T' Pfinal) - h(T» Pinitial)] - T[S(T» Pfinal) - S(T, Pinitial)] (2)

Where h and s are the enthalpy and entropy and a function of the isothermal temperature

T and pressure.

6 Experimental Setup
The following details the overview of the test facility, the major components of the test

facility and prototype isothermal compressor, the types of sensors used which is accompanied by

an uncertainty analysis and finally, the test conditions that were ran and how they were run.

6.1 Test Facility

A customized test facility was designed and built to test the isothermal compressor.
Figure 25 details the layout of the test facility. The blue loop represents where the liquid piston
exclusively resides and the red loop represents where the refrigerant resides, while the gray area
represents the compression chamber and will have the liquid piston or the refrigerant at any
given time. Additionally, the blue and gray areas are the isothermal compressor itself, while the

red area is essentially the calorimeter.
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Figure 25: 1st Prototype Test Facility Diagram

An explanation of how the compressor works is detailed here. The compressor will have
two phases: compression phase and decompression phase. During the compression phase, the
pump pressurizes and brings the liquid up into the HXCC where it will compress the working
fluid. At this point solenoid one is open, while solenoid two is closed. Once the working fluid
has compressed and reached the desired pressure, the back pressure regulator will begin to allow
the working fluid to flow through, passing through a check valve to ensure no backflow. The

working fluid loops around to the inlet of the outlet pressure regulator as it expands and cools.

During the decompression phase, solenoid one closes, allowing for pressure to build up
again from the pump for the next cycle as it will simply bypass through the back pressure
regulator on the liquid piston side and recirculate. Solenoid two opens to allow the liquid piston

to drain and decompress. A needle valve is put in place to control the speed of the decompression

47



and it is flowed back into the oil tank. The vacuum that is created will allow the working fluid to
flow back into the chamber from the suction side. This process is repeated to circulate the
refrigerant and create a cooling effect. Figure 26 below shows a front and back picture of the

built system.

Figure 26: Picture of Front (left) and Back (right) of Built Test Facility

1.1.1 Pump
The pump that is used as a liquid piston in this prototype is an honor external gear pump

(manufacturer number 2GG1UO09R) shown in Figure 27 with the following specifications:

Table 9: Gear Pump Specifications

In® per rev. GPM @ 1750 RPM Cont. PSI Max PSI RPM Range

0.58 4.39 3,500 4,200 600-4,000
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Figure 27: Honor External Gear Pump

Gear pumps are beneficial in that they are cheap and can pump at consistent flow rates
with high varying pressures. With these qualities, gear pumps become an excellent choice for
liquid pistons. This pump is paired with a Baldor general-purpose, three-phase electric motor

(part number EJIMM3714T) which is rated at 10 hp and runs at 1,770 RPM maximum.

6.1.2 Liquid Piston
The liquid piston medium itself was chosen to be mineral oil. This conclusion was made

from the following requirements:

e Viscosity: it is important to consider a liquid that has a medium viscosity. A low viscosity
is beneficial since less power will be required to pump the liquid to compress the gas.
Additionally, a low viscosity fluid will not stick to the sides of the integrated HXCC and
impede heat transfer. It is also important when considering the integrated heat exchanger

design and pressure drop as well. At the same time, a higher viscosity fluid will be
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required to ensure the pump will be able to efficiently pump the liquid. Too low of a
viscosity will cause slippage.

CO2 solubility: a low solubility with COz is the goal. Additional challenges comes with
pumping a liquid with high solubility because of their potential to damage the pump.
There are also possible challenges with bubbling occurring during the decompression
process with its effect being worse with higher viscosity fluids.
Non-toxic/non-corrosive: having a non-toxic and non-corrosive liquid will be beneficial
for the environment and the systems longevity.

Thermal conductivity: when using any type of oil, it is unavoidable that the oil will stick
to the sides of the chamber while operating. Having an oil with a higher thermal
conductivity will be beneficial in preventing thermal resistance from the refrigerant to the

outside.

The mineral oil has the following physical properties:

Table 10: Mineral Oil Properties

Flash Point Specific Gravity @ 25 °C ISO Viscosity Grade

190 °C 0.818 10

A paper which had done investigation on the solubility of CO, with various oils is

referenced here [52] and it is seen that among the oils that were tested, mineral oil (listed as

paraffin oil here) had among them, the least solubility with CO> as seen in Figure 28.
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Figure 28: Solubility Graph Comparison of Various Oils [52]

Although mineral oil may be a potential candidate to be used as the liquid piston, testing
is needed to compare the solubility effects of CO- in other liquids as well. The following two
sections detail the crude testing that was performed to determine CO2 solubility of various fluids

to determine the best medium for the liquid piston.

6.1.2.1 Preliminary Test Setup

The following figures shows the test facility diagram as well as the actual facility for

testing the solubility.
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Figure 30: COz2 Solubility Test Facility Picture

From Figure 29, because the CO; tanks can only be pressurized up to 5,750 kPa, the
facility needs to be put in a chamber at 40 °C to increase the pressure. A picture of the test

facility can be seen in Figure 30. A heat exchanger is added to the outlet of the tank to quickly
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heat up the CO> up to the desired pressure. The first solenoid is opened while the second one is
closed to allow the COz to fill the sight glass where it is filled with the liquid that is being tested.
Once time has allowed the CO- to saturate into the liquid, the first solenoid is closed while the
second one is opened to allow the pressure to decrease. At this point, it can be visually confirmed
if bubbling is occurring in the liquid. The test will be performed for five cycles, varying the
pressure from 8,000 kPa to 3,000 kPa. According to Canales et al. (2015) [8], CO: is not a good
solvent for liquids with high molecular weight, strong polarity or ionic compounds. With this
knowledge, three liquids were tested due to their lack of solubility with CO,: mineral oil, water
and salt water. The reasoning behind salt water, in particular, is that literature also suggests that a
salt solution in water also helps bring down solubility, which possibly fills up space in the water
structure to prevent gases from dissolving and occupying those gaps in the structure (Hangx,

2005) [20]. The salt solution was 22% salt by mass.

6.1.2.2 Results and Discussion

To make a direct comparison between the liquids, the bubble height was measured. As
can be seen from Table 11, water and mineral oil show no signs of bubbling at the tested
pressure difference but salt water shows signs of bubbling. Since water and salt water have the
ability to corrode the pipes within the liquid piston and react with CO> to make carbonic acid,
mineral oil was chosen and further tested at larger pressure differences to see the extent of

bubbling, which can be seen visually in Figure 31.
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Table 11: CO2 Solubility Results

Fluid Bubbling Height (mm)
Water 0.0
Salt Water 2.1
Mineral Oil (5,000 kPa difference) 0.0
Mineral Oil (6,500 kPa difference) 6.1

Figure 31: Before (8 MPa left) and After (1.5 MPa right) Picture of Bubbling Occuring
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6.1.3 Integrated Gas Cooler Chamber
This section details the process for designing the integrated gas cooler chamber. The table

below summarizes the parameters used to help design the chamber.

Table 12: Key Chamber Design Parameters

Parameter Unit Value
Refrigerant - R-744
Compressing Temperature °C 40
Evaporating Temperature °C 15
Mass Flow Rate g/s 13.3
Cooling Capacity kw 1.75
Operating Pressure kPa 5,000-10,000
Cycle Frequency hz 0.1
Chamber Volume cC 1,172

6.1.3.1 Prototype Design

As seen from Figure 24, the 40 °C isothermal line has an inflection point at around 9
MPa of pressure which is where the gas will experience the highest enthalpy difference due to its
steep slope and therefore, will generate the most heat and have the highest temperature increase.
For example, compressing the fluid from 5 MPa to 5.5 MPa will generate less heat than
compressing the same amount of pressure at 9 MPa. This instantaneous point will be what the

heat exchanger is designed for.
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The design parameters will be to use carbon dioxide as the refrigerant and to get gas
compression outlet and evaporating temperatures of 40 °C and 15 °C, respectively. Although the
ultimate goal of the project is to use the system for commercial refrigeration applications, the
aim for this first prototype will be to get an evaporating temperature of 15 °C, which is what
would be needed for air conditioning. These temperatures will result in operating pressures
between 5,000 to 10,000 kPa, which is a compression ratio of 2. The target cooling capacity is
3.5 KW of cooling, while the target capacity for the first prototype is 1.75 kW. Having the target
capacity at hand and assuming an additional 5 °C of cooling is done on the refrigerant from the
condenser side, the mass flow rate can be calculated which is estimated to be 13.3 g/s. This
calculation was done in EES using a realistic non-isothermal CO2 cycle. The required volume of
the chamber can be calculated using the required mass flow rate and knowing the suction
pressure and temperature to get the density of the refrigerant. For Figure 32, the following plot

was created as a function of different compression frequencies.
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Figure 32: Chamber Volume Versus Frequency Plot

The heat exchanger was built using k-type hard drawn copper tubes with stainless steel
tubes used for the headers of the heat exchanger. The heat exchanger will be made as a single
pass bare tube heat exchanger. Knowing the heat transfer area was composed of circular tubes,
the surface area can be calculated based on the enthalpy difference and required mass flow rate
as a function of the pressure. The following simple heat transfer equation was used to find the

surface area. Effects from thermal conductivity of the tube are ignored.

g = UAAT @3)
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The heat flux can be substituted by the enthalpy difference and mass flow rate. The
convection coefficient can be given in per unit area. This can be rearranged to result in the

following equation.

mAh
A= AT 4)

Where A is the heat transfer surface area, m is the mass flow rate, Ah is the enthalpy
difference, AT is the temperature difference between the ambient air and the CO, and U is the
overall heat transfer coefficient. CO> is assumed to be 40 °C. The heat transfer coefficient is
assumed to be a constant 50 W/m?K while the ambient temperature was assumed to be 24 °C.

Using this equation, the plot in Figure 33 is created.
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Figure 33: Required Heat Transfer Surface Area Versus Chamber Pressure
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Looking at the plot, the maximum surface area that is needed is approximately 0.06 m? at
its peak which is, once again, at the 9,000 kPa pressure point. This can be attributed to the
isothermal curve and the increase in enthalpy difference to maintain the same temperature.
Pressure drop is also considered inside the chamber for both CO2 and the mineral oil. This is

done using the Darcy-Weisbach equation as shown.

bp _ ¢ pv°
l —fDZDH ©)

Where Ap is the pressure drop, [ is the tube length, f;, is the friction factor, p is the fluid
density, v is the fluid velocity, and Dy is the hydraulic diameter. Based on calculations, tube
diameters around 5 mm show little to no pressure drop in the tubes. The final tube diameter that

is commercially available are 6.2 mm inner diameter tubes with an outer diameter of 9.5 mm.

Based on the maximum required surface area, the chosen tube diameter, and the
geometry, the resulting volume can be calculated. The required chamber volume can also be
calculated based on the required mass flow rate and suction density of the CO». These two
chamber volume values can be compared to ensure both heat transfer and mass flow
requirements are being fulfilled and is sized accordingly. A cycle frequency of 0.1 hz was chosen
to allow for more heat transfer time to achieve isothermal compression. This increases the
chamber size but will also allow for more heat transfer surface area. Based on this comparison,
the chamber volume is 1,172 cc with a copper surface area that is triple the necessary surface

area. This is done to set a safety factor. This is depicted in Figure 34.

The HXCC was built in-house. Figure 34 shows a CAD model of the chamber with its
plastic inserts between the copper tubes. These plastic inserts are installed to increase air flow

velocity. Overall dimensions of the chamber are 0.61 m by 0.55 m.
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Figure 34: Integrated HXCC CAD Model

Figure 35 shows the actual chamber as well as the side profile and tube pitch dimensions.
It should be noted that the center-to-center tube pitch is 23.8 mm due to manufacturing. Brazing
tubes very close to each other without melting the solder was thought to be difficult but with the
use of a solder with a high silver content, it becomes hard to re-melt the solder without the aid of

a solder flux. With the next prototype, a smaller tube pitch can be used.
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Figure 35: Picture of Integrated HXCC and Side Profile Dimensions (Top), Cross Section

Tube Pitch Placement (Bottom)

A total of 17 copper tubes are used for the construction of the chamber. The tubes are k-
type hard drawn copper tubes which have a higher yield strength than regular copper of 310
MPa. Tubes have a 6.2 mm inner diameter and a 1.65 mm tube thickness. This is a relatively
thick tube thickness to account for the amount of pressure it needs to withstand. Installation of
the chamber on the system is tilted on its side to ensure proper drainage of oil during

decompression.
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6.2 Instrumentation

This section specifies the type of instrumentation that was used as well as their

specifications and installation locations.

6.2.1 Pressure Transducers

Figure 36: Picture of Setra Pressure Transducer

The pressure transducers that were used come from Setra Systems, Inc. (model 280E).

Figure 36 shows a picture of the sensor. Five pressure transducers were installed at the following

locations.
Table 13: Pressure Transducer Locations and Specifications
Location Range Full Scale Accuracy
Oil Side, Pump Outlet 0.1-20.7 MPa 0.11%
Oil side, HXCC Bottom 0.1-20.7 MPa 0.11%
Gas side, HXCC Top 0.1-20.7 MPa 0.11%
Gas side, Compressor Discharge 0.1-20.7 MPa 0.11%
Gas side, Compressor Suction 0.1-20.7 MPa 0.11%
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Due to insufficient equipment, the pressure transducers could only be calibrated from a
range of 0.1-3.4 MPa. Therefore, the pressures for the readings higher than 3.4 MPa would have
to be extrapolated. Five equivalently spaced points were taken. Trend fitting for all pressure

transducers showed at least a 99.99% fit.

6.2.2 Resistance Temperature Detector
The resistance temperature detectors (RTD) are 1/10DIN grade and were used for high

accuracy temperature measurements at the following locations.

Table 14: RTD Locations of Specifications

Location Probe Diameter Accuracy from 0-100 °C
Oil side, HXCC Bottom 6.35 mm 0.03-0.08 °C
Gas side, HXCC Top 3.18 mm 0.03-0.08 °C
Gas side, Compressor Suction 6.35 mm 0.03-0.08 °C

6.2.3 Mass Flow Meter

Figure 37: Picture of Coriolis Mass Flow Meter
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The mass flow rate of the CO, was measured using a Coriolis mass flow meter.
Specifically, the mass flow meter is a Micromotion R-series flow meter with the model number
RO25P. It has an accuracy of £0.75% of the mass flow for gases, zero stability at 0.165 kg/hr,
maximum pressure of 10 MPa, maximum flow rate of 2,720 kg/hr and temperature range of -
40°C to 60°C. The meter was installed at the suction side of the HXCC after the plate heat
exchanger. The flow meter was calibrated in-house from a range of 0 to 65 g/s and had a trend fit

of 99.99%. Figure 37 shows a picture of the sensor.

6.2.4 Watt Meter

Figure 38: Picture of AC Watt Transducer

A watt meter was installed on the system to measure the power consumption of the pump.
This is important to calculate and compare the efficiencies of this compressor with industry-
standard ones. The particular watt meter that was used was an AC Watt Transducer (model PC5-
062D) from Ohio Semitronics, Inc. with an input of 0-300 VAC, 0-100 A and output of 0-10
VDC. It has an accuracy of £0.5% full scale and an operating temperature range of -10°C to

60°C. This meter was factory calibrated at Ohio Semitronics. The watt meter was also set to
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transform the power 4:1, setting the maximum power reading to 10 kW. Figure 38 shows a

picture of the sensor.

6.2.5 Level Sensor
A level sensor was researched thoroughly to be used specifically for this unique
application. The following sections outline the different types of sensors that were explored and

an in-depth explanation of the chosen sensor.

6.2.5.1 Mind Map of Explored Sensors

Cannot penetrate sight glass Custom
Probe sensor off-the-shelf Need high amount of surface area

$345 Magnatrol off-the-shelf J— ultrasonic = . pon
Capacitance = [ Non-contact off-the-shelf Does not work with metallic tubes or glass

Cannot find DP sensor that can withstand

100 bar and measure small DP Becomes foggy and blocks light when

Intensity LED + Photoresistor Custom transitioning to supercritical

DPSensing = ———

light reflection Custom operating conditions changes threshold value
; r Light : @ -
Also penetrates through oil ) o Tested with supercritical CO2 and triggers at
——————————— IRDistance = — Light Probe off-the-shelf transition point

3d printed Plastic used to make housing
Custom broke over time

Float =
off-the-shelf

Reliability issue 9
impeller motor =

Dwyer L10 Series $350 Only works with water

( Emerson float Getting quote

Cannot find cheap solution with
necessary specifications

Tuning fork density sensor ——

thermocouple

Thermal
Reaches target pressure prematurely

hydrostatic/pneumatic =

sensor cannot be “trained" to detect the
= black mineral oil but does work if mineral oil
<2second response time too long off-the-shelf Autonics ~$300 is dyed as a light red color

s - Color sensor

Low electrical conductivity for oil j’ Electrical conductance =

Figure 39: Mindmap of Explored Sensors

Figure 39 shows a map of the types of the sensors that were investigated as well as some

of the limitations each one might have.

Among the sensing solutions listed, seven were determined to have the highest likelihood
of working including the differential pressure sensor, float sensor, color sensor, light reflection

sensor, thermal sensor, tuning fork density meter and ultrasonic sensor.
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The differential pressure sensor is utilized by taking advantage of the dynamic and static
pressure at two localized points to create a zone that will be able to detect the liquid piston since
it will witness a spike in differential pressure. This was successfully tested with water in
atmospheric conditions. The principle had worked but there were no commercially available

sensors that could be found that could handle the extreme pressures of the system.

The float sensor is utilized by taking advantage of the buoyancy effects paired with a
magnet to activate a reed switch to sense the liquid piston. Since conventional plastic floats are
not sufficient to handle the pressures experienced in the chamber, cedar wood could be used

because of its strong durability under pressure as well as its low density.

The color sensor sends white light which is reflected back into the receiver. Depending
on the object in front of the sensor, it will absorb certain spectrums of the light, which will allow
the sensor to create a profile for that object’s color to sense its presence. Testing with an off-the-
shelf sensor has shown that creating a profile for dark colored object (mineral oil dyed with dark

dye) is unreliable but distinct colors (such as red) are reliably detected by the sensor.

The light reflection sensor utilizes a similar principle with the color sensor. There is a
transmitter emitting a light (red light with the sensor that was bought) and a receiver. Depending

on the intensity of the reflected light seen on the receiver, the sensor will trigger.

The thermal sensor utilizes a fast-acting thermocouple to sense the liquid. The liquid and
the CO> can be set to different temperatures for the sensor to be able to tell the difference. The
disadvantage of this sensor, however, is the need for cooling the liquid which may be costly due

to high amounts of heat generation from the pump.
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The tuning fork density meter is utilized by taking advantage of the difference in
densities between the supercritical CO2 and mineral oil (~200 kg/m? difference). A vibrating fork
will oscillate at different frequencies depending on the density of the medium it is submerged in.
Using this, one would be able to tell when the mineral oil has reached the sensor. However, an

economically viable sensor is the limiting factor.

The ultrasonic sensor utilizes sound waves at ultrasonic frequencies to detect a liquid,
similar to the tuning fork density meter. These waves propagate from the transmitter to the
receiver with a gap in the middle. Depending on the liquid, the waves will travel through liquid

at different speeds of sound.

6.2.5.2 LED and Photoresistor Sensor

Ultimately, a cheap, modified version of the light reflection sensor was chosen and made,
which consists of an LED and photoresistor. A 3d printed housing was made to hold the LED
and photoresistor as shown in Figure 40. A more in depth explanation of the principle are as
follows: The light source will shine light into the sight glass where it will be reflected back to the
receiver. Once the dyed mineral oil reaches the sensor, the amount of reflected light will be
reduced. This is shown by the voltage reading of the photoresistor which can be used to

determine when to stop the process.
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Figure 40: Reflect Sensor Diagram (left) Picture of Sensor Installed (right)

Testing of the sensor in Figure 41 shows a clear, significant drop in the voltage value
from the photoresistor when the dyed oil reaches the cross connection. With this, a threshold

value can be inputted and used to control the compression.
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Figure 41: Testing of Reflect Sensor

6.3 Uncertainty Analysis

6.3.1 Systematic Error
Uncertainty of the experiment was determined using the Pythagorean summation of

discrete uncertainties as shown in equation 6.

_ Aar\? ( ﬂ)z ( ﬂ)z
Y= \/(ux1 dxl) + Ux, dx; + + o dxp ©)

Where u; is the overall uncertainty of a function from individual uncertainties x;, x; are

the nominal values of variables and u,, are the discrete uncertainties. Uncertainties are

calculated based on the ASME PTC 19.1-2013 test uncertainty standards [1].
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Table 15: Accuracy Tolerances of Different Measurement Parameters

Measurement Accuracy
Temperature +0.5°C
Pressure +22.8 kPa
Mass Flow Rate +0.038 g/s
Power +0.05 kW
Isothermal Efficiency +1.6%

6.3.2 Random Error

The uncertainty for isothermal efficiency was determined using the uncertainty
propagation in EES. The data used to calculate the random error comes from the shakedown test
data for nitrogen at steady state. Average values and standard deviations were calculated using
averages for a cycle for a period of five cycles with the exception of power and isothermal
efficiency. It should be noted that for the calculation of the power and subsequently, isothermal
efficiency, the power consumption was averaged over the compression process only. Therefore,
the power input during decompression is ignored. Figures 42 and 43 show the pressure, power,

temperature and mass flow versus time.
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Table 16: Average Measurement Per Cycle

Cycle Time [s] | Power [W] |  Pchamber Tehamber | Mass Flow Isothermal
[kPa] [°C] [a/s] Efficiency [%]

1 16.5 1378 6743 37.1 2.06 61.8

2 16.9 1400 6696 37.1 2.08 59.5

3 17.2 1371 6580 37.2 2.08 58.6

4 17.3 1351 6660 37.6 2.05 61.2

5 17.8 1380 6650 37.7 2.01 56.8

Table 17: Total Average Measurement and Standard Deviation
Time[s] | Power | Pecramber | Tchamber | Mass Flow Isothermal
[W] [kPa] [°C] [o/s] Efficiency [%]

Cycle Averages 17.1 1376 6664 37.3 2.06 59.8
Random Error (Standard - 17.4 63.6 0.3 0.03 1.8
Deviation)

6.3.3 Total Error

The total error is calculated using the following equation according to ASME PTC 19.1-

2013 standards [1]:

Ur = Zwlusz + uRZ

Where uy is the total uncertainty, ug is the systematic uncertainty and uy is the random

()

uncertainty. The total error is therefore calculated within a 95% confidence interval.
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Table 18: Measurement Error Calculation

Time [s] Power P chamber Tehamber | Mass Flow Isothermal
[W] [kPa] [°C] [9/s] Efficiency [%]
% Random Error - 1.3 1.0 0.8 15 3.0
% Systematic Error - 3.6 0.3 13 1.8 3.8
% Total Error - 1.7 2.1 3.1 4.7 9.7

As can be seen, the errors for the pressure and temperature are low, relative to the other
errors. This is good, especially for the pressure since they could not be calibrated to the operating
pressures that were tested here. All other errors are quite high (power, mass flow and isothermal
efficiency), which is expected due to near minimal operation limit for the mass flow, the nature
of having a prototype system and the slow transient cycle of values fluctuating, which contribute

to random error.

6.4 Data Acquisition
All system measurements are taken using the National Instruments’ Data Acquisition
System (DAS) modules. These modules allow for streamlined data acquisition and communicate

with Labview, a data acquisition software package.

A total of nine channels were used to collect data including pressure, temperature, mass
flow rate, and power consumption. Additional internal sets of data were captured in the software
including compression and decompression time as well as sensor voltages. Data is captured in

one second intervals.
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Figure 44: Screenshot of Labview Software User Interface

6.5 Shakedown Testing and Safety Implementation
Shakedown tests and safety implementations, both physical and virtual, were
implemented to ensure safe use of the system. Several shakedown tests were performed to ensure

proper use of the system:

e Pressure bypass test

e Liquid piston test

e Safety measure test with nitrogen

e Compression and decompression with nitrogen

¢ Run continuously with nitrogen

The pressure bypass test is performed to ensure that the back pressure regulator and relief

valve on the pump is working properly and the desired pressure can be reached. The liquid piston

74



test is performed to ensure that the liquid level sensor also works properly without pressure

before moving on to the compression and decompression with nitrogen test.

Safety measures in the Labview code are also implemented and tested to ensure proper
function. First, there is a time factor which can be set for the compression and decompression
which stops the current process it is in after the set time is exceeded. Second, there is a pressure
factor for the compression process which will stop the compression and go into a routine of
decompressing the chamber if a certain pressure is exceeded. Third, there is a temperature factor
which monitors the temperature at the bottom of the chamber, in between the solenoid valves,
which stops the decompression process if there is a significant change in temperature, meaning
the oil has gone too far and the gas has entered that region. Error codes will flash if any of the
three safety measures trigger as shown in Figure 45. Finally, there is a LED safety measure
which monitors the connections of the LED light on the light level sensor to ensure that a process

cannot be run if there is a disconnection.

The compression and decompression test with nitrogen was performed as a final test to
ensure full functional operation for single cycle tests. Similarly, the run continuously with
nitrogen test was performed to ensure functional operation when running the system

continuously.

The figure below shows the control module for the DAS. Several modes can be chosen
from the dropdown menu on the top left: manual, compression, suction, run compressor,
emergency off and calibrate. Manual mode allows the user to control the 4 manual control
buttons seen below the dropdown menu. Compression mode automatically runs the compressor
to compress one time and then returns back to control mode. Suction mode automatically

decompresses the liquid piston and allows the refrigerant to flow back in, one time. LED
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indicators labeled “oil at top” and “oil at bot” are added to show the user where the liquid piston
is at any time. This indicator is also used by the program to ensure compression or suction is not
allowed twice in a row. Run compressor mode automatically cyclically runs the compression and
suction continuously until stopped by the user. These processes can be stopped in the middle of
their routine using the “stop process” button. The reset button is used to reset the error code LED
indicators. Emergency off mode turns off all devices. Calibrate mode allows the user to get an
average value for the level sensors to determine where the threshold values should be. These
values can be inputted into the operating parameters. Time limits for the suction, suction wait,
compression, and compression wait can also be inputted. The state tells the user what process the
system is currently in. Below this, is the information that tells what the suction time,
compression time and cycle frequency are. The program will also tell the user the estimate
compression time for a give pump speed percentage. The DAQ Data will also tell the user the

real time values for the sensors.

Figure 45: Screenshot of Labview Control Module
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6.6 Test Procedure

A test procedure was developed to ensure the same conditions for all tests to be able to

make fair comparisons. The goal is to obtain 10 to 20 minutes of steady state data. For single

compression tests, only one cycle is performed. Before the actual test is run, the following

checklist should be audited.

Preliminary Checklist

Check that the back pressure regulator and pressure relief valve are properly set to the
desired pressure (typically 11 MPa for the back pressure regulator and 12 MPa for the
relief valve). This can be done by closing the compression solenoid, running the pump
and reading the pressure sensor.

Check that the two needle valves located after the second solenoid valve are properly
adjusted. This may require a single compression and suction routine to determine the
suction time.

Ensure that the liquid level sensors are properly calibrated.

Check that the back pressure regulator for the gas is properly set (typically 10 MPa).
Check that the pressure regulator from the CO: tank is properly set (typically 4 MPa).

Check that all the ball valves are open (three in total).

Running the Facility

Turn on the chamber to the desired temperature
Turn on the water baths and set the desired temperature
Turn on red button from the facility

Turn on the DAS and ensure that all values are measuring correctly
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5. Wait for temperatures from the chamber and water baths to stabilize

6. Turn on the fan if needed

7. Select ‘write data’ from the write module

8. Select ‘run continuously’ from the control module (‘single compression’ if running single
compression)

9. Let the system run until data has been collected

10. Stop the test by de-selecting the ‘write data’ button and selecting ‘manual’

11. Turn off the fan and the water baths

12. If the test stopped during the compression phase, select ‘suction’ from the menu

13. Close the ball valve to the chamber

14. Turn off the chamber and the facility

6.7 Test Conditions

The following tables outline the test matrix for single compression tests as well as steady
state (SS) tests. Tests ended up being tested at 4,000 kPa due to poor control of the suction
pressure even though the HXCC was designed for 5,000 kPa. Test conditions are based on AHRI
Standard 571 for CO2 [1]. For single compression tests, a sensitivity analysis is done on the
isothermal efficiency of the prototype design. Variables that are changed are the fan speed, oil
temperature and pump speed. A repeat test of the baseline is done to determine the repeatability
of the tests. A final test is done which employs a known combination of these three variables to
get the best isothermal efficiency. For steady state, tests are run from 10 to 20 minutes where the
last 5 cycles of the test are taken for analysis. The process is automated to ensure consistent
cycles. SS-1 and SS-2 are run to see if the fan has more of an impact on efficiency than the

single compression tests and to see the effect of having a lower suction temperature than the
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ambient temperature. SS-3 and SS-4 are run to compare the effect of pump speed once again
with the baseline in a continuous operation. Interplay between combined effects were also
explored. SS-EC is the test that will utilize evaporative cooling to try to achieve higher
isothermal efficiencies and see its effect. Water spray on the chamber is done with water that is

at ambient air temperature.
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Table 19: Single Compression Test Matrix

Test # Chamber | Compression | Fan Speed Air Oil CO;
Volume Time (m®hrt/%) | Temp. | Temp. | Suction
(cc) (s/LPM/%0) (°C) (°C) Pressure

(kPa)
Baseline 1,172 9/7.6/45 0/0 35 35 4,000
Repeat 1,172 9/7.6/45 0/0 35 35 4,000
1-1 1,172 9/7.6/45 481/25 35 35 4,000
1-2 1,172 9/7.6/45 960/50 35 35 4,000
1-3 1,172 9/7.6/45 1,141/75 35 35 4,000
1-4 1,172 9/7.6/45 1,920/100 35 35 4,000
2-1 1,172 9/7.6/45 0/0 35 25 4,000
2-2 1,172 9/7.6/45 0/0 35 30 4,000
2-3 1,172 9/7.6/45 0/0 35 40 4,000
2-4 1,172 9/7.6/45 0/0 35 45 4,000
3-1 1,172 6.4/11/65 0/0 35 35 4,000
3-2 1,172 7.5/9.1/55 0/0 35 35 4,000
3-3 1,172 12/6.1/35 0/0 35 35 4,000
3-4 1,172 21/3.8/20 0/0 35 35 4,000
3-5 1,172 42/1.9/10 0/0 35 35 4,000
Best 1,172 21/3.8/20 1,920/100 35 25 4,000
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Table 20: Cycle Operation Test Matrix

Test # Chamber | Compression Fan Air QOil CO; CO;
Volume Time Speed | Temp. | Temp. | Suction | Suction
(cc) (s/LPM/%) (mchrt (°C) (°C) | Temp. | Pressure
1%) (°C) (kPa)
SS-B 1,172 12/6.1/35 0/0 35 45 ~35 ~4,000
SS-1 1,172 12/6.1/35 0/0 35 45 ~27 ~4,000
SS-2 1,172 12/6.1/35 1,920/100 35 45 ~27 ~4,000
SS-3 1,172 5/12.5/75 1,920/100 35 45 ~35 ~4,000
SS-4 1,172 24/3.0/15 1,920/100 35 45 ~35 ~4,000
SS-EC 1,172 10/7.2/40 1,920/100 35 31 ~40 ~4,000

7 Test Results and Analysis

This section discusses the results of the tests and compare between the single

compression and steady state data as well as other compressors and research done on isothermal

compression.

7.1 Single Compression

Results from the single compression tests are summarized in the table below. The

temperature increase for all tests are seen to be almost the same except for test 3-5, which saw a

significantly lower temperature lift. The error for most tests falls under 2% with the tests running

for longer periods due to slower compression, seeing higher errors up to 4.5%. Isothermal

compressor efficiency is also recorded which considers the pump and motor efficiencies.
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Table 21: Single Compression Results

Test # Temperature | Isothermal | Error [%] | Isothermal

Increase [K] Efficiency Compressor

[%6] Efficiency
[%0]
Baseline 12.1 70.2 +1.90 50.7

Repeat 12.2 69.5 - -

1-1 11.9 70.4 +1.85 50.8
1-2 12.0 69.0 +1.83 49.8
1-3 11.8 70.4 +1.94 50.9
1-4 11.7 71.4 +1.97 51.5
2-1 12.1 69.0 +1.80 49.8
2-2 11.8 70.0 +1.91 50.5
2-3 121 58.3 +1.39 42.1
2-4 11.9 59.5 +1.45 43.0
3-1 12.0 48.8 +0.85 35.2
3-2 12.3 67.2 +1.61 48.5
3-3 11.3 77.1 +2.68 55.6
3-4 104 84.4 +3.66 57.2
3-5 7.5 80.9 +4.53 46.3
Best 11.2 85.8 +3.89 58.1
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7.1.1 Isothermal Efficiency Calculation

In order to compare efficiencies of these tests, isothermal efficiency must be defined.
Other papers in the air compression research space have defined it as the capability of the
compressor to maintain working fluids initial temperature during the compression process. Here,

it is proposed that the classic thermodynamic definition is used as shown in equation 8.

Wiso __ Wisom

(8)

Niso = =
Wactual (Eelec—Epress)NpumpNmotor

Where E,;.. is the measured electrical energy in kJ, m is the mass of CO. being
compressed in kg, w;s, is the required isothermal specific work in ki/kg, E,;ss is the necessary
electrical energy to maintain the pump at a certain pressure in kJ, 1,,,m,, is the pump efficiency
and n,,0c0r 1S the motor efficiency. Normally isothermal work can be calculated with the ideal
isothermal work equation, but it cannot be assumed that CO; is an ideal gas, so the work is
calculated in EES using the model described in the cycle modeling section. Efficiency of the
motor and pump is also accounted for in this case. The electrical energy to maintain the initial
pressure is also subtracted as a specific offset to ensure isolation of only work done to compress
the gas. Without this, work on compressing the liquid from atmospheric to the initial pressure
would be included. Since this work recovery is not utilized in this design, as it would be with
conventional compressors, it is not included as part of the actual energy. The liquid may also not

be assumed to be incompressible, therefore energy would be wasted to compressing the liquid.

7.1.2 Repeatability
A repeat test of the baseline was performed to determine the repeatability of these tests.
This is determined through standard deviation of the average temperature, isothermal efficiency

and average power. From the results, it is seen that the average temperature deviates 0.2 °C from
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each other. The isothermal efficiency deviates 1.0 % from each other and the average power
deviates 0.02 kW from each other. This would indicate that the test could be reproduced with a

fair amount of certainty. Results are summarized in Table 22.

Table 22: Repeatability of Baseline Test

Average Isothermal | Average
Test Temperature | Efficiency Power
[°C] [%0] [kW]
Baseline 39.6 70.9 1.59
Repeat 39.2 69.5 1.57
Standard 0.2 1.0 0.02
Deviation

Figure 46 shown below plots the temperature versus pressure plot of the two tests which

show very close results through the compression process.
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Figure 46: Temperature Versus Pressure of Baseline and Repeat

Figure 47 below shows the power draw through the compression process and shows a

similar amount of power draw with slight deviation at the last part of compression.
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Figure 47: Power Versus Pressure of Baseline and Repeat

7.1.3 Data Analysis

Looking at the bar plot in Figure 48, the baseline gives an isothermal efficiency of 70.2%.
This baseline uses 0% fan speed, 35 °C oil temperature and 45% pump speed. The bars in blue
show isothermal efficiencies with varying fan speeds up to 100%. For these sets of tests, the
effect of the fan speed seems to have little to no effect on the efficiency. This may be because the
thermal mass of the HXCC may be enough to absorb all the heat during the single compression
and therefore, the fan is not needed. So, during steady state operation the effect of the fan may be
more significant. However, the fan still has influenced the temperature profile, as seen in Figure
50. Figure 55 shows the specific work where test 1-1 showed a major increase in power

consumption on the latter half of the compression compared to the other tests, interestingly.
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The gray bars show the effect of oil temperature on the efficiency. For the first tests,
which are of lower oil temperature, it seems to have little to no effect on the efficiency while the
other two tests (2-3, 2-4), which are of higher oil temperature significantly impact the efficiency.
This may be due to natural convective heat transfer occurring during compression as the liquid
piston flows into the HXCC, which heats up the working fluid, but it is not supported by the
temperature profiles in Figure 51, which are very similar for those subset of tests. Tests 2-1 and
2-3 had the higher temperature profiles while tests 2-2 and 2-4 had the lower temperature
profiles. Another possibility could be that the viscosity of the oil decreases with higher
temperature which hurts the efficiency of the pump. This efficiency is assumed to be constant as
consulted by the manufacturer. Interestingly, test 2-1 had the highest power consumption profile
as shown in Figure 56. This may be due to the higher viscosity of the fluid at the lower

temperature.

The yellow bars show the effect of pump speed. With higher pump speeds, the efficiency
of the compressor suffers. Lower pump speeds resulted in higher efficiencies with diminishing
returns where the benefits stop when the pump speed is lower than 20%. The motor efficiency
also drops past this point, but it has been accounted for. The temperature and specific work
profiles in Figures 52 and 57, show lower overall temperature and work, which would expect a
higher efficiency. Figure 54 shows the effect of pump speed compared to all the other tests and
Figure 57 shows the effect among the other tests in its category. An explanation for this drop in
efficiency may lie in the pump efficiency but a full performance curve on the specific pump used
is not available. One other noteworthy explanation may be due to the fact that although the

power usage is lower, running the pump at 10% speed compared to 20% speed resulted in more
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than twice as long compression times, which would lead to overall higher power consumption

and, therefore, lower efficiency, a net loss.

The last test in green combined the knowledge of all three parameters and picked the best
configuration. Overall, the best test beats the baseline efficiency by 15.6%, which is dominated
by the effect of the pump speed. The addition of the fan and cooler oil temperature increases the
efficiency over test 3-4 by 1.4% but is within the margin of error. As seen in Figure 53, the
temperature profile is similar to the baseline in the first half of the compression but is

considerably cooler in the latter half. Figure 58 shows lower power consumption compared to the

baseline.
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Figure 48: Isothermal Efficiency Bar Plot
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Figure 49: Temperature Ratio Versus Pressure Ratio For All Single Compression Tests
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Figure 50: Temperature Ratio Versus Pressure Ratio For 1-X
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Figure 51: Temperature Ratio Versus Pressure Ratio For 2-X
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Figure 52: Temperature Ratio Versus Pressure Ratio For 3-X
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Figure 54: Specific Work Versus Pressure Ratio For All Single Compression Tests
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Figure 56: Specific Work Versus Pressure Ratio For 2-X
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Two P-h diagrams are plotted. Figure 59 plots the best efficiencies from each case as well

as the baseline and best-case tests which can be compared with the isentropic and isothermal

case. Figure 60 plots the best temperature profiles from each case as well as the baseline and

best-case tests. Comparison of all temperature profiles can be seen previously in Figure 49. The

final temperature for the isentropic case would be 111.2 °C. Single compression tests show

anywhere from 63.9 °C to 68.7 °C decrease from the isentropic case. Most notably, test 3-5 has

the closest isothermal compression profile with only a 7.5 K temperature increase.
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Figure 59: P-h Diagram of Best Efficiencies Versus Isentropic and Isothermal Case
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Figure 60: P-h Diagram of Best Temperatures Versus Isentropic and Isothermal Case

7.2 Steady State

Results from the steady state tests are summarized in Table 23. It should be noted that the
temperature increase and isothermal efficiency are averaged over 5 cycles. Temperature increase
is also taken from the highest temperature seen which may happen past the compression phase
when the piston is pushing out the gas. Temperature increase for SS-B, SS-1 and SS-2 see a
significant increase from their single compression counterparts. Although oil temperature and
pump speed are not the same from the single compression series, the higher oil temperature was
seen to not affect the temperature increase in the single compression tests considerably and
having slower compression speeds was proven to decrease temperature increase. In the case of

SS-B, however, temperature increase is still seen. This may be due to the HXCC being saturated

95



with heat during a steady state process which is not seen in the single compression tests. This
limited thermal capacity would raise the overall temperature of the HXCC during operation.
Overall, the isothermal efficiencies are still comparable to that of the single compression tests.

Average pressure ratios and power is also recorded.

Table 23: Steady State Operation Results

Test # Average Average Average Average
Temperature Isothermal Pressure Ratio Power [kW]
Increase [K] Efficiency [%0]
SS-B 19.8 70.4 2.44 1.46
SS-1 18.7 74.7 2.58 1.59
SS-2 16.1 82.1 2.36 1.54
SS-3 9.5 69.7 2.73 2.96
SS-4 14.5 82.7 2.33 0.77
SS-EC 8.5 91.2 2.57 0.63

Efficiency is improved by 7.4% from test SS-1 to SS-2 by increasing the fan speed as
shown in Table 23. This is a significant improvement over the single compression tests going
from the baseline to 1-4, which has an improvement of only 1.2%. The effect of the fan has a
more pronounced impact on the efficiency during continuous operation. Additionally, when the
suction temperature becomes lower than ambient temperature as seen with test SS-1, the
efficiency and temperature increase is still comparable with the baseline SS-B. The effect of the

fan is also still prevalent with test SS-2 where higher efficiency is seen in Figure 61. This could
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be due to the pre-cooling effect of the gas inside on the chamber. The gas will pre-cool the

chamber during suction and then the gas will be cooled more effectively during compression.

Interestingly, when comparing SS-3 with SS-B, isothermal efficiencies are similar as
seen in Figure 61, which compares the isothermal compression efficiencies at different pump
speeds with fan cooling. For this case, the effect of the fan seems to balance out the effect of
higher pump speed. Additionally, the temperature profile in SS-3 is the lowest, as seen in Figure
62. In contrast, the temperature profile for SS-4 is higher in this plot even though the pump speed
is considerably lower. This may be due to the nature of compressing the working fluid at a faster
rate. The RTDs were installed at the suction and discharge ports. During decompression, new gas
is introduced in the chamber and cools the RTD, then it is compressed, which increases the
temperature. This is done so at a fast rate, which may not have given the RTD enough time to
accurately gauge the temperature inside the chamber. This would explain why this is seen in the
steady state test and not the single compression test. As expected, the power consumption scales

with the pump speed as seen in Figure 63.
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The last test done for steady state analysis is the evaporative cooling test. With an
isothermal efficiency of 91.2%, it is the highest efficiency seen in all the tests. The P-h diagram
in Figure 64 shows the isothermal capability during this test against the isentropic case. The final
temperature for the isentropic case would be 116.9 °C. SS-EC shows a 68.4 K decrease from the
isentropic case, with only a 8.5 K temperature increase. It should also be noted that the starting
temperature was increased to 40 °C which would contribute to better heat transfer compared to

the tests that were done with a 35 °C starting temperature.
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Figure 64: P-h Diagram of Steady State Evaporative Cooling Versus Isentropic and

Isothermal Case
7.3 Compressor Comparison
The isothermal compressor efficiencies of different compressors for various applications

(Tables 24 to 27) were compared with the test results.

Table 24: Highly ASD102SKNAG6JT6A Rotary Compressor Specification

Refrigerant Rated Application Suction | Suction | Discharge | Isothermal
Capacity Temp Pressure | Pressure | Compressor
Efficiency
989 kPa | 2,236 kPa 27.2%

2,930 W Air Conditioning | 16.6 °C

R-410A
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Highly’s rotary compressor was tested at CEEE where the power draw and mass flow
were directly measured to be 553 Watts and 14.9 g/s, respectively. The suction conditions as well
as the discharge pressure were also directly measured as shown in Table 24. The required work
for isothermal compression can be calculated in EES, knowing these values, which are in the

units of kJ/kg. The isothermal efficiency can be defined as follows:

_ Wisp __ Wisom
niso_Comp - - (9)

Wactual Pelec

Where P, is the power draw in kW, m is the mass flow rate in kg/s, w,, is the required
isothermal specific work in kJ/kg and w.+,4; 1S the actual specific work done by the
compressor. Isothermal compression at these conditions requires 10.1 kJ/kg of energy. Plugging
in these values, | find the isothermal efficiency to be 27.2%. The corresponding isentropic

compressor efficiency is 63.2%.

Table 25: Copeland ZFO6KQE Scroll Compressor Specification

Refrigerant Rated Application | Suction Suction Discharge | Isothermal
Capacity Temp Pressure Pressure | Compressor
Efficiency

R-404A 3,870 W Refrigeration | 20.0 °C 519 kPa 2,296 kPa 28.9%

By using the capacity data and the conditions listed in Table 25, the efficiency of the
Copeland’s scroll compressor is calculated. Pressures are assumed to be the saturation pressures
corresponding to evaporating and condensing temperatures. Reported power consumption is 2.24
kW at these conditions. The compressor has a displacement of 5.9 m®/hr. The ideal mass flow
rate can be calculated by multiplying the displacement by the density at suction conditions which

is 23 kg/m®. The required isothermal work is calculated to be 17.2 kJ/kg in EES. Plugging in
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these values, | find the isothermal compressor efficiency to be 28.9%. The corresponding

isentropic compressor efficiency is 57.2%.

Table 26: Copeland 4MTL-05X 4 Cylinder Transcritical CO2 Compressor Specification

Refrigerant Rated Application Suction Suction Discharge | Isothermal
Capacity Temp Pressure Pressure | Compressor
Efficiency

CO; 10,008 W Refrigeration 5.0°C 3,050 kPa 9,000 kPa 27.0%

Calculation for the Copeland’s CO2 compressor is done like the scroll compressor. Power
draw at the conditions above is 5.6 kW. Displacement for this compressor is 4.6 m/hr. The
suction density is 75.7 kg/m3. The required isothermal work is calculated to be 15.7 kJ/kg in
EES. By plugging in the values, | find the isothermal compressor efficiency to be 27.0%. The

corresponding isentropic compressor efficiency is 82%.

Table 27: Atlas Copco CO2 22-195 50hz Reciprocating Booster Specification

Refrigerant Flow Rate Application Suction | Suction | Discharge | Isothermal
Temp Pressure | Pressure | Compressor
Efficiency

CO; 35¢/s Gas Compression 25°C 102 kPa | 2,101 kPa 26.0%

Finally, the efficiency for the Atlas Copco’s CO2 booster is calculated in the same way.
Power draw at the conditions above is 22 kW. Mass flow rate is given at 35 g/s. The required
isothermal work is calculated to be 163.3 kJ/kg in EES. By plugging in the values, I find the
isothermal compressor efficiency to be 26.0%. The corresponding isentropic compressor

efficiency is 37.5%.
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In an effort to fairly compare these compressors, the inefficiencies of the pump and motor
are added back to the isothermal efficiency to get the isothermal compressor efficiency. Figure
65 plots the efficiencies of the compressors along with the evaporative cooling test, best test, and
test with maximum fan cooling (SS-4). Comparing SS-EC and the Atlas Copco efficiencies, the
biggest improvement can be seen with an improvement of 34.2% absolute. When comparing the
next best continuous operation efficiency with the highest conventional compressor, an 18.4%
improvement is seen. It should be noted that when considering all energy input including the
energy needed to main pressure, efficiencies drop around the efficiency of the conventional
compressors. The energy needed while pushing out the gas is also not considered in the test data

efficiency analysis, which may also need to be considered for a fairer comparison.
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Figure 65: Isothermal Compressor Efficiency Bar Plot Comparison

7.4 Liquid Piston Comparison

Oak Ridge National Laboratory (ORNL) published the research work detailing an

isothermal compressor with similar conditions, which is not addressed in the literature review
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[26]. CO2 is used as the working fluid and propylene glycol is used as a liquid piston. Their heat
transfer mechanism utilizes the spray injection idea, and their target application is for heat
pumps. Isothermal efficiency is not reported but comparisons can be made with SS-EC and 3-5
as detailed in Table 28. Temperature increase is 1.6 and 2.7 K lower than ORNL by SS-EC and
3-5, respectively. ORNL ran tests with a higher-pressure ratio, but the single compression and
steady state tests were compressed to higher pressure near to 10,000 kPa where heat generation is
most extreme. Additionally, they heated their chamber walls above ambient temperature before
compression while test 3-5 did not. Test SS-EC effectively has the chamber walls heated as well
because this test is run at steady state and will have the walls saturated with the heat from

compression.

Table 28: Temperature and Pressure Measurement Comparison With ORNL [26]

Test Initial Final Temperature Initial Final Pressure
Temperature | Temperature Increase [K] Pressure Pressure Ratio
[°C] [°C] [kPa] [kPa]
ORNL 28.6 38.8 10.2 1,870 8,580 4.59
SS-EC* 39.3 47.9 8.6 3,870 9,940 2.57
3-5 35.0 42.5 7.5 4,054 9,604 2.37

*averaged over 5 cycles

7.5 Mass Flow Rate

An additional test is run to determine the refrigerant mass flow rate. Figure 66 below
shows the resulting mass flow rate when running the system at 90% pump speed and ambient air
temperature of 25 °C. As shown, max flow rate is approximately 60 g/s which averages to 13.6
g/s during the entire cycle process. This matches the necessary mass flow rate of 13.3 g/s for

1.75 kW of cooling for air conditioning applications with an evaporator saturation temperature of
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15 °C. As shown in Figure 66, the mass flow rate is highly intermittent, which is not desirable.

Due to the high pump speed, isothermal efficiency was impacted.
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Figure 66: Mass Flow Rate of CO2 On Suction Side

8 Conclusions

A significant amount of research has been devoted to isothermal compression of air. This
thesis investigated isothermal compression toward refrigeration applications while using the CO>
as a working fluid. Literature review suggests that spray injection can achieve high isothermal
efficiencies up to 95%. However, to approach the isothermal compression process, the current
study utilized the chamber geometry manipulation and a liquid piston within a bare tube HXCC
design to dissipate heat during the compression process. An initial prototype was designed and

built to determine its feasibility and its performance was experimentally measured and analyzed.
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From the thermodynamic definition, single compression tests provide isothermal
efficiencies up to 85.8%, while continuous operation tests provide isothermal efficiencies up to
82.7%. This efficiency drop is due to the heat saturation in the HXCC. With the addition of
evaporative cooling on the HXCC during a steady state test, isothermal efficiency increased to
91.2%. A sensitivity analysis was also performed for the single compression tests by varying the
oil temperature, fan speed and pump speed. The comparison of isothermal compressor
efficiencies of current prototype compressor and four commercially available compressors shows
up to 34.2% efficiency improvement absolute over commercial products. This prototype design
was also able to achieve a 2.7 K lower final temperature at a lower pressure ratio but a higher
final pressure over a design from the ORNL which utilized spray injection. The targeted mass
flow rate for 1.75 kW cooling system was achieved but at the cost of lower isothermal efficiency.
These results show sufficient performance to warrant the design of the next prototype for

optimization.

9 Challenges and Future Work

9.1 Challenges

Throughout the prototyping and testing of the system, many challenges were encountered

which are explained in this section. Solutions for those challenges are also suggested.

9.1.1 Heat Transfer
The highest isothermal efficiency that was achieved without the help of evaporative
cooling was 82.7% for continuous operation. This is an exceptional efficiency but there is still

room for improvement, especially during the latter half of the compression where the
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temperature increase reaches 14.6 K. Although the chamber was designed at the maximum heat
flux, many assumptions were made, so the model was inaccurate. A more robust design is

needed based on a more accurate heat transfer model.

9.1.2 Refrigerant Loss

During operation, CO- is dissolved into the liquid piston, despite being relatively
insoluble with the gas. This dissolved gas is released from the liquid piston during the
decompression process when the compression chamber is open to the oil tank and is lost to the

atmosphere. This can be solved with a closed loop system.

9.1.3 Oil Level Sensor

Despite the reflect sensor working in the system as is, there are some hiccups in the
detection of the oil when operating at higher pump speeds and shorter suction times, making it
not completely reliable. This may simply be an issue with the implemented code to run the
sensor, nonetheless a more reliable, fast, and cheap sensor that can handle such working
pressures may still be needed. Some likely candidates are the float, ultrasonic, and thermocouple

SENSOrs.

9.1.4 Power Density

A pump speed of 90% is needed to reach the 1.75 kW capacity currently which is not
ideal. At these speeds, the isothermal efficiency is impacted severely. Conversely, lower pump
speeds are necessary to reach acceptable isothermal efficiencies, therefore there is a tradeoff
between efficiency and power density. This can be addressed by reducing the amount of dead
volume in the compression chamber which occupies about 5% of the chamber by volume. This

percentage is worse for CO; since it is far from an ideal gas. Using a bigger chamber combined
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with a pump with a bigger displacement per rotation would also help but will need to be

optimized for size. The use of the double acting piston will also help as will be explained.

9.1.5 Intermittent Mass Flow

Mass flow rate of the working fluid is highly intermittent which will pose a problem for
the design of the evaporator. Since the flow time span is very short, the heat exchanger will need
to be unnecessarily large. This can be aided by use of the double acting pistons and the use of a

proper expansion valve.

9.1.6 Liquid Piston Loss to Refrigerant Side

During testing, the system experienced migration of some of the liquid piston into the
receiver. It is believed this is due to the mixing of the liquid piston and the CO> near the
interface. This is possible because of the nature of the geometry of the HXCC causing turbulence
and the CO2 approaching the same density of liquid piston past the critical point. This effect may
be more pronounced with higher pump speeds as the interface between the piston and refrigerant
gets blurred. Since this occurs, some of the liquid piston will discharge with the CO2 and be
trapped in the receiver. A similar situation is reported by Kowalski et al. (2022) [26]. This can be

addressed by the addition of a separator after the back pressure regulator.

9.1.7 Water Hammer

During testing, water hammer would be experienced when shutting the solenoid valve
between the pump and the HXCC. This eventually may cause microcracks in the piping, leaking
the liquid piston. This can be resolved by using an expansion tank to absorb the pressure shock.
The effect may also be less pronounced in the double acting piston design due to a smaller

pressure difference between the inlet and outlet of the pump.

108



9.2 Next Prototype Improvements
With all the challenges encountered thus far, improvements to the prototype have already
been thought of and a design of a work-in-progress prototype are discussed. Figure 67 shows the

design of the “double acting piston” isothermal compressor.
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Figure 67: Double Acting Piston 2" Prototype Design

This design will address many of the challenges that were faced with the first prototype.
In addition, improvements to the integrated HXCC are being made. Currently, the most
promising improvement to the heat exchanger is reducing the hydraulic diameter of the tubes to
1-2 mm inner diameter in a fractal design, as the refrigerant side heat transfer is still a limiting
factor in the path to isothermal compression. More tubes can be added to offset the decrease in
the size of the tube diameter to prevent higher pressure drop. Other ideas are being considered
such as the use of an oil injection system much like the water injection technology discussed in

the literature review and the design from ORNL. This would increase the heat transfer area
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significantly. Another idea would be to use a shell-and-tube heat exchanger as the integrated
compression chamber. This would change it to a water-to-refrigerant heat exchanger instead of
an air-to-refrigerant heat exchanger which would have more heat transfer capability. The HXCC
will also be designed for medium temperature refrigeration applications so the evaporator

saturation pressure will need to be 3,000 to 3,500 kPa.

The double acting piston works by having two compression chambers. Use of a liquid
piston is still present. Four solenoids are used to direct of the flow of the liquid piston much like
an H-bridge used in electronics to drive a motor in forward and reverse. Use of a back pressure
regulator and relief valve are still present to regulate the pressure of the liquid piston. The
pressure regulator at the suction side of the pump is added to regulate the incoming liquid to the
suction of the pump. Though not seen in the diagram, the use of a gas separator may be needed
after the pressure regulator to ensure pure liquid flow into the pump. Flow of the liquid piston
can be visualized with the green and yellow lines depicted in the diagram. For instance, if
compression has completed in the bottom chamber, the top left and bottom right solenoids would
open and the others would close to redirect flow from the bottom chamber to the top chamber,
following the yellow path. After compression of the top chamber is completed, the flow path

would follow the green line as depicted.

With the design of the double acting piston, multiple issues would be addressed as well as
improvements being made. First, this design would be fully enclosed which would eliminate the
issue with the loss of refrigerant being transported through the liquid piston to the environment.
Second, the power density of the system would increase because time spent for decompressing
the chamber would be spent for compressing the other chamber unlike with the first prototype.

Third, the occurrence of highly intermittent flow would be reduced when a more balanced time
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of compression would take place. Fourth, work recovery can be accomplished here to save more
energy used for compression and energy will not be wasted re-pressurizing the liquid from
atmospheric pressure to the inlet pressure. The two solenoid valves can be opened after the pump
to equalize the two chambers to recover the work. Fifth, the issue of the original
photoresistor/LED combination (different from the reflect sensor) can be resolved using the same
sensor by placing these sensors only at the bottom of each chamber which would avoid the
challenge of having to overcome the fog. Sixth, liquid piston loss would be addressed by the

addition of an oil separator after the compressor to recover the lost oil.

With this new design, there come some challenges that still need to be overcome to fully
realize the isothermal compressor design. The new design will require high inlet pressure into the
pump which is a challenge because there does not seem to be any commercially available pumps
with the specifications needed that can handle such high inlet pressures that could be found at
least at the time of writing this thesis. In addition, the design may experience a possible form of
cavitation to the pump which is not desirable. This is a possibility because the refrigerant will be
dissolved into the liquid piston while compressing the refrigerant and then will be reduced to a
lower pressure when entering the inlet of the pump which will cause the refrigerant to bubble out
of the liquid piston. This challenge can be addressed with the use of a separator right before the

pump inlet.
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