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Abstract: In light of Kigali Amendment, Fluorinated Gas (F-Gas) regulations, and the United
States Environmental Protection Agency (EPA) SNAP program calling for the phase out of
hydrofluorocarbon (HFC) refrigerants which have an extremely high global warming potential
(GWP), it is necessary to transition to lower GWP alternatives. For example, natural refrigerants
such as hydrocarbons (HC, e.g., propane (R290), isobutane (R600a), etc.) and carbon dioxide
(CO2) have gained traction as attractive low GWP alternatives for a wide range of residential and
commercial heating, ventilation, air-conditioning and refrigeration (HVAC&R) applications
which have historically depended on high-GWP refrigerants such as R134a, R410A, R22, and
R404A. Moreover, researchers worldwide have also shown immense interest in utilizing
refrigerant blends to achieve the required performance whilst minimizing environmental impact.

One such area is supermarket refrigeration systems, which often employ multi-stage cascade cycle



configurations due to large temperature lifts, making single-stage vapor compression (VC) systems
impractical. A key challenge in this field is selecting environmentally-friendly refrigerants, as
many common low-temperature refrigerants have high GWP, high ozone depletion potential
(ODP), and/or are flammable. The use of HC refrigerants is also highly regulated due to their
flammable nature, hence necessitating high-performance heat exchangers (HXs) with significant
size, weight, cost, and refrigerant charge reductions compared to current state-of-the-art to comply
with flammable refrigerant charge limits.

Decarbonization of buildings is essential to reducing greenhouse gas emissions, as space and water
heating account for a substantial share of energy-related emissions. Transition to heat pump
technologies is central to this effort, offering a low-emission alternative to fossil fuel and electric
resistance heating. They can substantially reduce greenhouse gas emissions from space and water
heating when powered by renewable or low-carbon electricity, making them a key technology for
building electrification and climate mitigation goals.

This thesis focuses on the development of modeling and optimization methodologies to facilitate
the transition of heat pump and refrigeration systems to lower GWP refrigerants and is applied to
three different case studies: (i) refrigerant blend optimization and selection for a supermarket
refrigeration system, (ii) a water source heat pump system, and (iii) low-charge air-to-refrigerant
HXs for a residential air-conditioning system.

In the first part of the thesis, an approach was developed to design optimal refrigerant blends to
serve as lower-GWP alternatives to conventional high-GWP refrigerants while also enhancing
system efficiency for a two-stage cascade refrigeration system. Significant improvements in COP
by up to 49% and decreases in GWP (< 50) were observed when the optimal blends were

incorporated into the system.



In the second part of the thesis, experimental validation of a water source heat pump system model
utilizing R32 as the refrigerant and a brazed plate heat exchanger (BPHX) as the condenser was
conducted for a steady-state VC system simulation platform to demonstrate the platform’s
capability to accurately model and simulate VC systems with lower-GWP refrigerants and plate
heat exchangers.

In the final part, a comprehensive system-level optimization methodology was developed for air-
to-refrigerant tube-fin and finless non-round tube HXs which is capable of designing optimal HX
pairs (i.e., condenser and evaporator) with minimal refrigerant charge to replace the baseline HXs
in an air-to-R410A air-conditioning system to facilitate the transition to lower GWP refrigerants
R32 and R290. System-level simulations with the optimal HX pairs suggest that the optimal HX
pairs have comparable thermal-hydraulic performance to the baseline system with significant
reduction in HX-level charge (> 70%) , thereby supporting the adoption of lower-GWP natural

refrigerants such as R290.
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Chapter 1: Introduction

1.1.Background and Motivation

A vapor compression system is a thermodynamic cycle employed to transfer heat from a region of
low temperature to high temperature. This technology is the backbone of heating, ventilation, air-
conditioning, and refrigeration (HVAC&R) systems and supports a wide range of applications that
include indoor climate control for human comfort, food preservation, and industrial cooling. While
these systems are essential to the modern infrastructure, they are major energy consumers and
contribute substantially to global greenhouse gas emissions due to the use of high-GWP
refrigerants, thereby posing challenges related to both energy sustainability and environmental
impact. According to U.S. Energy Information Administration (EIA), residential and commercial
sectors consumed 28% of the total energy consumption in 2023 [1]. Air-conditioning is one of the
largest uses of electricity in U.S. residential and commercial buildings accounting for 19% and
14% of total electricity consumption respectively with an additional 18% consumed for ventilation
[2]. Similarly, space heating accounted for 42% of energy consumption in the residential sector
with increasing costs [3].

Therefore, reducing the energy consumption along with global warming impact of HVAC&R
systems is going to be very crucial. This can be done by utilizing (i) advanced system
configurations such as vapor injection cycles, cascade cycles etc. (ii) high performance next
generation heat exchangers (HX) as HXs are critical components in a vapor compression system
and can directly play a role in global energy sustainability and (iii) use of environmentally friendly

refrigerants such as lower-GWP refrigerants, blends and/or natural refrigerants. Also, steady state



vapor compression system simulation and optimization will be crucial in assessing the

effectiveness and environmental impact associated with the above options.

1.2.Literature Review of Cascade Systems and Refrigerant Blends

In supermarkets, low-temperature refrigeration keeps meats, vegetables, and dairy products frozen
and fresh, requiring evaporating temperatures in the range of -30°C to -50°C. For this application,
cascade systems are suitable [4], employing multiple refrigeration cycles to achieve extremely low
temperatures for applications requiring precise and efficient temperature control. In two-stage
cascade refrigeration systems, two single-stage vapor compression systems are thermally coupled
through a cascade HX. Such cycles are beneficial to use for high temperature lift applications.

In the early days, refrigerants such as R11, R12, R13, R22, R500, and R502 were widely used in
cascade refrigeration systems [5]. Due to environmental challenges related to global warming and
ozone layer depletion resulting from using these refrigerants, natural and lower Global Warming
Potential (GWP) refrigerants such as CO; and NH3 gained popularity as working fluids for two-
stage cascade systems. A thermodynamic analysis of a two-stage cascade system with CO; for the
low-temperature cycle and NH3 for the high temperature cycle was performed by [4] to optimize
the parameters- condensing and evaporating temperatures, subcooling, superheating, and cascade
temperature difference. Correlations were developed for maximum COP, optimum evaporating
temperature for NH3, and optimum mass flow ratio which are functions of the above-mentioned
parameters with reported COPs between 1.2-1.5. Similar analyses were conducted by [6] and [7]
to determine optimum condensing temperature and maximum COP. This was followed up with an
experimental evaluation of a prototype 9 kW system with CO2 and NHj3 as the refrigerants varying
CO; evaporating and condensing temperatures by [8] and verified the optimum CO2 condensing

temperature they obtained with the findings from [6] and [7] .Due to challenges posed with using
2



CO2 and NHj3 [5], researchers began focusing their efforts on other low GWP refrigerants and their
blends. Thermodynamic analysis of a two-stage cascade system with R170 and R290 refrigerants
was conducted by [9], achieving COPs from 1.1-1.8 and compared the performance of the system
when using R22 and R23. [10] utilized R23, R41, and R170 for the LTC with R32, R1234yf,
R1234ze, R161, R1270, R290, and R717 for the HTC in a thermodynamic energy and exergy
analysis of a two-stage cascade system and reported COPs between 0.6-2. [11] performed a
detailed literature and thermodynamic study on a two-stage cascade system using R41 as the LTC
refrigerant and R1234yf, R423A, R601, R601A, R1233zd(E), and R170 as HTC refrigerants to
evaluate low-GWP refrigerant pairs and the impact of various operating parameters on system
performance.

In addition to the previously mentioned use of lower-GWP refrigerants, researchers worldwide
have shown an immense interest in making and using refrigerant blends or mixtures. Refrigerant
blends which comprise of two or more pure substances, are engineered to optimize thermodynamic
properties, improve energy efficiency of the system, and reduce flammability, toxicity and GWP
in comparison to traditional single-component refrigerants [12]. Another impetus for utilizing
refrigerant blends is the ability to tailor temperature glide, pressure levels, and enthalpy of
vaporization to better match the HX design and characteristics allowing for better temperature
matching between the refrigerant and the secondary fluid, thus enhancing heat transfer efficiency
and improving COP for different system operating conditions and applications [13]. Refrigerant
blends can also enable retrofit applications, allowing present systems to transition from high-GWP
refrigerants such as R410A or R404A to more environmentally acceptable alternatives without
substantial hardware alterations [14]. Also, hydrocarbons that have low GWP and possess good

thermophysical characteristics, such as R170, R1270, R600a, and R290, may not seem to be



attractive as single-component refrigerants due to their high flammability but may be considered
as blend components. So, as refrigerant blends started gaining popularity, [15] performed a
thermodynamic parametric analysis of a two-stage cascade system varying CO> mass fraction for
blends CO2/R1270, CO2/NH3, and CO2/R170 in both stages and reported COPs between 1.64-
2.34. [16] conducted a theoretical screening analysis to evaluate low-GWP and mildly flammable
mixtures as alternatives for R410A for a single-stage heat pump system where the blends consist
of up to five components chosen from a list of 12 pure fluids. Multi-parameter optimization was

done to achieve GWP < 150, mild flammability, and maximum COP.

1.3.Literature Review of Lower GWP Systems and Heat Exchanger Optimization

Air-to-refrigerant HXs are fundamental components in heating, ventilation, air-conditioning, and
refrigeration (HVAC&R) systems, serving as the main heat transfer component(s). The Kigali
Amendment [17] has called for the phase out of HFCs which have an extremely high global
warming potential (GWP) and this has resulted in the HVAC&R industry shifting focus to systems
utilizing natural working fluids. The fluorinated gas (F-Gas) regulations of the European Union
[18] has prohibited the use of high GWP gases since 2023. Therefore, it is necessary to move
towards lower GWP alternatives. Use of hydrofluoro-olefins (HFOs) as low GWP alternatives
have environmental concerns since they are per and poly-fluoroalkyl substances (PFAS) which
can degrade to trifluoroacetic acid (TFA) which has an extremely high environmental stability.
Hence, natural refrigerants such as carbon dioxide, ammonia and hydrocarbons are being
considered as low GWP alternatives.

Among hydrocarbons, propane (R290) with GWP < 1 has received a considerable amount of
interest due to superior thermophysical properties and can enable smaller components and thus

lower refrigerant charge compared to current refrigerants such as R134a and R410A [19].
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However, R290 is highly flammable (ASHRAE Class A3), and thus the refrigerant charge quantity
in systems is highly regulated. Thus, reducing system refrigerant charge is a key consideration for
designing next-generation HVAC&R systems with R290. The ISO 5149 [20] and IEC 60335 [21]
standards are the primary international standards responsible for setting refrigerant charge limits
on HVAC equipment. Most local standards around the world are based on these standards and may
have minor modifications. For example, the EN 60335-2-89 [22] standard and the UL 60335-2-89
[23] standards are based on the IEC 60335-2-89 [24] standard for commercial equipment and ice-
makers. The IEC 60335-2-24 [25] standards allow a charge limit of 150g for domestic refrigerating
appliances. However, for commercial systems, the IEC 60335-2-89 standard increased the charge
limit from 150g to 494g for A3 refrigerants and to 1.2 kg for A2L refrigerants. The ISO standard
5149 [26] prescribes a maximum charge limit of 1 kg for R290, with an 80% reduction in charge
limit for locations meant for public. With these strict charge limits, designing systems with R290
must also account for system charge.

The feasibility of hydrocarbon (HC) natural refrigerants and their mixtures to replace
hydrofluorocarbons (HFC) and hydrochlorofluorocarbons (HCFC) has been well-studied across
the literature. [27] is one of the papers which discussed the possibility of replacing existing
manmade refrigerants (in their case R12) with flammable refrigerant mixture of R290/R600a.
From then on, many studies were performed to investigate the feasibility of substituting existing
refrigerants with hydrocarbons by [28], [29], [30], [31]. The most common candidates were either
R290, R600a or a mixture of these two refrigerants. It has been shown that hydrocarbons have a
slightly better thermo-hydraulic performance compared to existing alternatives and are also
compatible with POE oils [31]. Recently, the LC 150 project [32] focused on brine-water

secondary loop systems, to reduce the charge of R290 in the system. They were able to bring down



the specific charge down to 10 g/kW, with a system which provided 12.8 kW of heating with 124¢g
of R290. [33] studied air-conditioning and heat pump systems and found that HCs and their
mixtures represent the best balance between COP and volumetric capacity. [34] experimentally
evaluated R134a, R290, R404A, R407C, and R410A as potential substitutes for R22 in HVAC&R
systems and found R290 to be a good long-term replacement, with a reported COP of up to 3.55.
Experimental testing of an R290 system with aluminum microchannel HXs conducted by [35]
resulted in system charges between 140-300 grams and COPs ranging from 2.5-5 depending on
the evaporating temperature. [36] numerically investigated the impact of capillary lengths and
microchannel condenser port diameters to obtain the optimum charge for a split packaged air-
conditioner. The authors conducted drop-in testing using the optimized R290 charge and observed
reduced capacity and higher EER compared to R22, thus recommending a HX redesign for safe
and efficient system operation. [37] conducted drop-in testing of R290 as a substitute for R410A
for a split air-conditioner and observed that the R290 system (170 g) utilized two times less charge
compared to the R410A system (340 g).

In an air source heat pump, the condenser and evaporator have a much higher thermal resistance
on the air side, which results in a loss of cycle capacity and increased power consumption.
Therefore, optimization of these HXs is important for high efficiency heat pumps. A lot of work
has been done on the optimization of HXs, and a comprehensive review was done by [38]. As
noted above, many researchers found that one of the keys to reducing refrigerant charge was to
redesign the HXs. In this context, reducing refrigerant charge is often associated with minimizing
the HX internal volume [39], i.e., utilizing compact HXs with small characteristic diameters (<6.0
mm, [40]) whose high heat transfer area-to-volume ratio can yield significant HX size, and thus

charge, reductions. However, compact HXs require fins to achieve the required capacity, resulting



in increased airside pressure drop, material consumption, and fouling/frosting potential.
Advancements in computational fluid dynamics (CFD), finite element analysis (FEA),
optimization algorithms, and manufacturing capabilities have allowed researchers to innovate HX
design practices and apply primary heat transfer surface optimization to achieve highly compact
HXs that do not require fins. To this end, [41] developed a multi-scale analysis and shape and
topology optimization framework for novel non-round, small-diameter tubes which was
experimentally validated using an additively manufactured proof-of-concept design. This
framework was improved by [42] to include multi-physics analyses including tube mechanical
strength, enabling further tube size, material, and charge reductions without compromising tube
structural integrity and was utilized to optimize air-to-natural-working-fluid HXs for R290
condensers [43] and later supercritical CO> gas coolers [42], showing significant promise for HXs

based on non-round tubes for use with low-GWP refrigerants.



Chapter 2: Objectives

This focus of this thesis on the development of modeling and optimization methodologies to

facilitate the transition to lower GWP refrigerants for heat pump and refrigeration systems and is

applied to three different case studies: (i) refrigerant blend optimization and selection for a

supermarket refrigeration system, (ii) a water source heat pump system, and (iii) low-charge air-

to-refrigerant HXs for a residential air-conditioning system.

(1)

In the third chapter, a two-stage cascade system was thermodynamically modeled and
verified using operating conditions and refrigerants from literature. Next, refrigerant
blend optimization was conducted using Multi-Objective Genetic Algorithm (MOGA)
to determine optimal refrigerant blend compositions for both low temperature cycle
(LTC) and high temperature cycle (HTC) to maximize COP and minimize GWP. The
identified research gap lies in the absence of comprehensive studies that utilize a wide
range of refrigerants—specifically 30 candidate fluids—to develop optimal refrigerant
blends for both the high-temperature and low-temperature cycles of a two-stage
cascade refrigeration system, aiming to reduce GWP and maximize COP. Initially 15
pure fluids were considered for blend composition for both the LTC and HTC. Fluids
with negligible mass fractions were removed from the blend, and the remaining fluids
were utilized to further optimize the blend until five or fewer component fluids
remained for both the LTC and HTC. The optimization procedure was repeated for
fluids which have not yet been phased out by the U.S. EPA [44]. The optimal refrigerant
blends were compared to determine the impact of blend composition on system
performance and GWP and also to the baseline systems with one refrigerant per fluid

loop.



(i)

(iii)

In the fourth chapter, a brazed plate heat exchanger (BHPX) was modeled using an in-
house PHX simulation platform ([45] and [46]) that can effectively capture the thermal-
hydraulic behavior of BPHXs. Next, a water source heat pump using lower-GWP R32
as the refrigerant and containing the BPHX and an air-to-refrigerant HX is validated
against independent laboratory experimental data using a steady-state vapor
compression system simulation platform ([47], [48], [49]) to demonstrate the
platform’s capability to accurately model and simulate VC systems with lower-GWP
refrigerants and plate heat exchangers.

In the fifth chapter, a comprehensive system-level optimization methodology was
developed for air-to-refrigerant tube-fin and finless non-round tube HXs which can
design optimal HX pairs (i.e., condenser and evaporator) with minimal refrigerant
charge to replace the baseline HXs in an air-to-R410A air-conditioning system. Tube-
fin HXs with louver fins for the condenser and slit fins for the evaporator are first
optimized using this methodology to design low charge air-to-refrigerant HXs with the
refrigerants being R410A, R32 and R290. Next, an HX optimization framework for
novel shape-optimized, non-round tubes [42] combined with the optimization
methodology is applied to design R290-based condensers and evaporators with
conventionally-manufacturable, non-round tubes. The baseline system is the air-to-
R410A air-conditioning (AC) system which utilizes a tube-fin condenser and
evaporator [50]. The optimal HXs are designed to deliver the same or better thermal-
hydraulic performance compared to the baseline R410A HXs while also significantly
reducing the refrigerant charge. The identified research gap pertains to the lack of

comprehensive evaluation of geometry- and circuitry-optimized HXs—specifically



those employing louvered and slit fins, as well as non-round tube configurations—
within a full system environment. The system performance using both the baseline
(R410A) and optimal tube-fin and non-round tube HXs was calculated using the
aforementioned system steady-state simulation platform to assess the potential of R32
and R290 as an R410A replacement for air-conditioning applications. The results of
this study will provide critical insights into the viability and advantages of using R32
and R290 in residential air-conditioning applications to help facilitate the adoption of

flammable and mildly-flammable refrigerants worldwide.
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Chapter 3: Multi-Objective Optimization of Refrigerant Blends for
Supermarket Systems

Multi-stage cascade cycles are often utilized for applications such as supermarket refrigeration
where a single vapor compression cycle is impractical for large temperature lifts. Along with low
COPs, refrigerants selection for these systems is one of the main challenges in this field, especially
since many common low-temperature refrigerants have large environmental impacts, e.g., GWP,
ozone depletion potential (ODP), and/or flammability. To overcome this, researchers have
proposed refrigerant blend optimization, targeting fluids that deliver high system efficiency with
minimal overall environmental impact. In this section, a thermodynamic analysis-based multi-
objective optimization approach was conducted to design refrigerant blends for supermarket two-
stage cascade systems. The benefits of the proposed refrigerant blends are discussed in detail to
gain insights into potential future refrigerants for low temperature refrigeration. The proposed
approach can enable future design of novel refrigerant blends for multi-cascade refrigeration

systems with improved efficiencies while also satisfying GWP constraints.

3.1.Methodology

3.1.1.Two-Stage Cascade System Description

Figure 1 depicts the two-stage cascade refrigeration system, which consists of two distinct, four-
component refrigeration circuits which use an appropriate refrigerant for the required temperature

range and are thermally connected through a cascade heat exchanger.
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Figure 1. Schematic of a Two-Stage Cascade Refrigeration System
The following assumptions are made during the analysis:
1. All processes are steady-state, steady-flow processes.
2. The changes in kinetic and potential energy are negligible.
3. All expansion processes are isenthalpic, and all compression processes are isentropic.

4. Heat losses and pressure drops in the linking pipes and HXs have been neglected

3.1.2.Thermodynamic Model Description

The two-stage cascade refrigeration system was modelled using the equations listed in Table 1.
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Table 1. Two-Stage Cascade Refrigeration Cycle Equations

Parameter

Equation

LTC Evaporator Capacity

QLTC = mLTC(hO - h3)

. m hiis —h
LTC Compressor Power Consumption Wirc = wr (Ris o)
Nis_LTC
. m hes —h
HTC Compressor Power Consumption Wure = HT;( > +)
is HTC

Cascade HX Capacity Qcux = Myrc(hy — hy) = myrc(hy —hy)
HTC Condenser Capacity Qc = myrc(hs — hg)
Overall System COP COP = L
Whare + Wire
_ Tg1rc
System Carnot COP COPcgrnot =

TC,HTC - TE,LTC

3.1.3.Estimation of GWP for Refrigerant Blends

The GWP of a blend is typically estimated using a mass-weighted average approach (Eq. (1)) as

recommended by [51] and [16]:

pure,i pure,i

GWP=) MF,, GWP Eq. (1)
1

where M Fpyre; 1s the component mass fraction and GW P,y ; 1s the component GWP as given
by the IPCC ARG report [52]. The total cascade system GWP is defined as the sum of the GWPs
of the LTC and HTC refrigerants. Equation 1 was verified by comparing the calculated GWP of
known refrigerant blends with their reference values [53] (Table 2). The calculated GWPs matched

well with the reference values, and the maximum percentage difference was 6.35% for R440A.
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Table 2. Calculation of GWP of known refrigerant blends

Calculated GWP Percentage
Refrigerant Reference GWP [53]
(Eq. (1)) Difference
R410A 2255 2285 -1.31%
R454A 270 263 +2.66%
R454B 531 516 +2.90%
R404A 4728 4808 -1.66%
R470A 1057 1064 -0.65%
R428A 4060 4141 -1.95%
R440A 184 173 +6.35%
R465A 162 158 -2.53%

3.1.4.Model Verification

The two-stage cascade system model was verified against simulation data from [7] for the
operating conditions and refrigerants listed in Table 3. The cycle considers no subcooling,
superheat, pressure drop or heat loss for any component. Thermodynamic property calculations
utilized NIST REFPROP [54] augmented with curve-fits described in [55]. The predicted COP is
compared to the COP from [7] in Figure 2 for different cascade condensing temperatures. The

present model shows good agreement with previous work, with a maximum deviation of 1.7%.
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Table 3. Input Parameters and Values Adopted for Verification

Parameter Input Value
LTC Refrigerant CO,
HTC Refrigerant NH;3
Cooling Capacity 175 kW
LTC Tk -50°C
Cascade Tk -25.64°C to -3.7°C
HTC Tc 35°C
Cascade HX Temperature Difference 5°C
LTC and HTC Compressor 1is [7]
1.2 0
%
// // 7 5
115} 7 o 3
8 // . 7/ 7 Ei,
< 1.1 / / -15 2
3 & 4 'z
&2 P s 5
;: e :
&~ A s 120 3
1.05 // O // 5
7 ./ 25
1 . : : : -30
1 1.05 1.1 1.15 1.2

(Lee, Liu, and Chen 2006) COP [-]

Figure 2. Model Verification using Simulation Data from [7]
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3.2.Problem Formulation

3.2.1.Multi-objective Genetic Algorithm (MOGA)

The optimization of refrigerant blends is conducted using MOGA [58] which is a type of
evolutionary algorithm designed to solve optimization problems involving multiple and often
conflicting objectives. This differs from single-objective methods that find one optimal solution
where MOGA aims to identify a set of trade-off solutions known as Pareto-optimal front, where
no objective can be improved without degrading another. A population-based approach is utilized
where a diverse group of candidate solutions evolve over generations through operators like
selection, crossover, mutation, and elitism. One of the key features of MOGA is its ability to
maintain and improve a diverse set of non-dominated solutions in each generation that allows for
an effective approximation of the Pareto front. Popular algorithms like NSGA-II [58] incorporate
mechanisms to ensure elitism and diversity, ensuring convergence and broad coverage of trade-

off solutions.

3.2.2.Baseline Fluids and Optimization Problem Statement

The cycle parameters for the blend optimization are given in Table 3, except that the compressor
isentropic efficiencies are set to 0.65 and cascade condensing temperature is set to -15.76°C. The
baseline cases assume the following refrigerant combinations (LTC/HTC): (i) CO2/NH3 [7], (i)
R170/R32 [10], (ii1) R23/R152a [56] and (iv) R13/R12 [57]. Optimization is conducted using a
MOGA [58] with 500 total iterations, population size of 200, and population replacement of 10%.

The optimization problem statement is shown in Eq. (2).
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Max COP;Min GWP
S.t.
la. Atmost15 fluidson LTC and HTC areoptimized
16. Filterla. fluids with MF < 0.5% and run again Eq. (2)
le. Filter1b. fluids with MF < 0.5% and run until
fiveor fewer fluids remaineachon LTC and HTC side

The overall objective is to identify refrigerant blend couples which maximize system COP and
minimize system GWP (sum of GWPs of LTC and HTC blends) for the cascade system of interest.
In the first optimization problem (1a), 15 refrigerants are considered for both the LTC and HTC to
create two blends. The middle point of the Pareto set is used as the basis for the second
optimization problem (1b), where the component fluids with mass fraction less than or equal to
0.5% are removed since their presence has minimal impact on performance. The remaining fluids
are filtered and optimized until five or fewer fluids remain on each side with each fluid having
considerable mass fraction. The same optimization procedure was then repeated, beginning with

refrigerants which have not yet been phased out by the US EPA [44].

3.2.3.Pure Fluids Selected for Blend Optimization and their GWPs

The 30 candidate fluids selected for blend optimization are listed in Table 4 and are taken and

categorized from [10] and [11].
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Table 4. List of Pure Fluids and GWP-100 Values Used for Optimization [52]

LTC HTC
Fluid GWP Fluid GWP
CO, 1 R600 0.006

R1233zd(E) | 3.88 R290 0.02
R41 135 R170 0.437
R124* 597 | RI1234yf | 0.501
R245fa 962 | R1234ze(E) | 1.37
R236ea 1500 R1270 1.8
R134a 1530 R600a 3
R125 3740 R123* 90.4
R143a 5810 R152a 164
R113* 6520 R32 771
R236fa 8690 | RI141b* 860
R115* 9600 R22* 1960
R116 12400 | R142b* | 2300
R23 14600 | R227ea | 3600
RI3* 16200 | RI2* 12500

*Phased out refrigerant [44].
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3.3.Results And Discussion

3.3.1.Blend Optimization Involving All 30-Fluids

The COP and GWP of baseline cases and results of the 30-fluids optimization are shown in Figure
3. The range of COP and GWP achieved while all 30-fluids participated is shown in Table 5 along
with the percentage of Carnot COP. The maximum COP achieved is 1.52, which is 32% better
than the baseline CO2/NHj3 case. However, the GWP values are in between 535 and 759 whereas
CO2/NH3 case has a GWP of 1. When compared to the next lowest GWP from baseline cases
(R170/R32), the minimum COP achieved by the 30-fluids case is 34% better with 30% lower
GWP. The middle point of the 30-fluids case (COP = 1.46, GWP = 623) is highlighted with a red
circle in Figure 3, and the detailed results are summarized in Table 6. Note that the fluids with
mass fractions less than 0.5% correspond to those fluids with some of the highest GWPs, and

targeting minimum GWP would result in blends with minimal amounts of these fluids.

19



COP

(3]

Baseline case
@ 15 fluids on each side
1.9 @ 7 fluids on LTC and 9 fluids on HTC| ]|
A 3 fluids on LTC and 6 fluids on HTC
1.8}
1.7} AA
A
1.6 i
®
1.5F - ° O
1471 ® .
1.3
O
1.2
CO,/NH;
1.1 1
R170/R32 ¥y
l 1 1 1
0 200 400 600 800
GWP

Figure 3. COP vs GWP for Blend Optimization Involving All 30-fluids

Table 5. Min and Max COPs and GWPs During Each Optimization Involving All 30-fluids

Min % of Carnot Max % of Carnot Min Max
Fluids
COP CcOoPp CcOoP CcOP GWP GWP
30 1.41 53.81 1.52 58.01 535 759
16 1.26 48.09 1.61 61.45 22 378
9 1.33 50.76 1.72 65.64 2 395

The low mass fraction refrigerants were then filtered out, leaving 16-fluids (7 LTC fluids, 9 HTC
fluids) for Case 1b. The maximum COP (Figure 3, Table 5) achieved by the 16-fluids case is 1.61,
which is 40% higher than the baseline CO2/NHj; case and 5% better than the maximum COP
achieved by 30-fluids case. GWP values for this case range from 22-378, which is significantly

lower than with the 30-fluids case. The minimum COP of 1.26 is 20% better than the R170/R32
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case with 97% lower GWP. The middle point of the 16-fluids case (COP = 1.52, GWP = 100) is
highlighted with a red circle in Figure 3, and detailed results are shown in Table 6. CO, and
R1233zd(E), which are the two lowest GWP fluids on the LTC, emerged as the dominant fluids
occupying 47% and 51.8% whereas on the side of HTC, R1234z¢e(E) and R123 are the dominant
fluids with 40.3% and 40.7%, significantly reducing the GWP compared to the 30-fluids case while
also achieving higher COPs. Once again, refrigerants with the highest GWPs appeared in the
lowest concentrations in order to minimize GWP.

The low concentration fluids were again filtered, leaving 9-fluids (3 LTC fluids, 6 HTC fluids) for
Case lc. The 9-fluids case produced a maximum COP of 1.72, which is 49% better than the
baseline CO2/NHj3 case, 6% better than the maximum COP achieved by 16-fluids case, and 13%
better than the maximum COP achieved by 30-fluids case with GWP values ranging from 2-395
(Table 5, Figure 3). A minimum GWP value of 2 with a corresponding COP of 1.33 is achieved,
which is 15% higher than the baseline CO2/NH3 case. The middle point of the 9-fluids case (COP
= 1.64, GWP = 136) is highlighted with red circle in Figure 3 and detailed results are shown in
Table 6. CO; emerged as the dominant fluid (99.7%) for the LTC, whereas R123 emerged as the

dominant fluid (66.6%) for the HTC.
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Table 6. Refrigerant Blend Compositions for an Optimization Case Involving All 30-fluids

LTC: R115 (0.17)/ R13 (0.23) / R125 (1.38) / R41 (21.8)/ R23 (0.08) / CO>

(24.5) / R236ea (4.92) / R124 (14.2) / R143a (0.16) / R116 (0.11) / R1233zd(E)

30-fluids | (24.2)/ R134a (0.5)/ R113 (0.39) / R236fa (0.02) / R245fa (7.14)

(MF in %) | HTC: R1270 (0.29) / R12 (0.04) / R22 (0.13) / R32 (0.40) / R152a (1.18) /
R227ea (0.33) / R600a (5.27) / R170 (4.38) / R290 (0.81) / R1234yf (9.57) /
R1234ze(E) (31.1) / R600 (0.71) / R141b (15.6) / R142b (0.16) / R123 (29.9)
LTC: R125 (0.01) / R41 (0.18) / CO2 (47.0) / R236¢a (0.01) / R124 (0.20) /

16-fluids | R1233zd(E) (51.8) / R245fa (0.68)

(MF in %) | HTC: R152a (0.05) / R600a (0.59) / R170 (4.26) / R290 (1.11) / R1234yf (0.33)
/ R1234ze(E) (40.3) / R600 (6.46) / R141b (6.07) / R123 (40.7)
LTC: CO, (99.7) / R1233zd(E) (0.24) / R245fa (0.01)

9-fluids
HTC: R170 (2.43) / R290 (5.28) / R1234z¢(E) (16.1) / R600 (0.78) / R141b

(MF in %)

(8.78) / R123 (66.6)

3.3.2.Blend Optimization for Only Non-Phased Out Fluids

An additional optimization study was conducted using the same procedure above, but all fluids

that are (or will be) phased out according to the US EPA [44] were removed. This resulted in 11-

LTC fluids and 10-HTC fluids for optimization Case 1a. The results of the optimization are shown

in Figure 4, and the range of COPs and GWPs achieved during the 21-fluids case is shown in Table

7. The maximum COP achieved is 1.44, which is 25% better than the baseline CO2/NHj3 case and

10% and 5% lower than the 16-fluids and 30-fluids cases, respectively. Also, GWPs range from

64-135, which are significantly lower compared to the 30-fluids and 16-fluids cases. This is a
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direct result of not including the phased-out fluids, which largely have very high GWP. The middle
point of the 21-fluids case (COP = 1.43, GWP = 95) is highlighted with a red circle in Figure 4
and detailed results are shown in Table 8. CO> and R1233zd(E) emerged as dominant fluids with
40.1 and 38.8%, like the 16-fluids case. R600 is the dominant fluid on the HTC, whereas
R1234ze(E) and R123 (phased out) were dominant in the 16-fluids case on the HTC. Moreover,
R125/R23 /R236ea/ R143a/R116 / R134a / R236fa had mass fractions less than 0.5% on the
LTC whereas R1270 / R227ea / R290 / R1234yf / R1234ze(E) did so on the HTC. These
refrigerants were filtered, leaving with 9-fluids (4 LTC fluids, 5 HTC fluids) for the next
optimization.

Table 7. Min and Max COPs and GWPs During Each Optimization Involving Only Non-Phased

Out Fluids
Min % of Carnot Max % of Carnot Min Max
Fluids
COP COP COP COP GWP GWP
21 1.37 52.29 1.44 54.96 64 135
9 1.41 53.81 1.52 58.01 2 70
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Figure 4. COP vs GWP for Blend Optimization Involving Only Non-Phased Out Fluids (21 total

fluids)

Table 8. Refrigerant Blend Composition for a Non-Phased Out Fluid Optimization Case

LTC: R125 (0.01)/ R41 (19.2)/ R23 (0.02) / CO5 (40.1) / R236ea (0.53) /

R143a (0.04) /R116 (0.03) / R1233zd(E) (38.8) / R134a (0.02) / R236fa

21-fluids (0.07) / R245fa (1.11)
(MF in %) HTC: R1270 (0.23) / R32 (3.73) / R152a (0.68) / R227ea (0.07) / R600a
(3.37)/ R170 (11.4) / R290 (0.31) / R1234yf (0.01) / R1234z¢e(E) (0.10) /
R600 (80.0)
9-fluids LTC: R41 (0.18) / CO» (47.0) / R1233zd(E) (51.8) / R245fa (0.68)
(MFin%) | HTC: R32(3.80)/R152a (0.01)/ R600a (0.08) / R170 (8.14) / R600 (87.9)
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The maximum COP achieved during the 9-fluids case is 1.52 which is 32% higher than the baseline
CO2/NHj3 case. This is the same COP achieved by the 30-fluids case, but the maximum GWP (70)
is now 90% lower. A minimum GWP of 2 was observed during this case with a corresponding
COP of 1.41, which is 22% higher than the CO2/NH3 baseline case, compared to the 9-fluids case
achieving 15% improved COP for the same GWP. The middle point of the 9-fluids case (COP =
1.49, GWP = 30) is highlighted with a red circle in Figure 4 and detailed results are shown in Table
8. CO2 and R1233zd(E) continued as the dominant fluids (47% and 51.8%) on the LTC whereas
R600 remained dominant (87.9%) on the HTC. These fluids have the lowest GWPs (Table 3) of
the chosen candidates and are very desirable for minimizing GWP. In the previous 9-fluids case,
CO2 emerged as the only dominant LTC fluid, whereas R1234ze(E) and R123 were the dominant
ones on the HTC producing 11% higher COP, but at the cost of higher GWPs. When comparing
the all-fluids cases with the non-phased-out cases, the maximum COPs achieved are lower for the
non-phased-out cases, but the respective GWPs are also much lower. This is because the phased-
out fluids have slightly higher performance but also significantly higher GWPs. Nevertheless,
compared to the baseline cases, the optimal blends achieved higher simulated COPs and lower

GWPs.

3.4.Conclusions

Refrigerant blend optimization was conducted using 30 fluids (15 LTC, 15 HTC) to develop blends
which maximized system COP and minimized GWP for a two-stage cascade refrigeration system.
All 30 fluids participated in the optimization in the first part and the same procedure was carried
out for fluids which are not phased out by the US EPA ( 2015) in the second part. Significant
improvement in COP and decrease in GWP was observed after optimizing blends on both sides of

the cascade system and compared to the baseline cases. 49% increase in the system performance
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(COP = 1.72, GWP = 395) was observed than the best baseline case when all 30 fluids were
optimized whereas 32% increase (COP = 1.52, GWP = 70) was seen when only non-phased out
fluids were considered. Minimum GWP of 2 was achieved during both cases but the range of GWP
(2-70) was much lower when only non-phased out fluids were present. This type of analysis can
be a good starting point to investigate the potential of new and low GWP refrigerant blends which

can maximize system performance and minimize the environmental impact.
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Chapter 4: Brazed Plate Heat Exchanger System Validation

Plate heat exchangers (PHXs) are widely employed in modern vapor compression systems due to
their compact design, high thermal efficiency, and reduced refrigerant charge. They consist of
multiple thin, corrugated metal plates arranged in a stack, where alternate channels carry hot and
cold fluids. The plates provide a large surface area per unit volume, significantly enhancing heat
transfer performance while minimizing the physical footprint of the equipment.

In vapor compression systems, PHXs are commonly used as evaporators, condensers, or
economizers. Compared to traditional shell-and-tube or tube-fin HXs, PHXs offer superior heat
transfer coefficients due to enhanced turbulence and reduced thermal resistance at the fluid-plate
interface [59]. This makes them particularly advantageous in applications requiring high
performance under compact and weight-constrained environments, such as heat pumps, chillers,
and domestic water heating systems.

One of the key benefits of PHXSs is their low refrigerant charge. Because of their narrow channel
geometry and small internal volume, the amount of refrigerant required is significantly reduced—
often by 30—50% compared to conventional designs [60]. Lower refrigerant charge leads to lower
leakage and contributes to lower environmental impact, especially when using high-GWP
refrigerants, and can also reduce system costs and enhance safety. This aligns with international
regulatory trends aimed at minimizing greenhouse gas emissions from refrigerants (Kigali
Amendment to the Montreal Protocol [17]).

The use of PHXs plays a crucial role in facilitating the adoption of low-GWP refrigerants such as
R32 and R290, both of which are classified as mildly flammable (A2L) and highly flammable
(A3), respectively. Due to their compactness and low internal volume, PHXs can significantly

reduce the system refrigerant charge, thereby minimizing the flammability risk associated with
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larger refrigerant inventories [61]. Furthermore, integrating a secondary loop system — where the
primary refrigerant circuit is confined to a sealed, compact zone and a secondary fluid such as
water or glycol carries the cooling or heating load to the conditioned space — enhances safety by
isolating the flammable refrigerants from occupied areas [62]. This approach not only allows
compliance with evolving safety standards and regulations related to toxicity and flammability but
also enables system designs that optimize performance with low-GWP refrigerants.

Accurate simulation and validation of vapor compression systems incorporating PHXs is crucial
for several reasons. First, the complex two-phase flow and high heat transfer within PHXs require
precise HX modeling to predict system capacity and COP. Second, PHXs are sensitive to fouling
and pressure drop, both of which can degrade performance over time and must be accounted for
in the design phase. Third, to fully leverage their benefits in system-level optimization, detailed
validation using experimental data is required to ensure that simulation models represent real-
world behavior, especially under off-design and transient conditions.

In this section, a brazed plate heat exchanger (BPHX) was modeled using an in-house PHX
simulation platform developed by [45], [46]. Subsequently, a water source heat pump
incorporating the BPHX as the condenser and using lower-GWP R32 as the refrigerant was
validated against independent experimental data from a laboratory setting using a steady-state VC
cycle simulation platform to demonstrate the accuracy and reliability of the platform in simulating

VC systems with lower-GWP refrigerants and plate heat exchangers.

4.1.Cycle Description

The vapor compression cycle of interest is a water source heat pump with R32 acting as the primary
fluid and water as the secondary fluid. This cycle utilizes BPHX as the condenser and a tube-fin

heat exchanger (TFHX) as the evaporator. The basic cycle schematic is illustrated in Figure 5. The
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compressor in the system utilizes a ten-coefficient map as specified in AHRI 540 [63] and the

expansion device’s inlet subcooling and suction superheat are set as the convergence criteria.

Expansion
pan Compressor
Device

Figure 5. BPHX Cycle Schematic

4.2.Solver Description

In this work, we use a component model based steady state system simulation platform which was
experimentally validated ([47], [48], [49]) to simulate the water source heat pump system. The
simulation platform uses three main data structures to simulate a vapor compression system. These
are components, ports, and junctions. Components are defined as refrigeration system components
and are modeled as black box objects interacting with one another through a series of ports and
junctions [48]. The cycle solving scheme used to solve the cycle is the enthalpy marching solver
[49]. A nonlinear equation solver [64] is used in the current study to solve the residual equations
derived from the mass and energy balance until convergence.

Additionally, the BPHX was modeled and simulated using an experimentally validated generalized

PHX simulation platform ([45], [46]) that adopts a successive substitution approach where the
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PHX is divided into a number of segments, M , of equal size and each segment can be solved
individually. This platform has the flexibility to model a wide range of HX geometries and
operating conditions rapidly and can be incorporated into the system solver to accurately predict
system performance. Refrigerant thermodynamic property calculations utilize NIST REFPROP

Version 9.1 [54] augmented with polynomial curve fits as proposed by [55].

4.3.Validation Results

The metrics of interest are system capacity, power (compressor) and mass flow rate and each
quantity was normalized with respect to a maximum value (Figures 6, 7 and 8). The validation is

conducted for a total of 19 points and the data was obtained from [65].
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Table 9. Absolute Error Statistics

Statistic | / Metric — | Capacity | Power | Mass Flow Rate

Min. APE (%) 0.39 0.16 1.96
Max. APE (%) 1299 | 7.69 8.24
Median APE (%) 247 1.98 5.38

For all the three plots, the +5% and £10% deviation bands from the ideal parity line are shown to
quantify the degree of agreement. The minimum, maximum and median absolute percentage errors
(APE) are shown in Table 9 for capacity, power and mass flow rate. 18 out of 19 data points fell
within £5% of the measured values, demonstrating good prediction accuracy for capacity (Figure
6) with a min and max APE of 0.39 and 12.99% respectively (Table 9). However, a general trend
of slight overprediction in capacity during the system simulation was observed.

Similarly, for power, 18 out of 19 data points fell within 5% of the experimental values (Figure
7) with a min and max APE of 0.16 and 7.69% respectively (Table 9). 10 out of 19 data points
were within the £5% range for the mass flow rate prediction (Figure 8), with all remaining points
falling to within 10%. The min and max APE for mass flow rate are 1.96 and 8.24% respectively
(Table 9). A general trend of slight underprediction in the mass flow rate was observed during
these runs. Also, correction factors for compressor power and mass flow rate based on the
experimental data were applied to data points that initially exhibited higher deviations in these

metrics, in alignment with standard industry practices for conducting similar model validations.

4.4.Conclusions

An experimental validation was conducted for a water source heat pump system using a BPHX as

the condenser and R32 as the refrigerant. The results demonstrate overall good agreement between
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system simulation platform predictions and experimental measurements for capacity, power and
mass flow rate with the average APE 0f2.47, 1.98 and 5.38% (Table 9) respectively. These results
demonstrate the accuracy and reliability of utilizing the steady-state simulation platform in
predicting system performance and being a valuable tool for the design, analysis, and optimization
of vapor compression systems, particularly those incorporating lower-GWP refrigerants and

PHXSs.
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Chapter 5: Comprehensive System-Level Optimization Methodology for
the Design of Air-to-Refrigerant HXs for Use of Lower GWP Refrigerants

Hydrocarbon (HC) refrigerants have emerged as promising replacements to hydrofluorocarbons
due to their low GWP and promising thermophysical properties and R290 is one which was
discussed in detail in the introduction section. Another refrigerant that is of interest is R32, which
is being widely adopted as a low-GWP refrigerant in vapor compression systems, particularly in
residential and light commercial applications ([66], [67] and [68]). With a GWP of 771, it offers a
substantial reduction compared to R410A (GWP = 2255), while providing similar thermal
hydraulic performance [69]. Although R32's GWP is not as low as natural refrigerants like
propane, it is classified as A2L - mildly flammable - making it less hazardous than highly
flammable alternatives but still requiring charge control. In this section, a comprehensive system-
level optimization methodology pertaining to fin geometry and tube geometry and circuitry was
conducted to design tube-fin HXs with louver and slit fins. Next, an approximation-assisted
optimization framework coupled with the optimization methodology was utilized to design HXs
with shape-optimized, non-round tubes. The overall goal was to design optimal condenser and
evaporator for using low GWP refrigerants R32 and R290 and to deliver similar performance as
an R410A baseline air-conditioning system. To this end, system-level simulations were conducted
to determine the best condenser/evaporator combination for minimizing overall system charge
using an in-house experimentally validated steady state vapor compression system simulation
platform. High level system metrics that include system COP, capacity, charge, etc. are discussed

in detail for the systems employing these optimal HXs.

34



5.1.Cycle Description

The vapor compression cycle of interest is the 10.55 kW (3-Ton) air-to-refrigerant AC cycle which
was experimentally validated by [50] for R410A and R32 refrigerants. The operating condition of
interest is the AHRI A-Test condition [70]. This cycle utilizes tube-fin HXs as both the condenser
and evaporator; the reader is referred to [70] for additional details. The basic cycle schematic is
illustrated in Figure 9. All R410A and R32 system simulations utilized a ten-coefficient
compressor map [63], while the R290 simulations utilized a generic efficiency-based compressor
model [47]. The cycle configuration also includes pipes that account for heat loss and pressure
drop representing the suction and liquid lines. The expansion device’s inlet subcooling and suction
superheat are the convergence criteria during the system simulation. The cycle subcooling and
superheat are fixed at 2.79 K and 2.05 K for all R410A and R290 simulations whereas for R32,

they are fixed at 1.35 K and 0.5 K respectively to match the experimental values by [50].

Liquid
Line

-

Expansion
pat) Compressor
Device
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Figure 9. Baseline Cycle Schematic
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5.2.Solver Description

The steady-state VC simulation platform used in this work was briefly discussed in section 4.2 of
the thesis.

The HX simulations were done using an experimentally validated finite volume HX simulation
platform [71]. This platform has the flexibility to model a wide range of air-to-refrigerant HX
geometries and operating conditions rapidly and also can be incorporated into the system solver to
accurately predict system performance. Refrigerant thermodynamic property calculations utilize

NIST REFPROP Version 9.1 [54] augmented with polynomial curve fits as proposed by [55].

5.3.HX Component Optimization

5.3.1.Multi-Objective Optimization

MOGA [58] was used to conduct optimization. The MOGA settings are summarized in Table 10.

Table 10. MOGA settings

Metric Value
Population Size 150
Population Replacement 30

Iterations 1000

5.3.2.Tube-Fin HXs Optimization Problem Description

This research considers air-to-refrigerant HXs in counterflow acting as condensers and evaporators
with the refrigerants being R410A, R32 and R290. All HX models assume: (i) uniform normal air
velocity and (ii) fully-developed uniform refrigerant flow. The louver fin type considered for the
condenser and slit fin type is considered for the evaporator as it has better water drainage

characteristics [72]. The heat transfer coefficients and pressure drop for each segment are
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computed using correlations given in Table 11 . For the air side correlations, correction factors

recommended by

[73] were used.

Table 11. TFHX Thermal-Hydraulic Performance Correlations

Working Fluid

HTC Correlation

AP Correlation

Air

(Louver Fins)

Sarpotdar et al. (2016a) [74]

Sarpotdar et al. (2016a) [74]

Air (Slit Fins) Sarpotdar et al. (2016b) [75] Sarpotdar et al. (2016b) [75]
Liquid
Dittus & Boelter (1985) [76] Blassius (1905) [77]
Refrigerant
Two-phase Condensation: Shah (2019) [78] Condensation: Xu-Fang (2013) [80]
Refrigerant Evaporation: Jung et al. (1989) [79] | Evaporation: Xu-Fang (2012) [81]
Vapor
Dittus & Boelter (1985) [76] Blassius (1905) [77]
Refrigerant

Void Fraction Correlation: Yashar et al. (2001) [82]

5.3.3.Tube-Fin H

Xs Optimization Problem Definition

This research considers a bi-objective optimization problem targeting minimum HX component

envelope volume and airside pressure drop for both the condenser and evaporator (Eq. 3). The

overall goal was to design both the condenser and the evaporator for using R32 and R290 and for

the optimal HXs to deliver similar performance as the R410A baseline while reducing the HX

envelope volume and the air side pressure drop being no larger than two times the baseline. The

additional constraints for the HXs include the face area and refrigerant side pressure drop must not

exceed the baseline values. There is one specific constraint pertaining to the condenser that the

outlet subcooling must be at least equal to, but no more than 1.0 K higher than the baseline. The
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evaporator specific constraints include (i) the

outlet superheat must be at least equal to, but no

more than 1.0 K higher than the baseline and (i1) the sensible heat ratio must be within 10

percentage points of the baseline. In total, 8 continuous and 12 discrete design variables are

considered pertaining to fin geometry and tube geometry and circuitry (Table 12).

Evaporator
Condenser min AP, ;minV,,,
min AP, ;minV,, s.t.
s.t. Fixed Inlet Fluid States / Flow Rates
Fixed Inlet Fluid States / Flow Rates ATy, <ATy, <AT, ,, +1.0K Eq. (3)
ATS‘C’BL‘—I.OKSATSCSATSC’BL 0>0,,: A, < Ay 125
020p; A <Ay 185 AP, <2:-APy.;5 AP, <2-AB,
APref S2'APnzf,BL; AP, <2-APy |SHR—SHRBL <0.1
Table 12. Design Space for TFHXs
HX Design Variable Baseline Range Variable Type
Tube OD (mm) 95 3-5 Discrete
FPL(-) 21 14-40 Discrete
Fin Type (-) Wavy-Louver Louver -

Louver pitch (mm) - 0.8-1.8 Continuous

Number of Louvers (-) ) 2.8 Discrete
Condenser Tube Length (m) 2.16 1.5-3.0 Continuous
Vertical Spacing Ratio (-) 2632 12 Continuous
Horizontal Spacing Ratio (-) 2632 2.4 Continuous

Number of Banks (-) 1 2.6 Discrete

Number of Circuits (-) 6 4-131 Discrete

Tubes per Circuit per Bank (-) 6 1-8 Discrete
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Table Contd.

Tube OD (mm) 95 3-5 Discrete
FPI(-) 15 14-40 Discrete
Fin Type (-) Wavy-Louver Slit -
Slit Height / Fin Spacing ) 0.3-0.7 Continuous
Number of Slits (-) _ 2.8 Discrete
Evaporator Tube Length (m) 0.503 0.15-1.0 Continuous
Vertical Spacing Ratio (-) 2105 1.1-2.0 Continuous
Horizontal Spacing Ratio (-) 2632 2.4 Continuous
Number of Banks (-) 4 2.6 Discrete
Number of Circuits (-) 4 4-131 Discrete
Tubes per Circuit per Bank (-) } 1-8 Discrete

5.3.4.Non-Round Tube HX Design & Optimization Framework

The experimentally-validated HX optimization framework of [42] was utilized to develop the
optimal non-round tube HXs presented herein. The optimization framework (Figure 10) utilizes
Approximation-Assisted Optimization (AAO) [83] involving automated CFD [84] and FEA
simulations, Kriging metamodels [85], and optimization with MOGA [58]. The reader is referred

to [42] for additional details on the development and validation of the optimization framework.
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5.3.5.Non-Round Tube HX Optimization Problem Description

For the non-round tube HXs, we consider only air-to-R290 HXs in crossflow acting as condensers
and evaporators. All HX models assume: (i) uniform normal air velocity and (ii) fully-developed
uniform refrigerant flow. The airside thermal-hydraulic performance is evaluated using CFD-
based correlations and metamodels as outlined in [42], while the refrigerant-side thermal-hydraulic
performance is calculated using existing small channel correlations for single-phase and two-phase
flows (Table 13). The framework is utilized to design novel, finless air-to-R290 HXs for the AC
system [50]. Generalized schematics for a finless HX with shape-optimized tubes and a generic
tube-fin HX are shown in Figure Error! Reference source not found.11. The framework
represents novel tube shapes (Figure 12) using fourth-order Non-Uniform Rational B-Splines

(NURBS) [86].
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Figure 11. Schematic of (left) HX with Shape-

Optimized Tubes; (right) Generic Tube-Fin Condenser

Figure 12. Sample NURBS shapes

Table 13. NTHX Thermal-Hydraulic Performance Correlations

AP Correlation

CFD Metamodels [42]

Churchill (1977) [89]

Condensation: Xu-Fang (2013) [80]

Evaporation: Xu-Fang (2012) [81]

Working Fluid HTC Correlation
Air CFD Metamodels [42]
Liquid Refrigerant Gnielinski (1976) [87]
Two-phase Condensation: Shah (2019) [78]
Refrigerant Evaporation: Shah (2017) [88]
Vapor Refrigerant Gnielinski (1976) [87]

Churchill (1977) [89]

Void Fraction Correlation: Ali et at. (1993) [90]

5.3.5.1.Tube Shape Considerations

The tube shape considered herein ([41], [42]) has been conventionally manufactured in

both copper and aluminum [42]. The copper tubes show minimal deformation under

internal pressures up to 20 MPa, thus validating the tube's structural strength [91]. We

consider the copper version here.
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5.3.6.Non-Round Tube HXs Optimization Problem Definition

Similar to the tube-fin HX optimization, a bi-objective optimization problem targeting minimum
HX component envelope volume and airside pressure drop for both the condenser and evaporator
(Eq. 4) is considered. The overall goal was to design air-to-R290 condensers/evaporators featuring
conventionally manufactured, novel, non-round tubes [42] that meet capacity requirements while
reducing envelope volume by at least 20%. All HXs have two fluid passes (condensers: 60%/40%,
evaporators: 40%/60%). Additional constraints for both condenser and the evaporator include: (i)
the HX height-to-length ratio is constrained to ensure a “nearly-square” HX face aspect ratio, i.e.,
no more than two times as large in one direction than the other; and (ii) the face area is constrained
to be no larger than the baseline. There is one condenser-specific constraint: (i) the outlet
subcooling must be at least the same, but no more than 1.0 K higher, than the baseline. There are
two evaporator-specific constraints: (i) the outlet superheat must be at least the same, but no more
than 1.0 K higher, than the baseline; and (ii) the sensible heat ratio must be within 3 percentage

points of the baseline. In total, 14 continuous design variables are considered.

Condenser Evaporator
minAP, ;minV,,, min AP, ;minV,,
S.t. s.t.
Fixed Inlet Fluid States / Flow Rates Fixed Inlet Fluid States / Flow Rates
Two fluid passes: 60% / 40% Two fluid passes: 40% / 60% Eq. (4)
ATSC’BL -1.0K<AT, < ATSC,BL ATSH’BL <AT,, < ATSH,BL +1.0K
QBLSQSI-I'QBLQ O.SSHH% <20 AP, <20Pa; V,, <08V, 5
HX . H
AP, <20Pa; V,, <08V, ,5 A <A, , A=A s 05< ”%HX <2.0
Oy, <O<1.1-Qy; |SHR-SHR,|<0.03

5.4.System-Level Results

System-level simulations were conducted for all pairs of optimal condensers and evaporators to

determine the best condenser/evaporator combination for minimizing overall system charge.

42



Metrics of interest include COP, capacity, power consumption (including the fan power
consumption of both the HXs), sensible heat ratio, mass flow rate, total system charge, HX-level
(condenser and evaporator) charge and internal volumes. In total, six cases are examined (Figure
13, 14 and 15), where all results are normalized with respect to the baseline systems with baseline

tube-fin condenser and evaporator.
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Figure 13. System-Level Metrics with Optimal HXs Compared to Baseline System HXs
Figure 13 illustrates the baseline systems utilizing R410A and R32, denoted by red and green bars,
respectively. These systems employ baseline HXs and have been experimentally tested by [50]
and for R290, there was no baseline AC system available. The first case of interest is replacing the
baseline HXs with optimal TFHX keeping R410A as the refrigerant (dark blue bar in Figure 13).
The predicted system capacity and power consumption reduced by 1% and 3% respectively,
leading to a 4% increase in coefficient of performance (COP) compared to the baseline R410A
system, while the refrigerant mass flow rate and sensible heat ratio (SHR) remain similar. The total
refrigerant charge is 70% lower than the R410A baseline system (Figure 14) with 66% and 78%

charge reduction in the condenser and the evaporator respectively. This reduction in charge is
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attributed to the fact that the total internal volume of the optimal R410A TFHXs is 57% lower than

baseline HXs (Figure 15).
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Figure 14. Charge Comparison Between Optimal HXs and Baseline HXs
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Figure 15. Internal Volume Comparison Between Optimal HXs and Baseline HXs
The second and third cases of relevance are those which utilize R32 with baseline HXs (green bar
in Figure 13) and optimal TFHX (purple bar in Figure 13). The predicted system capacity, mass
flow rate and SHR are similar to the baseline R32 case, but the total power consumption is 2%
lower when using optimal TFHX resulting in a 3% increase in COP. Looking at total system
charge, there is a 44% decrease when we replace the refrigerant from R410A to R32 using baseline
HXs (Figure 14) and this is due to R32 having 30% [92] lower density than R410A. Furthermore,

utilizing the optimal TFHX with 55% reduction in total internal volume (Figure 15), there is a 59%
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decrease in the total system charge (in-addition to using R32 using baseline HXs) with a 62%
decrease in the condenser and a 50% decrease in the evaporator.

The final two cases of interest are those which utilize R290 with optimal TFHX and optimal non-
round tube heat exchangers (NTHX). Upon employing the optimal TFHX and looking at the high-
level system metrics, the predicted system capacity was about 10% lower than the R410A baseline;
the predicted overall system COP was slightly higher than the baseline R410A system due to the
predicted system power consumption reducing by about 9% and SHR was four percentage points
higher (orange bar in Figure 13). Most notably, the reduction in the total system charge is
staggering with 85% — the best optimal tube-fin condenser achieved about an 84% lower
component-level refrigerant charge reduction, while the best optimal evaporator achieved about
an 87% component-level refrigerant charge reduction (Figure 14). This is in line with the 50%
reduction in the total internal volume of the optimal TFHXs (Figure 15). When we replace the
optimal TFHXs with optimal NTHXs, both the predicted system capacity and total power
consumption reduced by 9%, culminating in an 2% increase in COP with SHR being similar (light
blue bar in Figure 13) when compared to the baseline R410A system. With the total internal
volume of the NTHXSs being 57% lower (Figure 15) compared to the baseline HXs, the predicted
total system refrigerant charge reduction is approximately 81%, with a 79% and 85% decrease in
the condenser and the evaporator respectively (Figure 14). However, it should be noted that this
work considers only the refrigerant charge in the HX (tube) core, not the headers. Previous work
has shown that headers can contain an additional 10-20% refrigerant charge on top of that in the
HX core [93]. Nevertheless, the estimated charge reduction (excluding headers) is up to 80%, and
an additional 20% refrigerant charge from the headers would still yield more than 70% refrigerant

charge reductions compared to the baseline HXs. Also, the charge reductions in the condenser
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were the highest compared to the evaporator since the condenser contains more refrigerant charge
than the evaporator (resulting from subcooled liquid refrigerant). Additionally, the predicted mass
flow rate for both the cases is about 50% lower (Figure 13), which is directly related to R290
having a higher latent heat of vaporization compared to R410A at the same evaporating

temperature.

5.5.Conclusions

In this section, a comprehensive system-level optimization methodology was developed for the
rapid design of air-to-refrigerant tube-fin and non-round tube HXs to facilitate the transition to
lower GWP refrigerants R32 and R290. To demonstrate the performance of these optimal HXs,
system simulations were conducted for an air-to-refrigerant AC system. System simulations
considering the optimal TFHXs that have lower total internal volume with R32 and R290 predicted
similar performance in terms of capacity and COP to the baseline R410A system along with
significant system refrigerant charge reductions up to 77% and 85% for R32 and R290
respectively. Next, the novel, shape-optimized, non-round tube geometry used herein is
conventionally manufacturable and results in smaller HXs with similar performance which utilize
less material and refrigerant charge compared to the baseline HXs. The system performance of the
optimal NTHXs with R290 in terms of capacity and COP are similar to the baseline R410A system
with refrigerant charge reductions by up to a staggering 81% was observed. The above analysis
further emphasizes the benefits of R32 and R290 over R410A: when the HXs in a system are
properly-designed HXs, R32 and R290 can enable significant refrigerant charge reductions
compared to R410A, which is a critical safety and environmental objective in the context of
enabling the use of lower GWP but flammable refrigerants in HVAC&R systems. Furthermore, it

is clear that mathematically-rigorous optimization is one pathway towards redesigning HXs for
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this purpose. The promising system-level performance and charge reductions presented herein will

help facilitate the transition to lower GWP, natural refrigerants such as R290.

Chapter 6: Conclusions and Future Work

6.1.Summary and Conclusions

This section comprises a brief summary of each research objective pertaining to this thesis

(1)

(i)

(iii)

Multi-Objective Optimization of Refrigerant Blends for Supermarket Systems: In
Chapter 3, a two-stage cascade system was thermodynamically modeled, and a multi-
objective optimization study was conducted to design optimal refrigerant blends to
maximize COP and minimize GWP of the system. Significant improvements in COP
by up to 49% (COP =1.72, GWP =395 — compared to CO2/NHj3 baseline COP of 1.15)
and decreases in GWP (COP =1.33, GWP =2) were achieved when the optimal blends
were utilized in the system.

Water Source Heat Pump System Validation: In Chapter 4, an experimental validation
was conducted for a lower-GWP R32 water source heat pump system based on brazed
plate and air-to-refrigerant HXs utilizing a steady-state VC system simulation platform.
The validation results showed good agreement, with 18 out of 19 points for both
capacity and power falling within £5% of the measured values.

Comprehensive System-Level Optimization Methodology for the Design of Air-to-
Refrigerant HXs for Use of Lower GWP Refrigerants: In Chapter 5, a comprehensive
investigation of HX design space (for e.g. tube diameters, spacings, pitches, etc.) was
conducted and an optimization methodology was developed to design tube-fin and non-
round tube HXs to facilitate the transition to lower-GWP refrigerants R32 and R290.
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System simulations showed significant refrigerant charge reductions up to 77% and
85% for R32 and R290 using optimal TFHXs and 81% when using the NTHXs with

similar COP and capacity to the baseline.

6.2.Contributions

The main contributions of this thesis are

(1) An optimization methodology was developed to design novel refrigerant blends that
improve efficiency while lowering the GWP of the blends for the system, enabling
rapid and effective blend optimization for vapor compression systems

(i1) Experimental validation was conducted for an R32 water source heat pump with a mix
of brazed plate and air-to-refrigerant HXs demonstrating the steady-state VC system
platform’s good accuracy and robustness in predicting system performance
incorporating lower-GWP refrigerants and PHXs.

(ii1)) A comprehensive system-level optimization methodology was developed for air-to-
refrigerant HXs that can enable design of high performance optimal HXs pairs (i.e.,
condenser and evaporator) and carry low refrigerant charge. This will also facilitate

industry transition to lower GWP refrigerants and reduce life cycle climate impact.

6.3. Future Work

This thesis aims to deliver effective solutions pertaining to refrigerant blend optimization in VC
systems and utilize high performance HXs that utilize less refrigerant charge to enable usage of
low GWP refrigerants. The following features and directions would further advance the work

conducted in this thesis:
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Including flammability calculations for the refrigerant blends that can be set as an objective
or a constraint will truly unlock the potential of developing refrigerant blends for a selected
system.

From a simulation perspective, conducting simultaneous system-level optimization of both
the condenser and evaporator would result in optimal HX pairs which could improve (as
opposed to maintaining) the COP. Additionally, as the HXs become smaller, the system
including connecting piping can also be made smaller, further reducing refrigerant charge.

Validation of optimal system designs from system-level HX optimization study
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