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EXECUTIVE SUMMARY
An experimental investigation on the performance of a tri-partite brazed plate gas cooler in a transcritical carbondioxide (CO2) heat pump water heater system is conducted. The gas cooler under investigation is partitioned toseparately serve the functions of domestic water preheating, space heating, and domestic water reheating. Thegas cooler is studied at a steady state for only space heating (SH) operation, only domestic hot water (DHW)operation, and simultaneous space heating and domestic hot water (DHW+SH) operation. Measurements areperformed for counterflow configuration with two different internal arrangements: (i) three individual single-passheat exchangers with a U configuration and (ii) a two-pass arrangement for preheating and reheating domestic hotwater. The heat pump unit is designed with a heat duty of 10 kW, 8 kW, and 10 kW under DHW, SH, and DHW+SHmodes to provide the tap water heating and space heating water up to 70 ◦C and 35 ◦C, respectively. The effectsof inlet pressure, CO2 and water mass flow rates, and water inlet temperature on the total heat transfer coefficient,heat duty, pressure drop, supply temperature, and temperature approach are analyzed in detail. To present areference for brazed plate gas cooler optimization design in transcritical CO2 systems, the heat duty and supplytemperature correlations for both space heating and domestic hot water cycles are also developed and validatedwith experimental data.
As shown by the experimental results, the gas cooler shows promising performance and is more compact thanprevious designs. Under the design conditions, the heat duty meets the requirements to provide the supply tem-peratures of 35 °C and 70 °C for the space heating and tap water heating applications. The pressure drops in thetri-partite gas cooler are low under different operating modes and the temperature approaches for the reheatinggas cooler vary between 6.52 K and 8.24 K under design conditions in DHW+SH and DHW modes, depending onthe internal heat exchanger arrangement. This value is 0.65 K for the SH operating condition. This shows that CO2liquid phase enters the throttling device, indicating good performance of the evaluated gas cooler.
It is found that the operating pressure has a considerable impact on the heat transfer coefficients in the near-criticalregion. The maximum of heat transfer appears at the region in the vicinity of the pseudo-critical point and the peakpoint of the heat transfer coefficient shifts to the high-temperature state when the operating gas cooler pressureincreases. Furthermore, no significant and clear influence of the water inlet temperature is demonstrated on theheat transfer coefficients when CO2 is in a high-temperature state. The values of heat duty increases with theincreases of water and CO2 mass flow rates. The lower the water inlet temperature is, the higher the average heatduty is. Increase of CO2 mean temperature flowing through the gas cooler causes a decrease in the density andviscosity of the refrigerant to maintain the flow continuity, resulting in a larger Reynolds number and then pressuredrop. The increase in the hot side fluid pressure can cause an increase in the density and thus a decrease inthe velocity of CO2, so the CO2 side pressure drop decreases. A larger mass flow rate of refrigerant and a lowerwater mass flow rate increases the water supply temperature. The higher water mass flow rate is recommendedto decrease the temperature approach values under DHW, SH, and DHW+SH operations. Ultimately, the valuesof coefficient of determination for the reheating heat duty, space heating heat duty, preheating heat duty, DHWsupply temperature, and SH supply temperature are 0.88, 0.86, 0.94, 0.99, and 0.94, respectively. The resultsshow that the correlations perform very well in the prediction of heat duty and supply temperature. The basic datafor the characteristics of CO2 in the present experimental study are of significance in designing and optimizingthe transcritical CO2 systems.



NOMENCLATURE
Acronyms

COP coefficient of performance
DHW domestic hot water
GP Genetic Programming
LMTD logarithmic mean temperature difference
SH space heating
Symbols

A heat transfer area (mm2)
CO2 carbon dioxide
cP,H2O specific heat of water (kJ/kg.K)
H2O water
hCO2 ,in enthalpy of CO2 at the inlet (kJ/kg)
hCO2 ,out enthalpy of CO2 at the outlet (kJ/kg)
HPV high-pressure electronic expansion valve
HX1 reheating gas cooler
HX2 space heating gas cooler
HX3 preheating gas cooler
mCO2 CO2 mass Flow rate (kg/min)
mH2O water mass flow rate (kg/min)
Qaverage average heat duty (kW)
QCO2 CO2 heat duty (kW)
QH2O water heat duty (kW)
R2 coefficient of determination
T5 DHW inlet temperature (°C)
T8 SH inlet temperature (°C)
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0. Nomenclature
Tb average bulk fluid temperature (°C)
TH2O,in temperature of water at the inlet (°C)
TH2O,out temperature of water at the outlet (°C)
TSC pseudo-critical temperature (°C)
Utotal total heat transfer coefficient (kW/m2.°C)
Greek Symbols

∆ P pressure drop (bar)
∆Tapproach temperature approach (K)
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1 INTRODUCTION
The hydrofluorocarbons (HFCs) refrigerants used as working fluids in vapor compression systems can increasethe greenhouse effect. For example, R134a with a high global warming potential (GWP) of 1300 is used in a widerange of refrigeration and air conditioning systems [1]. The clear phase-out pathway of HFCs is listed in the Kigaliamendment report to contribute to the goal of the international climate agreement to avoid a 0.5 °C increase ofthe global mean surface temperature by 2100 [2].
The use of natural and environmentally friendly refrigerants, such as air, hydrocarbons, water, ammonia, and carbondioxide (CO2), has attracted much attention to mitigate the greenhouse gas emissions from refrigeration, air-conditioning, and heat pumping systems [3]. Several drop-ins and retrofit experimental tests have been performedduring the past years to improve the knowledge of the behavior of these fluids in real operation. CO2 as a non-flammable fluid is a promising candidate and is seen as an excellent alternative to synthetic refrigerants. CO2 has anegligible global warming potential (GWP=1), low cost, zero ozone depletion potential, high availability, and is safeand non-toxic [4]. No other refrigerant meets these properties simultaneously. Due to the low critical pressure andtemperature of CO2 (73.7 bar and 31.1 °C), Lorentzen and Pettersen [5] from NTNU-SINTEF laboratory introducedthe application of transcritical CO2 system in the mobile air-conditioning to resolve the efficiency problem ofsubcritical cycles near the critical point.
Figure 1.1 shows various CO2 thermophysical properties as a function of temperature at different pressures of 80,85, 90, 95, and 100 bar. The physical properties are obtained from REFPROP, Version 10. At a specific pressure, thetemperature at which the specific heat of CO2 reaches a peak is called the pseudo-critical point (Figure 1.1 (b)). Thephysical properties of supercritical CO2 vary significantly with the temperature around its critical point. For exam-ple, the specific heat of CO2 reaches a maximum value near critical temperature for all considered pressures. Thepeak value of specific heat decreases as the pressure increases. The density and viscosity show sharp downwardtrends with an increase in temperature. At one particular temperature, small temperature variation causes a sharpdrop in their values, and the curves become nearly vertical for the lower pressures. A similar trend is observed forthe thermal conductivity. The thermal conductivity of CO2 reaches a peak value for pressures near-critical pres-sure and then becomes a flat line at high temperatures. All these thermophysical properties significantly affectthe design and optimization of gas coolers at supercritical conditions.
The transcritical CO2 heat pump system is a promising technology for heating of tap water with high temperature[6]. In a transcritical CO2 system, the heat-absorbing process occurs below the critical point while the heat rejectionprocess takes place above the critical point. The difference between inlet temperature and outlet temperature ofCO2 in a gas cooler, known as temperature glide, can be much higher than in a condensing process in a traditionalheat pump water heater. A heat pump water heater using CO2 as a refrigerant can take the advantage of hightemperature glide of CO2 when it is cooled down from a vapor-like region to a liquid-like region in a gas cooler.In a counter-flow arrangement, the water temperature can rise to the desired value for the space heating and tapwater heating applications [7]. Therefore, such temperature glide matching between the hot and cold streams ina gas cooler can enhance the performance of a CO2 heat pump system and decrease the generation of entropy inthe gas cooler unit [8].
Neksa, et al. [9] experimentally evaluated the performance of a 50 kWCO2 heat pumpwater heater at the laboratoryof NTNU-SINTEF Energy. The experimental results indicated that when the evaporating temperature was 0 °C, thewater temperature could be heated from 9 °C to 60 °C and the coefficient of heat pump could reach 4.3. Besides,the evaluated system energy consumption could be decreased by 75% compared to the electric water heater andgaswater heater. Nekså [10] discussed the important characteristics of transcritical CO2 heat pumps and exploited
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1. Introduction

(a) (b)

(c) (d)

Figure 1.1: Thermophysical properties of CO2 at different pressures: (a) density; (b) specific heat; (c) thermalconductivity; (d) viscosity.
specific characteristics of the fluid and the transcritical process. The results showed that CO2 was an attractivealternative to synthetic fluids. White et al. [11] constructed a transcritical CO2 heat pump prototype for heatingtap water to temperatures higher than 65 °C using shell and tube gas coolers. The heating capacity and heatingcoefficient of performance were 115 kW and 3.4, respectively, for providing the hot water temperature of 77.5 °C.Stene [12] considered helical counter-flow tube-in-tube gas coolers and carried out experiments on a dual functionheat pump water heater. For the first time in the literature, the gas cooler was partitioned to separately serve thefunctions of domestic water preheating, space heating, and domestic water reheating. The COP was highest forthe combined mode operation, slightly lower for only domestic water heating, and lowest for only space heatingoperation. Sarkar et al. [13] theoretically analyzed a system designed for simultaneous heating and cooling ofwater. One stream of water served as the heat source and was thus cooled by the evaporator. The second streamof water served as the heat sink and was thus heated in the gas cooler. The two water streams entered therespective heat exchangers at the same temperature. Minetto [14] described the development of a CO2 air/water
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1. Introduction
heat pump to produce tap hot water in a residential building. A control method was developed to maximize theCOP of the tested heat pump system. The tube-in-tube heat exchanger was used to carry out the experiments.Wang et al. [15] evaluated the performance of an air-source heat pump water heater with tube-in-tube type gascooler under a low ambient temperature of -15 °C. The transcritical CO2 heat pump water heater was proved tobe a promising solution for providing hot water temperature of 80 °C at a fixed water inlet temperature of 12 °C.Zhu et al. [16] investigated the effects of different operating parameters on the performance of a transcritical CO2ejector–expansion heat pump water heater system for tap water outlet temperatures ranging from 50 to 90 °C.The gas cooler was a tube-in-tube heat exchanger with water as the coolant. The coefficient of performance ofthe ejector–expansion heat pump system reached 4.6 when the tap water outlet temperature was 70 °C. Recently,Smitt et al. [17] studied the performance of an integrated CO2 heat pump and chiller unit in a Norwegian hotel forone year. The system was designed to supply heat for ventilation heating, domestic hot water, and space heating.The system was able to provide hot water up to 70 °C with high efficiency.
The performance of the gas cooler is one of the key factors in a transcritical CO2 heat pump water heater system.The performance of the gas cooler is affected by many factors, such as the water inlet temperature, operatingpressure, mass flow rates, and style of a heat exchanger. To improve the performance of the gas cooler in atranscritical CO2 system, many specific studies have been conducted. Pettersen et al. [18] reviewed the uniquecharacteristics of heat exchangers used for CO2 in evaporators and gas coolers. Sarkar et al. [19] analyzed theirreversibilities of the gas cooler and concluded that approximately 90% of the heat exchanger losses were dueto temperature differences between the refrigerant and the secondary fluid. Later, Sarkar et al. [20] developed atheoretical methodology to perform the optimization of tube-in-tube heat exchanger geometry based on minimiz-ing irreversibility. An experimental study by Fronk and Garimella [21] studied the performance of three differentmicrochannel CO2 gas coolers under varying operating conditions.
The heat transfer characteristics and pressure drops of CO2 at supercritical pressures are important for the effi-ciency improvement of gas coolers. Pitla et al. [22] experimentally and numerically studied the heat transfer andpressure drop of supercritical CO2 in a tube with an inner diameter of 4.72 mm. Dang and Hihara [3] experimentallyresearched the heat transfer of supercritical CO2 in horizontal circular tubes with diameters between 1 mm and6 mm. Son and Park [23] made a test facility to experimentally investigate the heat transfer and pressure dropcharacteristics of supercritical CO2 in a horizontal tube with a diameter of 7.75 mm. Liu et al. [24] conducted ex-periments to measure the heat transfer and pressure drop of supercritical CO2 in large tubes with diameters of 4,6, and 10.7 mm. Ma et al. [25] conducted an experimental investigation to evaluate the heat transfer coefficient ofsupercritical CO2 near the pseudo-critical temperature in a double pipe heat exchanger with 25 mm outer diameterand 16 mm inner diameter. Zhang et al. [26] experimentally and numerically studied the heat transfer and pressuredrop of supercritical CO2 flowing through horizontal tubes with inner diameters from 4 mm to 10 mm. Zhu et al.[27] experimentally studied the heat transfer characteristics of CO2 at supercritical pressures during cooling intwo fluted tube-in-tube heat exchangers and a smooth tube-in-tube heat exchanger. Both the overall heat transferand the local heat transfer coefficients were investigated at various CO2 mass flow rates, inlet pressures, and flutepitches.
The gas cooler design needs a special consideration due to the high operating pressure and temperature glide ina transcritical CO2 heat pump water heater system. Improvements to the gas cooler lead to a lower temperatureapproach and higher CO2 enthalpy difference across the gas cooler, resulting in a higher cycle performance. Thebrazed plate heat exchanger can be a promising technology for making transcritical CO2 heat pumps reasonablyefficient. The brazed plate heat exchanger is specifically designed to work in the refrigeration applications wherethe pressure requirements are extremely high. Brazing omits the requirement of either gaskets or frames andresults in a very compact exchanger. Due to the high heat transfer coefficients, counter-flow designs, and the
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1. Introduction
lack of bypass and leakage streams, the surface area required for a plate exchanger is much lower than that of atube-in-tube heat exchanger for a given heat duty, hence decreasing the overall cost, size, and space required forthe exchanger. Therefore, experimental investigations for detailed knowledge of supercritical CO2 in the brazedplate heat exchanger are essential.
Based on the reviewed research works, it can be concluded that the characteristics of supercritical CO2 in tube-in-tube gas coolers have been substantially investigated under different conditions. The characteristics of super-critical CO2 in brazed plate heat exchangers have not been experimentally reported yet. Due to lack of reportedexperimental works, a test setup has been built in this study to investigate the effects of operating parameters oncharacteristics of CO2 flowing in a tri-partite brazed plate gas cooler. The tri-partite gas cooler is partitioned toseparately serve the functions of domestic water preheating, space heating, and domestic water reheating. Thisapproach allowed to most closely match the temperature profile of water and CO2 through the gas cooler. Exper-imental data are collected for only space heating (SH) operation, only domestic hot water (DHW) operation, andsimultaneous domestic hot water and space heating (DHW+SH) operation. The current research is a contributionto identify the characteristics of CO2 in brazed plate heat exchangers.
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2 EXPERIMENTAL APPARATUS AND PRECEDURES
2.1 TEST FACILITY
The primary focus of this investigation is on the performance evaluation of tri-partite gas coolers. The tri-partitegas cooler consists of three brazed plate heat exchangers developed by ALFA LAVAL. The tri-partite gas cooler isplaced right after the compressors. A bypass over the tri-partite gas cooler loop is installed to conduct the studyseparately and to be able to control the mass flow precisely. Figure 2.1 is a schematic diagram of the tri-partitegas cooler test facility. The test facility (Figure 2.1) is located at Norwegian University of Science and TechnologyNTNU (in Trondheim, Norway) for the evaluation of the tri-partite gas cooler. The detailed information of theseheat exchangers in the experiments are summarized in Table 2.1. HX1 is used for reheating the domestic hot waterto the required temperatures, HX2 heats water for space heating, and HX3 preheats the domestic hot water. Allthese heat exchangers fall into the counter-flow category as the CO2 working fluid flows into the opposite directionof the water. The CO2 gas from the MT compressor flows through the flowmeter and enters HX1 where DHW getsreheated. The CO2 gas then enters HX2 where it heats water for space heating. T8 is the temperature of thecold incoming water into the HX2. Further, CO2 exchanges heat into HX3 to preheat DHW which is entering at thetemperature of T5 into the HX3.

Figure 2.1: Schematic diagram of the tri-partite gas cooler.
Two different gas cooler internal arrangements are tested. The first design is the most manageable type of ar-rangement of heat exchangers, known as single pass, in which the CO2 and water as fluids make just one pass,therefore there is no change in the direction of the steams. The most popular flow arrangement in a 1-pass heatexchanger is U shape. This design provides all fluid ports to be placed in the front or rare cover plate. Two-passarrangements are also utilized in domestic hot water operation. The directions of the streams change throughoutthe heat exchanger and the fluids flow two times through the heat transfer surface within the heat exchanger.
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2. Experimental apparatus and precedures 2.1. Test facility

Table 2.1: Detailed information of the gas coolers.
Number Name Length *Width(mm) Weight(kg) Number of plate Arrangement

1 Reheating 190*76 1.68 34H 1-pass2 Reheating 190*76 1.68 2*8H/1*8H+1*9H 2-pass3 Space heating 190*76 2.32 50H 1-pass4 Preheating 190*76 0.88 14H 1-pass5 Preheating 190*76 0.88 2*3H/1*3H+1*4H 2-pass
In a 2-pass arrangement, the ports are placed on both cover plates. The difference between a single-pass andtwo-pass unit is indicated in Figure 2.2.

Figure 2.2: (a) single-pass and (b) two-pass arrangements inside brazed plate heat exchanges.
Each of the water loops, namely SH loop and DHW loop, consists of a pump and several valves to control the watertemperature supplied to the heat exchangers. Thewater inlet temperature can be controlled by the returning streamof warm water on each side of the cycle. If a higher inlet temperature of DHW is required, one can open a two-wayvalve (V3) to mix the warm water with the cold inlet water. The same principle applies to the SH cycle by regulatingvalve 6. The DHW mass flow can be controlled by regulating V2 and V3. V5 and V6 have been placed to regulatethe SH mass flow rate. The positions of the valves are not only dependent on the mass flow, but on the requiredinlet temperature as well.
The gas coolers are evaluated in a prototype CO2 heat pump system. Figure 2.3 indicates the experimental appa-ratus for the performance evaluation test. The test facility unit is a comprehensive test rig with many possibilitiesof experimental investigations involving testing a large range of system configurations and conditions. The re-frigerant cycle of the test rig consists of three piston-type compressors (Dorin CD380H and CD1000H as parallelmachines and Dorin CD1400H used as the base-load machine which is a medium-temperature compressor). Theevaporators are medium temperature evaporators where the pressure level is monitored by two metering expan-sion valves Danfoss CCM20. The system also has two Danfoss CCMT8 as the flash valve and the high-pressurevalve. The suction accumulator also referred to as a liquid receiver is a 50-L vessel that delivers saturated orsuperheated vapor to the suction side of the medium temperature compressor, where it is compressed to a setdischarge pressure. The two parallel compressors compress the gas from the liquid separator which is also a50-L pressure receiver tank. The saturated liquid from the liquid separator gets delivered to the evaporator. Boththe pressure tanks, the liquid receiver, and the liquid separator are provided with two Danfoss AKS 4100 coaxialliquid level sensors connected to the control system to secure the liquid CO2 in the receivers. In case, the parallel
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2. Experimental apparatus and precedures 2.2. Measurement and control
compressors are not needed, the system has a flash valve which throttles the vapor from the liquid receiver tank.The pressure level in the receiver is controlled by either the flash valve or parallel compressors. There are twointernal heat exchangers, where the heat exchange between the vapor phase of CO2 from the receivers and thehigh-pressure CO2 after the gas cooler section takes place to ensure the safety of the compressors. The high-pressure CO2 after the gas cooler can be expanded in two ways, either by a high-pressure electronic expansionvalve (HPV) or by an integrated multi-ejector pack (a prototype manufactured by Danfoss) with the support of anHPV.

Figure 2.3: P&ID diagram of CO2 loop in R744 multi-ejector test rig.
2.2 MEASUREMENT AND CONTROL
To evaluate, control, and ensure the safety of the system, the test facility is equipped with pressure sensors, tem-perature sensors and mass flow meters. The measuring points for the performance evaluation test are indicatedin Figure 2.1. The output signals from all the sensors are processed and communicated by the Danfoss controlunit to the Danfoss Minilog system (live recording software). The inlet pressures of CO2 are measured using theCerabar PMP71 digital pressure transmitter with a metallic membrane with an uncertainty level of ±0.25% in theset span. The pressure drops in water and CO2 sides are measured using the Deltabar PMD75 differential pres-sure transmitter with a piezoresistive sensor and welded metallic membrane with an accuracy of ±0.25% in theset span. The temperatures of CO2 and water at the inlet and outlet of gas coolers are measured by Pt 1000 sen-sor with an accuracy of ±0.15 °C at 0 °C. In addition, the DHW flow rate is measured by FLR 1000 sensor with an
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2. Experimental apparatus and precedures 2.3. Test conditions
accuracy of ±3% in the full span, and CO2 and SH flow rates are measured by Rheonik RHM 08 Coriolis flow metertype of sensor with an accuracy of ±0.1% of reading.
2.3 TEST CONDITIONS
In the present experimental study, the data aremeasured for various gas cooler pressures, discharge temperatures,CO2 mass flow rates, CO2 inlet and outlet temperatures, water mass flow rates, water inlet and outlet temperaturesand pressure drops. The one-pass DHW gas coolers are tested under different operating conditions. In order toplot curves of different parameters, Table 2.2 summarizes the experimental conditions for SH gas cooler andtwo-pass DHW gas coolers.

Table 2.2: Experiment conditions.
Run# Pressure(bar) Discharge temperature(°C) DHW inlet temperature(°C) SH inlet temperature(°C) DHW mass flow rate(kg/min) SH mass flow rate(kg/min) CO2 mass flow rate(kg/min)DHW operation1 94 97 16 - 1.8/2/2.2/2.4/2.6 - 2.152 94 97 13.1 - 1.8/2/2.2/2.4/2.6 - 2.153 100 97 13.1 - 1.8/2/2.2/2.4/2.6 - 2.154 100 97 13.1 - 1.8/2/2.2/2.4/2.6 - 2.4SH operation5 85 76 - 30 - 21.8/22.8/23.8/24.8 2.46 90 76 - 30 - 21.8/22.8/23.8/24.8 2.47 90 76 - 35 - 21.8/22.8/23.8/24.8 2.48 90 76 - 35 - 21.8/22.8/23.8/24.8 1.859 90 76 - 35 - 21.8/22.8/23.8/24.8 2.610 90 76 - 35 - 21.8/22.8/23.8/24.8 2.211 90 76 - 25 - 21.8/22.8/23.8/24.8 2.4DHW+SH operation12 85 80 12.6 30 1.3 21.8 1.88/2/2.2/2.35/2.613 85 80 12.6 30 1.3 24.8 1.88/2/2.2/2.35/2.614 90 80 12.6 30 1.3 15/17/21.7/24.8 2.415 85 80 12.6 30 1.3 15 1.8/2/2.2/2.35/2.616 80 80 12.6 30 1.3 15/17/21.7/24.8 2.417 90 80 12.6 25 1.3 11.6/15/17/21.7/24.8 2.418 90 80 12.8 30 1/1.45/2/2.5 11.5 2.419 90 80 17.8 30 1/1.5/2/2.5 11.5 2.420 90 80 12.8 30 1.2/1.5/2/2.5 11.5 1.721 80 80 12.8 30 1.09/1.5/2/2.5 11.5 2.4
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3 DATA REDUCTION
To study the heat transfer coefficient, the reduction of the experimental data is performed as follows. The CO2heat duty, QCO2 , and water heat duty, QH2O, can be calculated using Equations 3.1 and 3.2, respectively.

QCO2 = mCO2 × (hCO2,in − hCO2,out) (3.1)
QH2O = mH2O × cp,H2O × (TH2O,out − TH2O,in) (3.2)

where mCO2 is the CO2 mass Flow rate, mH2O is the water mass flow rate, hCO2 ,in and hCO2 ,out are the enthalpy ofCO2 at the inlet and outlet of a gas cooler in the CO2 side, respectively, TH2O,out and TH2O,in are the symbols of thewater temperature at the outlet and inlet of a gas cooler in the water side,respectively, and cP,H2O is the specificheat of water. The CO2 enthalpy is determined as functions of temperature and pressure using REFPROP, Version10.0 [28].
For all three gas coolers, the energy balance between QH2O and QCO2 is calculated, and the maximum relativedeviation is less than 5%. The comparison of the calculated data indicates that there is an energy balance betweenCO2 and H2O sides. The total heat transfer coefficient, Utotal, of a gas cooler is calculated from the average of theheat duties and logarithmic mean temperature difference, as:

Utotal =
Qaverage

A× LMTD
(3.3)

where Qaverage is the average heat duty, A is the heat transfer area, and LMTD is the logarithmic mean temperaturedifference. The average heat duty is calculated by:
Qaverage =

QCO2 + QH2O

2
(3.4)

In the supercritical region, the specific heat of CO2 varies significantly in the vicinity of the pseudo-critical point.Hence, the calculated Utotal value in this investigation is an approximation to compare the values under the samegas cooler geometry and condition. Thus, the logarithmic mean temperature difference is used and calculatedas:
LMTD =

(TCO2,out − TH2O,in) − (TCO2,in − TH2O,out)

ln
(TCO2,out−TH2O,in)
(TCO2,in−TH2O,out)

(3.5)

The total heat transfer coefficient is presented as a function of average bulk fluid temperature, Tb. The mean bulktemperature of CO2 is calculated from an average of CO2 inlet temperature and CO2 outlet temperature, definedas:
Tb =

TCO2,in + TCO2,out

2
(3.6)
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3. Data reduction
In the experiments, the measured pressure drop in the gas cooler is the total pressure drop, which is calculatedfrom the difference between inlet pressure and outlet pressure of fluid in the gas cooler. The measure pressuredrop can be presented as:

∆P = Pin − Pout (3.7)
The cold-side temperature approach is defined as the difference between CO2 outlet temperature and water inlettemperature. This parameter is calculated based on the experimental data to evaluate the effectiveness of gascoolers. Here, the temperature approach can be presented as:

∆Tapproach = TCO2,out − TH2O,in (3.8)
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4 EXPERIMENTAL RESULTS AND DISCUSSION
Measurements are performed by systematically investigating the effects of different operating parameters (pres-sures, mass flow rates, and temperatures) on the pressure drops of both water and CO2 sides, heat duty, supplytemperature of SH and DHW circuits, overall heat transfer coefficient, and temperature approach difference. Table4.1 presents the experimental results under the designed conditions in DHW mode, SH mode, and DHW+SH mode.The results obtained for SH gas cooler and two-pass DHW gas coolers are presented in detail in the followingsections. The experimental results on the one-pass DHW gas coolers are summarized in Table 4.2.

Table 4.1: Experimental results under design condition.
parameter Operation DHW+SH DHW+SH SH DHW DHWArrangement 2-pass 1-pass 1-pass 2-pass 1-passPressure (bar) 85.48 85.53 85.35 100.34 99.84Discharge temperature (°C) 80.36 81.63 80.13 95.48 94.17DHW inlet temperature (°C) 13.07 11.54 - 10.95 10.64SH inlet temperature (°C) 30.2 29.29 30.04 - -DHW mass flow rate (kg/min) 1.29 1.42 - 2.19 2.29SH mass flow rate (kg/min) 11.54 11.72 23.1 - -CO2 mass flow rate (kg/min) 2.41 2.43 2.49 2.1 2.18DHW supply temperature (°C) 69.08 68.67 - 69.87 69.31SH supply temperature (°C) 35.73 34.52 35.36 - -Pressure drop HX1,H2O (bar) 0.058 2.46E-02 - 0.121 0.042Pressure drop HX1,CO2 (bar) 0.056 0.0769 - 0.031 0.056Pressure drop HX2,H2O (bar) 0.116 0.1208 0.408 - -Pressure drop HX2,CO2 (bar) 0.003 0.0148 0.004 - -Pressure drop HX3,H2O (bar) 0.159 0.0756 - 0.389 0.071Pressure drop HX3,CO2 (bar) 0.087 0.0004 - 0.076 0.063Qaverage,HX1 (kW) 3.67 4.08 - 4.78 4.82Qaverage,HX2 (kW) 4.48 4.37 8.5 - -Qaverage,HX3 (kW) 1.4 1.54 - 4.2 4.53Temperature approach,HX1 (k) 14.17 14.56 - 8.32 8Temperature approach,HX2 (k) 0.71 0.5 0.62 - -Temperature approach,HX3 (k) 7.79 6.52 - 8.24 7.96
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4. Experimental results and discussion

Table 4.2: One-pass DHW gas cooler experimental results.
Pressure(bar)

Dischargetemperature(°C)
DHW inlettemperature(°C)

SH inlettemperature(°C)
DHW massflow rate(kg/min)

SH massflow rate(kg/min)
CO2 massflow rate(kg/min)

Supplytemperature(°C)
Pressure dropHX1,H2O(bar)

Pressure dropHX1,CO2(bar)
Pressure dropHX3,H2O(bar)

Pressure dropHX3,CO2(bar)DHW operation100.8 98.7 10.9 - 2.3 - 2.2 71 - - - -101.3 96.2 11.1 - 2.3 - 2.2 70.7 0.094 0.057 0.077 0.06599.8 94.2 10.6 - 2.3 - 2.2 69.3 0.042 0.056 0.071 0.063100.1 95.1 10.7 - 2.5 - 2.1 66.3 0.035 0.045 0.114 0.048100.2 94.2 10.5 - 2.4 - 2.2 68.8 0.164 0.057 0.115 0.06399.9 94.4 10.8 - 2.3 - 2.2 69 - - - -99.8 95.2 10.6 - 2.3 - 2.2 69.2 0.059 0.052 0.072 0.059100.2 94.5 10.5 - 2.4 - 2.2 68 - - - -95.5 100.5 12.6 - 2.1 - 2.1 72.2 0 0.057 0.086 0.08292 94.3 11.1 - 1.8 - 3.3 81.8 0.04 0.125 0.099 0.28100.2 100.4 19.9 - 1.8 - 3 86.5 0.014 0.101 0.039 0.21290.2 93.7 20 - 1.8 - 3.1 79.9 0.004 0.113 0.004 0.25696.1 100.5 13.7 - 1.5 - 2.5 85.3 0.048 0.083 0.051 0.15291.5 95.9 15.5 - 2.1 - 3.8 82.1 0.025 0.151 0.067 0.37490.2 95.5 17.5 - 2.9 - 3.3 70.9 0.019 0.115 0.108 0.22794.2 94.6 11.1 - 2.1 - 2.4 71.8 0.063 0.073 0.111 0.11593.8 95.2 11.2 - 2.1 - 2.3 71 0.063 0.069 0.12 0.10197.4 98.6 14.6 - 2.3 - 2.3 72.5 0.061 0.066 0.115 0.09696.9 98.7 11.7 - 2.1 - 2.9 78 0.066 0.09 0.125 0.16698.2 98.6 14.9 - 2.3 - 2.7 75.5 0.07 0.081 0.131 0.13297.5 94.5 10.6 - 2 - 2 70.8 0.055 0.055 0.059 0.06895.2 90.9 11.8 - 2.1 - 2.5 71.4 0.029 0.072 0.132 0.12395.4 94.3 11.8 - 2.1 - 2.3 71.5 0.031 0.069 0.134 0.09897.2 94.6 13 - 2.2 - 2.1 70 0.027 0.058 0.146 0.07597.1 95.4 13 - 2.1 - 2 69.6 0.022 0.055 0.15 0.06696.6 96 15.8 - 2.2 - 2 68 0.016 0.055 0.147 0.05997.3 94.6 14.9 - 2.2 - 2.1 69.5 0.018 0.058 0.146 0.06896.8 94.2 13.9 - 2.2 - 2.1 69.2 0.012 0.057 0.125 0.0797.4 97.2 14.1 - 2.1 - 2 69.6 0.017 0.054 0.135 0.06296.9 97.7 13.7 - 2.1 - 1.9 69 0.011 0.05 0.129 0.05598.6 100.2 13.4 - 2.1 - 1.8 68.3 0.024 0.041 0.13 0.04391 92.7 11.5 - 1.9 - 2.2 70.2 0.001 0.067 0.102 0.09594.5 96.5 10.6 - 1.4 - 2.3 81.4 0.005 0.077 0.093 0.118DHW+SH operation85.5 81.6 11.5 29.3 1.4 11.7 2.4 68.7 0.025 0.077 0.076 0.000487.3 84.6 11.7 28.7 1.4 11.8 2.4 70.5 0.06 0.0004 0.081 0.05789.3 89 11.3 26.4 1.4 11.9 2.2 72 0.038 0.063 0.065 0.05179.4 68.1 11.2 29.5 1.9 12.3 3.4 59.6 0.022 0.132 0.107 0.32979.3 73.9 11.2 29.6 1.9 13.9 3.1 61.6 0.114 0.113 0.095 0.28380.2 73.5 15.5 33.9 2.1 11.7 3 60.1 0.098 0.107 0.112 0.1581.7 79.8 11.2 32 1.6 12 2.8 66.8 0.009 0.1 0.11 0.09383.8 83.7 16.9 31.1 2.1 12 2.7 63.7 0.134 0.082 0.113 0.08284.3 82.5 13 36.2 2 10.3 2.8 66.2 0.019 0.094 0.109 0.12684.4 87.4 13 36.1 2.2 10.2 2.9 66.3 0.012 0.098 0.117 0.12785.5 84.8 13.1 31.8 1.9 13.1 3.2 69.3 0.131 0.108 0.114 0.11484.1 82.2 13.1 35.6 1.9 11 3 67.3 0.125 0.105 0.136 0.10586.2 88.4 16.8 35.8 2.1 10.6 2.8 68.4 0.137 0.092 0.134 0.09285.1 83.2 16.4 35.9 2.1 10.7 3 67 0.138 0.103 0.134 0.10581.9 79.2 16.3 34.6 2.1 10.6 3 63.7 0.027 0.105 0.131 0.10779.3 78.5 16.3 33.1 2.1 10.8 2.9 61.6 0.015 0.103 0.121 0.14279.4 74.7 11.8 33.1 2 10.9 2.8 59.8 0.039 0.099 0.121 0.13481.4 83.1 11.9 33 2 10.8 2.3 61 0.029 0.076 0.125 0.06881.5 77.5 13.2 29.1 2.1 13.1 2.7 59.8 0.054 0.084 0.131 0.07486.5 74.2 18.9 32.4 1.8 12.6 3 64.1 0.052 0.094 0.156 0.02685.8 71.5 15.3 33.8 1.7 12.6 3.3 64.7 0.124 0.115 0.057 0.14686 70.9 14.1 36.5 2.1 11.1 3.2 61.3 0.062 0.113 0.102 0.15686.3 71 13.8 34.9 2.1 11.4 2.9 59.9 0.058 0.093 0.087 0.11686.4 69.7 11.7 35 1.5 12.1 2.9 63.3 0.034 0.104 0.106 0.11486.2 73.7 13.7 32.2 1.2 12.3 2.1 64.5 0.058 0.066 0.075 0.05186.5 83.5 12.9 33 1.2 12.3 2.2 71.4 0.032 0.073 0.094 0.000486.6 78 17.3 34.4 1.3 12.1 2.4 68.7 0.051 0.081 0.075 0.0004
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4. Experimental results and discussion 4.1. Heat transfer coefficient
4.1 HEAT TRANSFER COEFFICIENT
The total heat transfer coefficients are calculated based on the experimental data investigated under differentoperation conditions. Results obtained through this study are reported and discussed in this section.
4.1.1 Effect of CO2-side pressure

To investigate the influence of gas cooler pressure on the total heat transfer coefficient, experimental studies areconducted. For a water inlet temperature of 13.1 °C, CO2 mass flow rate of 2.15 kg/min, and discharge temperatureof 97 °C, Figure 4.1 (a) presents the variations of the total heat transfer coefficients under the gas cooler pressuresof 94 bar and 100 bar. As can be seen in this figure, with the increase of bulk mean temperature the heat transfercoefficient increases and then shows a downward trend, and there is a peak value in the variation of heat transfercoefficient. This is due to the dramatic changes in the thermophysical properties of CO2 near the pseudo-criticaltemperature. The value of specific heat capacity reaches its maximum at the pseudo-critical temperature, whichleads to the highest value of the heat transfer coefficient. In addition, the total heat transfer coefficient dropswith an increase in the gas cooler pressure in the liquid-like region, and increasing the bulk temperature to a valuehigher than that of the pseudo-critical temperature results in a different trend. It is indicated that the heat trans-fer coefficient increases in the gas-like region due to different thermophysical properties of CO2 under differentpressures.
Figure 4.1 (b) presents the heat transfer coefficient with different gas cooler pressures under the test conditionsof discharge temperature of 80 °C, DHW inlet water temperature of 21.8 °C, SH inlet water temperature of 30 °C,SH mass flow rate of 11.5 kg/min, and CO2 mass flow rate of 2.4 kg/min, while the DHW mass flow rate variesbetween 1 kg/min and 2.5 kg/min. The CO2 side bulk temperature decreases as the DHWmass flow rate increasesfrom 1 kg/min to 2.5 kg/min. Furthermore, increasing the water-side mass flow rate increase the water-side heattransfer coefficient which can cause an increase in the total heat transfer coefficient. For each considered gascooler operating pressure, heat transfer coefficients rise to a maximum value and then drops with decreasingCO2 mean temperature. The heat transfer coefficients do not change significantly at high mean temperaturesfar from the pseudo-critical temperature (TSC= 34.63 °C for P=80 bar and TSC= 40 °C for P=90 bar). However, forbulk temperatures close to the pseudo-critical temperature, CO2 thermodynamic properties including specific heatand thermal conductivity are significantly influenced by the operating pressure and mean temperature variations.Hence, in CO2 working fluid, operating pressure has a considerable impact on the heat transfer coefficients in thenear-critical region. This is because the specific heat and thermal conductivity go up significantly near the criticalpoint region by decreasing operating pressure, therefore, the heat transfer coefficient tends to lift sharply in thisregion and the heat transfer is the best at the pseudo-critical point. For example, the specific heat capacity at 34.63°C and 80 bar is 35.170 kJ/kg.K and at 40 °C and 90 bar is 12.833 kJ/kg.K. The variations of the thermophysicalproperties of CO2 become higher when the operating pressure is closer to the critical pressure of CO2. In addition,the peak point of the heat transfer coefficient shifts to the high-temperature state when the operating gas coolerpressure increases. This is because the pseudo-critical temperature shifts to the high-temperature region as thepressure increases.
4.1.2 Effect of CO2-side mass flow rate

Figure 4.2 (a) shows the total heat transfer coefficient with different CO2 mass flow rates under the conditionof the gas cooler pressure of 100 bar, discharge temperature of 97 °C, and water inlet temperature of 13.1 °C.As shown in this figure, the heat transfer increases with increasing CO2 mass flow rate, and this effect is more
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4. Experimental results and discussion 4.1. Heat transfer coefficient

(a) (b)

Figure 4.1: Total heat transfer coefficient vs. bulk temperature for different pressures.
significant when the bulk mean temperature is near the pseudo-critical temperature. As the increase in the massflow rate can result in a rise in the Reynolds number value, the diffusion rate also increases, and thus, the heattransfer coefficient enhances. Figure 4.2 (b) demonstrates the effect of CO2 mass flow rate on the total heattransfer coefficient under the DHW+SH operation, considering the test conditions of 18 and 20 from Table 2.2.It is worth to note that the peak values of heat transfer coefficients under studied operating pressures occur atthe temperatures slightly lower than the pseudo-critical temperature. Increasing the CO2-side mass flow rate canenhance the total heat transfer coefficient. Specifically, the increase is more obvious at the region in the vicinityof the pseudo-critical point, where the total heat transfer coefficient undergoes a significant change and reachesa pick value. This indicates that the CO2 mass flow rate has a great effect on heat transfer.

(a) (b)

Figure 4.2: Total heat transfer coefficient vs. bulk temperature for different CO2 mass flow rates.
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4. Experimental results and discussion 4.2. Heat Duty
4.1.3 Effect of H2O-side temperature

The experimental heat transfer coefficients with water inlet temperatures under the condition of gas cooler pres-sure of 94 bar, discharge temperature of 97 °C, and CO2 mass flow rate of 2.15 kg/min are presented in Figure4.3 (a). As shown, no significant and clear influence of the water inlet temperature is demonstrated on the heattransfer coefficients when CO2 is in a high-temperature state. The effect of DHW water inlet temperature on thetotal heat transfer coefficient under DHW+SH operation is depicted in Figure 4.3 (b). The increase of temperaturefrom 12.8 °C to 17.8 °C has a minor effect on the heat transfer coefficient in the high-temperature state. However,the higher the DHWwater inlet temperature, the higher the total heat transfer coefficient in the liquid-like region.

(a) (b)

Figure 4.3: Total heat transfer coefficient vs. bulk temperature for different water inlet temperatures.
4.2 HEAT DUTY
The capacity for each of the data points obtained under different conditions is presented in this section. Theinfluence parameters include the CO2-side pressure, CO2-side mass flow rate, H2O-side mass flow rate, and H2O-side temperature. For the counter-flow gas coolers, the energy difference between the water side and refrigerantside is calculated, and the maximum relative deviation is less than 5%. Taking DHW operation as an example, itis found that there is an energy balance between the water and CO2, as presented in Figure 4.4. The average heatduty is defined, and the results are presented in the following subsections.
4.2.1 Effect of CO2-side pressure

Figure 4.5 (a) presents the average heat duties at the water inlet temperature of 13.1 °C, CO2 mass flow rate of2.15 kg/min, and discharge temperature of 97 °C for the gas cooler pressures of 94 bar and 100 bar under DHWoperation. As can be seen from this figure, increasing the DHW mass flow rate leads to an increase in the averageheat duty of DHW operation. In addition, the increase in the pressure from 94 bar to 100 bar causes the values ofheat duty in the gas cooler go up in the lower DHW mass flow rates. Figure 4.5 (b) indicates the effects of DHWmass flow rate and operating CO2 pressure on heat duty under DHW+SHoperation. For all data, a higherwatermassflow rate yields a higher heat duty. This indicates that the heat duty of DHW gas cooler under DHW+SH operationwith different pressure is linearly proportional to the mass flow rate. The pressure effect is more pronounced at
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4. Experimental results and discussion 4.2. Heat Duty

Figure 4.4: Heat duties in the CO2 side vs. H2O side in the preheating and reheating gas coolers.
higher water mass flow rates. However, for the experimental conditions in this study, increasing the pressure from80 bar to 90 bar results in a different trend in the SH gas cooler under DHW+SH operation (Figure 4.5 (c)).
4.2.2 Effect of CO2-side mass flow rate

The experimental average heat duties with respect to the variations of the DHWmass flow rate are shown in Figure4.6. Figure 4.6 (a) presents the results under the gas cooler pressure of 100 bar, discharge temperature of 97 °C,and water inlet temperature of 13.1 °C. Figure 4.6 (a) presents the experimental results under the test conditionsof 18 and 20 from Table 2.2. The effect of the CO2 mass flow rate is more significant in higher DHW mass flowrates. A higher CO2 mass flow rates leads to a higher heat duty under both DHW and DHW+SH operations. Asan example, consider the data points with a DHW mass flow rate of approximately 1.77 kg/min in Figure 4.6 (a).Increasing the CO2 mass flow rate from 2.15 kg/min to 2.4 kg/min yields values of heat duty of 7.83 kW and 8.02kW, respectively. Contrast this for data points with a DHW mass flow rate of nearly 2.58 kg/min, where the sameincreases in CO2 mass flow rate yield the heat duties that are 9.61 kW and 10.21 kW, respectively. The effects ofCO2 and SH mass flow rates on the SH gas cooler heat duty are shown in Figure 4.7. A clear trend of increasingheat duty with increasing mass flow rates is demonstrated for all recorded data. At a given operating CO2-sidepressure, increasing water mass flow rate can enhance the heat duty. This is attributed to the higher water-sideheat transfer in the gas cooler due to a higher value of mass flow rate, thereby resulting in a higher heat duty. Forthese investigated data points, it is found that SH mass flow rate is relatively less important, and the effect ofincreased CO2 mass flow rate is somewhat higher on the heat duties.
4.2.3 Effect of H2O-side temperature

The average heat duty is plotted as a function of thewatermass flow rate in Figure 4.8 under DHW, SH, andDHW+SHoperations. The measured heating capacity ranges from nearly 3.5 kW to 9.7 kW depending on the test conditionsand operating mode. As the water inlet temperature increases, the water outlet temperature tends to increase. Itcan be seen from Figure 4.8 that as the water inlet temperature increases, the average heat duty decreases dueto lower temperature difference. The influence of water mass flow rate dominates the inlet temperature for theDHW loop, and the heat duty increase linearly as the mass flow rate increases. With the decrease of the mass flowrate of water, both the water and CO2 outlet temperatures demonstrate increasing trends while the heat capacity
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4. Experimental results and discussion 4.2. Heat Duty

(a) (b)

(c)

Figure 4.5: Heat duty vs. water mass flow rate for different pressures in (a) DHW operation and (b,c) DHW+SHoperation.
decreases. As a result, the higher outlet temperature of CO2 causes the heat capacity to become low which resultsin a drop in the cycle performance. It can be concluded that the lower inlet temperature of water at an optimumwater mass flow rate can help to increase the heat duty of gas cooler under different operation modes.
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4. Experimental results and discussion 4.2. Heat Duty

(a) (b)

Figure 4.6: Heat duty vs. DHW mass flow rate for different CO2 mass flow rates in (a) DHW operation and (b)DHW+SH operation.

(a) (b)

Figure 4.7: Heat duty vs. CO2 mass flow rate for different SH mass flow rates in (a) SH operation and (b)DHW+SH operation.
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4. Experimental results and discussion 4.3. Pressure drop

(a) (b)

(c)

Figure 4.8: Heat duty vs. water mass flow rate for different water inlet temperatures in (a) DHW operation and(b,c) DHW+SH operation.
4.3 PRESSURE DROP
The pressure drops are measured and recorded for each data sample. In this section, the influence of differentimportant operating parameters on the pressure drop is presented.
4.3.1 Effect of CO2-side pressure

Figure 4.9 gives the pressure drop distribution as a function of the bulk temperature under the condition of waterinlet temperature of 13.1 °C, CO2 mass flow rate of 2.15 kg/min, and discharge temperature of 97 °C at gas coolerpressures of 94 bar and 100 bar. The pressure drop increases as the bulk temperature increases due to a decreasein the average density which leads to an increase in the average velocity of the cross-section. It can be seen thatat a given temperature, as the gas cooler pressure increases, the pressure drop decreases. The increase in the hotside fluid pressure can cause an increase in the density and thus a decrease in the velocity of CO2, so the pressure
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(a) (b)

Figure 4.9: Pressure drop vs. bulk temperature for different pressures in DHW operation.
drop decreases. The pressure drop is slightly influenced by the inlet pressure when the bulk temperature is lowerthan the pseudo-critical temperature (TSC= 42 °C for P=94 bar and TSC= 45 °C for P=100 bar), Figure 4.9 (b). Thevalues of pressure drop sharply rise with decreasing gas cooler pressure at the bulk temperatures higher than thatof the pseudo-critical temperature (Figure 4.9 (a)).
Figure 4.10 (a)-(c) indicates the effects of gas cooler pressure and water mass flow rate on the water-side pressuredrop of the tri-partite gas cooler in the DHW+SH operation. The experiments under DHW section (Figure 4.10(a),(c),(d),(f)) are performed with a discharge temperature of 80 °C, DHW inlet temperature of 12.8 °C, SH waterinlet temperature of 30 °C, SHmass flow rate of 11.5 kg/min, and CO2 mass flow rate of 2.4 kg/min. To monitor theperformance of SH section (Figure 4.10 (b),(e)), the experiments are carried out at the above operating conditionswhile keeping DHW mass flow rate at 1.3 kg/min and varying the SH mass flow rate between 15 kg/min and 24.8kg/min. The water-side pressure drop increases sharply with the increase in the water mass flow rate. A highermass flow rate thickens the film thickness and enhances the velocity, which leads to a higher pressure drop. Theinfluence of gas cooler pressure on the water-side pressure drops of space heating and preheating gas coolers isnegligible under the studied cases, but becomes noticeable on the reheating gas cooler. In general, the influenceof water mass flow rate on the pressure drop of the water-side dominates the gas cooler pressure in the three gascoolers. The water-side pressure drop in the reheating gas cooler in lower than the preheating gas cooler. It isattributed to the viscosity. Unlike the DHW operation, increasing the gas cooler pressure from 80 bar to 90 barin DHW+SH results in a different trend. In the DHW+SH operating mode, the water outlet of the preheating gascooler is higher at 80 bar; therefore, the water-side pressure drop in the preheating gas cooler increases as the gascooler pressure increases. Figure 4.10 (d)-(f) shows the variation in the CO2-side pressure drop between the inletand the outlet of the gas coolers with the bulk mean temperature of CO2 for two different operating pressures,80 bar and 90 bar. The pressure drop reduces with the operating gas cooler pressure because the variation inthe thermodynamic properties becomes lower as the operating gas cooler pressure rises. As shown, when thebulk mean temperature is less than the pseudo-critical temperature (TSC= 34.63 °C for P=80 bar and TSC= 40 °Cfor P=90 bar), the CO2-side pressure drop increases gradually with the increase of gas cooler pressure (Figure4.10 (f)), and the effect of operating pressure is more significant when the bulk mean temperature is near thepseudo-critical.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.10: Pressure drop vs. (a-c) DHW mass flow rate and (d-f) bulk temperature for different pressures inDHW+SH operation.
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4.3.2 Effect of CO2-side mass flow rate

Figure 4.11 shows the measured pressure drops for mass flow rates of 2.15 kg/min and 2.4 kg/min at a waterinlet temperature of 13.1 °C, discharge temperature of 97 °C, and gas cooler pressure of 100 bar. The pressuredrop increases as the CO2 mass flow rate increases at different bulk temperatures due to a rise in the Reynoldsnumber. In particular, for the reheating gas cooler with a bulk temperature of approximately 72.7 °C, the measuredpressure drop is 0.038 bar for a mass flow rate of 2.15 kg/min and 0.046 bar for a mass flow rate of 2.4 kg/min.As mentioned above, the pressure drop rises with increasing the bulk temperature. The higher average refrigeranttemperature results in a lower average density and higher average velocity through the gas cooler, resulting ina higher pressure drop. At the mass flow rate of 2.15 kg/min, the pressure drop in the preheating gas coolerincreases from 0.071 bar to 0.13 bar when the bulk temperature rises from 28.5 °C to 43.8 °C (i.e., the percentageof growth is 81% for a temperature change of 15.3 °C).

(a) (b)

Figure 4.11: CO2 side pressure drop vs. bulk temperature for different CO2 mass flow rates in DHW operation.
Figure 4.12 (a) and (b) shows the variation of CO2-side pressure drop with varying CO2 mass flow rates in the gascoolers. The mass flow rate of SH is maintained at 24.8 kg/min in Figure 4.12 (a) and at 21.8 kg/min and 15 kg/minin Figure 4.12 (b) with constantly keeping the gas cooler pressure of 85 bar, discharge temperature of 80 °C, DHWwater inlet temperature of 12.6 °C, SH water inlet temperature of 30 °C, and DHW mass flow rate of 1.3 kg/min.Test results demonstrate that the pressure drop of CO2 side increases from 0.038 bar to 0.11 bar for the reheatingand preheating gas coolers and from 0.002 bar to 0.004 bar for the space heating gas cooler while the CO2 massflow rate increases from 1.8 kg/min to 2.6 kg/min. The maximum pressure drops for the reheating, space heating,and preheating heat exchangers are 0.65 bar, 0.11 bar, and 0.004 bar at nearly the mass flow rate of 2.6 kg/min,respectively. The CO2-side pressure drop of SH gas cooler increases slightly as the mass flow of the water sidedecreases. The experimental results show that the slop of CO2 side pressure drop in the preheating gas coolerchanges sharper than the reheating gas cooler at the high CO2 mass flow rate. As expected, the CO2 mass flowrate has a significant influence on the CO2 side pressure drop, the pressure drop rises with a higher mass flowrate at a fixed operating gas cooler pressure. This is because the higher bulk temperature can result in a higheraverage velocity of flow and Reynolds number.

24 Deliverable D4.3



4. Experimental results and discussion 4.3. Pressure drop

(a) (b)

Figure 4.12: Pressure drop vs. CO2 mass flow rate in DHW+SH operation.
4.3.3 Effect of H2O-side temperature

Figure 4.13 gives the influence of different DHWmass flow rates on the water-side pressure drop at CO2 mass flowrate of 2.15 kg/min, discharge temperature of 97 °C, and gas cooler pressure of 94 bar for the inlet temperature of16 °C and 13.1 °C. An increase in the DHW mass flow rate causes an increase in the pressure drop at constant gascooler pressure. When DHW mass flow rate increases from approximately 1.8 kg/min to 2 kg/min at a water inlettemperature of 16 °C, the water-side pressure drop increases sharply from almost 0.01 bar to 0.06 bar and 0.04bar to 0.27 bar for the reheating and preheating heat exchangers, respectively. At the same time, it can be seenfrom the figure that at a given mass flow rate and gas cooler pressure, the water-side pressure drop increaseswith decreasing water inlet temperature, since as the inlet temperature increases, the viscosity decreases. Theinfluence of water inlet temperature on the pressure drop is more obvious at the DHWmass flow rate of 1.8 kg/min.The variations in the pressure drop with the bulk mean temperature at the CO2 mass flow rate of 2.15 kg/min,discharge temperature of 97 °C, and gas cooler pressure of 94 bar are compared in Figure 4.13 (c) and (d) for twodifferent water inlet temperatures of 16 °C and 13.1 °C. The increase of CO2 mean temperature flowing throughthe gas coolers causes a decrease in the density and viscosity of the refrigerant to maintain the flow continuity,resulting in a larger Reynolds number and pressure drop.
Figure 4.14 demonstrates the effect of SH mass flow rate on the water-side pressure drop of the space heatinggas cooler under three different SH water inlet temperatures in SH operating mode. The gas cooler pressure ismaintained at 90 bar for a given discharge temperature of 76 °C, and CO2 mass flow rate of 2.4 kg/min. It is foundthat the pressure drop of water side increases from 0.32 bar to 0.46 bar when the SH mass flow rate varies from20.6 kg/min to 24.8 kg/min, and the pressure drop increaseswith decreasing the operatingwater inlet temperature.The trend lines with the variation of temperature are similar under the same operating condition. The pressure dropis less affected by the water inlet temperature, while the mass flow rate of water has a significant influence on thepressure drop. In the space heating gas cooler, the pressure drop at 25 °C produces 0.0187 bar and 0.0218 barhigher than those of 35 °C for the SH mass flow rates of 20.6 kg/min and 24.8 kg/min, respectively.
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(a) (b)

(c) (d)

Figure 4.13: The effect of water-side temperature on (a,b) water-side pressure drop and (c,d) CO2-side pressuredrop in DHW operation.

Figure 4.14: The effect of water-side temperature on water-side pressure drop in SH operation.
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4.4 SUPPLY TEMPERATURE
The supply temperature ismeasured for each point following the procedures described in Section 2. In this section,the results and trends are presented, and the influences of different parameters are discussed.
4.4.1 Effect of CO2-side pressure

Figure 4.15 (a) shows the experimental results of the DHW supply temperature. For experiments carried out in thestudy, the DHW mass flow rate is varying from 1.8 kg/min to 2.6 kg/min. In general, the outlet temperature of thewater side is higher than that obtained at the CO2 side due to the counter-flow arrangement in the gas coolersunder study. A comparison between the experimental results obtained under different evaluated cases indicatesthat the outlet temperatures decrease linearly as the mass flow rate of the water side increases. At a constantwater inlet temperature of 13.1 ◦C, CO2 mass flow rate of 2.15 kg/min, and discharge temperature of 97 ◦C, for thecase with the variation of gas cooler pressure, a relationship between the DHW outlet temperature and the massflow rate of the water side is shown in Figure 4.15 (a). The outlet temperature of water increases as the gas coolerpressure increases. The same behavior is observed in Figure 4.15 (a) under DHW+SH where the experiments areconducted under the conditions of 18 and 21 from Table 2.2. The influence of pressure on the outlet temperatureis more significant in the lower and higher DHW mass flow rates under DHW and DHW+SH operation, respectively.The SH supply temperature versus mass flow rates for SH operation and DHW+SH operation are shown in Figure4.15 (b). For the SH loop, the experiments are conducted under the test conditions of 5 and 6 under SH operationand the test conditions of 14 and 16 under DHW+SH operation from Table 2.2. In contrast to DHW operation, anincrease in operating pressure leads to a lower value of SH supply temperature under SH operation. This trend inthe SH supply temperature is also found when the system is operated under the DHW+SH operation.

(a) (b)

Figure 4.15: Supply temperature vs. water mass flow rate for different gas cooler pressures.
4.4.2 Effect of CO2-side mass flow rate

Figure 4.16 shows the effects of CO2 and DHW mass flow rates on the supply temperature under three differentoperating modes.
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(a) (b)

(c)

Figure 4.16: Supply temperature vs. (a) DHW mass flow rate for different CO2 mass flow rates and vs. (b,c) CO2mass flow rate for different SH mass flow rates.
According to the results, a larger mass flow rate of refrigerant and a lower water mass flow rate increase the wateroutlet temperature. On one hand, the flow velocity of water declines due to the decrease of water mass flow rate,thereby resulting in a lower heat transfer in the water side of the gas coolers. Hence, the lower the water mass flowrate, the higher the water outlet temperature, which can lead to a lower heat duty. So, the water mass flow ratesthrough the gas coolers need to be properly selected and controlled to provide the hot water temperature of above70 ◦C and SH temperature of above 35 ◦C. On the other hand, at a given operating gas cooler pressure, the supplytemperature is directly affected by the CO2 inlet temperature as the gas coolers are designed to work in a counter-flow configuration. Therefore, at a fixed pressure, an increase in the water mass flow rate leads to a decline in thewater outlet temperature. It is found that the DHW outlet temperatures of mCO2=2.4 kg/min are higher than thoseof mCO2=2.15 kg/min, as shown in Figure 4.16 (a). Figure 4.16, in general, indicates that the outlet temperaturesdecrease linearly as the mass flow rate of the water side increases. In addition, lower CO2 mass flow rate leads toa lower supply temperature. For the gas cooler with mCO2=2.4 kg/min, a DHW outlet temperature of almost 71 ◦C isachieved at DHWmass flow rate of 2.4 kg/min having a fixed gas cooler pressure of 100 bar, discharge temperatureof 97 ◦C, and water inlet temperature of 13.1 ◦C, while a lower DHW mass flow rate is required to achieve the same
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outlet temperature of water at the lower CO2 mass flow rate (Figure 4.16 (a)). It is found that when the water massflow rate is decreased to get a higher water outlet temperature, a decrease of the heat transfer coefficient of thewater side also occurs. Adjustment of the water mass flow rate is one of the critical ways to get different supplywater temperatures at the outlet of the gas cooler.
4.4.3 Effect of H2O-side temperature

It is shown from Figure 4.17 (a) that under DHWoperation at specified CO2 mass flow rate of 2.15 kg/min, dischargetemperature of 97 ◦C, and gas cooler pressure of 94 bar the DHW supply temperature is higher at higher water inlettemperature and the water temperature lift varies from nearly 53 ◦C to 61◦C and 51 ◦C to 58 ◦C at the water inlettemperatures of 13.1 ◦C and 16 ◦C, respectively. The trend lines for supply temperature under different conditions inSH and DHW+SH operations are similar. This is because as the water inlet temperature increases, the CO2 outlettemperature increases, thereby the water outlet temperature is higher, as seen in Figure 4.18. This mechanisminfluences also on the gas cooler outlet enthalpy status. Under the test conditions of Figure 4.17 (a) in DHWoperation, the CO2 outlet temperature of the gas cooler increases from 27.3 ◦C to 36.8 ◦C and from 19.4 ◦C to 35.4
◦C when the water inlet temperatures are 16 ◦C and 13.1 ◦C, respectively. When the supply temperatures are 68.8
◦C (T5=16 ◦C and mDHW=2.4 kg/min) and 69.8 ◦C (T5=13.1 ◦C and mDHW=2.15 kg/min), the CO2 outlet temperatureof gas cooler is higher than the critical temperature (Tc=31.1 ◦C). This indicates that CO2 liquid phase entersthe throttling device when up to this condition. However, when the outlet temperature increases, supercriticalCO2 enters the throttling device. Lower CO2 outlet temperature is desired to increase the system performance.Therefore, one solution is to cool down the CO2 high temperature using an internal heat exchanger before enteringthe throttling device.

(a) (b)

Figure 4.17: Supply temperature vs. water mass flow rate for different water inlet temperatures.
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Figure 4.18: DHW supply temperature variation vs. GC3 CO2 outlet temperature for different water inlettemperatures.
4.5 TEMPERATURE APPROACH
Temperature approach is an important parameter to evaluate the effectiveness of considered heat exchangersunder different conditions. A lower value of temperature approach in the heat exchangers presents the heat ex-changers are appropriately sized and selected for the operating conditions, resulting in a lower enthalpy at the inletof evaporator and the higher system performance. The influences of DHW mass flow rate, gas cooler pressure,water inlet temperature, and CO2 mass flow rate on the temperature approach for both preheating and reheatinggas coolers are shown in Figure 4.19.
Figure 4.19 (a) indicates that increasing the DHW mass flow rate can enhance the value of temperature approach.Specifically, the increase is more obvious at higher mass flow rates, but slightly increase when the DHW massflow rate is small. It can also be found that the contribution of CO2 mass flow rate to the temperature approach ishigher when the DHWmass flow rate is high, but becomes smaller as the DHWmass flow rate keeps decreasing. Atconstant pressure and water mass flow rate, a higher CO2 mass flow rate and water inlet temperature decreasesthe temperature approach in the reheating gas cooler while leads to an increase in its value in preheating gascooler under DHW operation. The temperature approach of reheating gas cooler varies between nearly 4.5 °C and11.5 °C, depending on the operating condition. Under the same operating conditions, Figure 4.19 (b) indicatesthe experimental results of the preheating gas cooler temperature approach. Evaluation of Figure 4.19 (b) forthe preheating gas cooler presents an opposite trend than that of the reheating gas cooler. A lower value oftemperature approach indicates that the gas cooler is sized well. In general, this gas cooler is associated withmuch higher temperature approaches than those of the reheating gas cooler, indicating that it is undersized foralmost all evaluated cases at the low DHWmass flow rate in DHW operation. A higher heat transfer area is requiredto lower the value of the temperature approach . For the gas cooler pressure of 100 bar, water inlet temperature of13.1 °C, CO2 mass flow rate of 2.4 kg/min, and DHW mass flow rate of 1.8 kg/min, the temperature approach is ashigh as 22 °C, which comes down to lower than 4 °C when the DHW mass flow rate increases to 2.6 kg/min andCO2 mass flow rate drops to 2.15 kg/min.
Figure 4.19 (c) and (d) shows the temperature approach of the reheating and preheating gas coolers in DHW+SHoperation under different operating conditions. For the SH water inlet temperature of 30 °C and SH mass flow
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(a) (b)

(c) (d)

Figure 4.19: Temperature approach vs. DHW mass flow rate in (a,b) DHW operation and (c,d) DHW+SH operation.
rate of 11.6 kg/min, the temperature approach in both gas coolers decreases with the increase of DHW mass flowrate, resulting in some different trends than DHW operation. Specifically, Figure 4.19 (d) demonstrates that forthe higher DHW water inlet temperature, temperature approach is lower for preheating gas cooler. As the systemoperates in DHW+SH mode, the CO2 outlet temperature of the preheating gas cooler is lower and the slope ofreduction with the increase of DHW mass flow rate is flatter than that of DHW mode, resulting in a different trendin the temperature approach with the increase of water inlet temperature.
Figure 4.20 (a) presents the results of SH gas cooler for the SH mode when the operating pressure is fixed at90 bar, discharge temperature is 76 °C, and SH water inlet temperature is 35 °C, while Figure 4.20 (b) indicatesthe results for DHW+SH operation for gas cooler pressure of 85 bar, discharge temperature of 80 °C, DHW inlettemperature of 12.8 °C, SH inlet temperature of 30 °C, and DHWmass flow rate of 1.3 kg/min when the CO2 and SHmass flow rates vary. The experimental results indicate that the SH gas cooler has been selected properly sincethe values are very low under SH operation and DHW+SH operation. In both operating modes, the temperatureapproach decreases when increasing SH mass flow rate and decreasing CO2 mass flow rate.
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(a) (b)

Figure 4.20: HX2 temperature approach vs. CO2 mass flow rate in (a) SH operation and (b) DHW+SH operation.
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5 CORRELATION DEVELOPMENT FOR UTILIZING IN TRNSYS
In this section, different correlations for current data are developed to predict the heat duty and supply temperatureunder different working conditions. The coefficient of determination, R2, is calculated to evaluate the performanceof each model and to select the most appropriate type of model. The excellent fit between the measured and pre-dicted values would have R2=1. Additionally, because of the complexity of the problem, the correlations developedwith linear and quadratic model types failed due to a large error between the predicted and corresponding exper-imental data. Therefore, the Genetic Programming (GP) technique has been applied to develop non-linear equa-tions. GP is a repetitive algorithm that approaches the answer step by step. GP algorithm combines equationsand generates new equations. The implementation of the GP is described in Ref. [29].
The genetic programming is applied to 146 experimental data samples for both one-pass and two-pass heat ex-changers and the following correlations are proposed to calculate the heat duty and supply temperature of DHWin the DHW and DHW+SH operations.

QHX1 = 2.028 + 0.0002 ×mDHW × P 2 − 0.0004 × P × T5 − 1.3E − 06 × P 3×
cos(1.37E − 03 × T 2

dis) × sin(tan(5.04E − 05 ×mDHW × P 2)) (5.1)
QHX3 = 9.45 × sqrt(mDHW ) + 2.32E − 04 × T 2

dis × cos(4 + 0.15 × Tdis + 0.73×
cos(1.45 × Tdis)) − 4.23 − 0.034 ×mDHW × P (5.2)

Tsupply,DHW = Tdis + 0.08 × T5 + 0.13 × P ×mCO2 + 2.14 ×m2
DHW − 10.5 − 3.83×

mCO2 − 0.21 × Tdis ×mDHW (5.3)
where P , Tdis, T5, and mDHW are the inlet pressure, discharge temperature, water inlet temperature, and watermass flow rate, respectively. The correlations are validated when the 78.69<P (bar)<101.31, 68.11<Tdis (°C)<100.5,0.96<mDHW (kg/min)<2.89, and 10.48<T5 (°C)< 20.01.
The SH heat duty and supply temperature correlations are proposed based on 163 experimental data samplescollected in the SH and DHW+SH operating modes. The correlations are shown as:

QHX2 = 5.68 + 1.21E − 03 × Tdis ×mCO2 ×mSH + 4.91E − 03 ×m2
SH × sin(−1.08 × Tdis)

2×
sin(0.366 × Tdis) − sin(0.233 ×mSH) × cos(0.0049 ×m2

SH × sin(0.366 × Tdis)×
sin(−1.08 × Tdis)) − 0.14 × T8 (5.4)

Tsupply,SH = 1.76 ×mCO2 + 0.61 × Tdis + 0.016 × T 2
8 +

(
(3712.8 − 6957.8 × (1.95E − 02 × T8)

mSH )

Tdis
) − 79.5 (5.5)

where P , Tdis, T8, and mSH are the inlet pressure, discharge temperature, SH water inlet temperature,and SH mass flow rate, respectively. Above correlations are found to be reliable and robust when the
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77.53779<P (bar)<91.65417, 68.1083<Tdis (°C)<93.21884, 10.18658<mSH (kg/min)< 25.91105, and 23.18893<T8(°C)<36.5495.
The comparisons between the measured results and predicted results by the developed models in this study areshown in Figure 5.1. The values of R2 for the reheating heat duty, space heating heat duty, preheating heat duty,DHW supply temperature, and SH supply temperature are 0.88, 0.86, 0.94, 0.99, and 0.94, respectively. The resultsshow that the correlations perform very well in the prediction of heat duty and supply temperature.
Themain advantages of the developed correlations in this study are the generality of themodels for the consideredoperating modes (i.e., DHW, SH, and DHW+SH modes) and the capability of determining the influences of theoperating parameters on the heat duty and supply temperature over a wide range. These equations are helpful incalculating the values of the supply temperatures and heat duties by assuming values of the operating parameterswithin valid ranges. These models are highly helpful for engineers involved in refrigeration research and they canbe utilized to design and enhance the thermal performance of heat exchangers used in the transcritical carbondioxide refrigerant system.
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(a) (b)

(c) (d)

(e)

Figure 5.1: Comparison of calculated and experimental data.
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6 RECOMMENDATION FOR GAS COOLER INSTALLATION
The difference between the DHWmass flow rate and SHmass flow rate makes some challenges to come up with atri-partite gas cooler as a single unit. Figure 6 presents themost compact heat exchanger design and configurationfor implementing into the second prototype. The advantages of this arrangement are:

• the two-pass gas coolers can be placed horizontally to facilitate the oil drain.• it is a pretty compact solution that can be integrated with a frame and could be insulated all in one piece.• all CO2 connections to one side and DHW and SH connections to the opposite.

Figure 6.1: The 3D of compact tri-partite gas cooler configuration.
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7 CONCLUDING REMARKS
An experiment is conducted to investigate the performance of carbon dioxide (CO2) in tri-partite brazed plate gascooler in a steady-state transcritical heat pump water heater system using the CO2-water test loop. The results areobtained for a system for only space heating, only hot water heating, and combined space heating and hot waterheating. The gas cooler shows promising performance under the design conditions and is more compact thanprevious designs. The experimental results indicates that the brazed plate heat exchanger can be a promisingtechnology for making transcritical CO2 heat pumps reasonably efficient.
Furthermore, to provide a good insight into this study, a sensitivity analysis is carried out and the effects of dif-ferent operating parameters on the total heat transfer coefficient, heat duty, pressure drop, supply temperature,and temperature approach are examined. The heat duty and supply temperature correlations for both space heat-ing and domestic hot water cycles that include the effects of operating parameters are obtained by fitting theexperimental data. The major remarkable conclusions of this analysis are obtained as follows:

• The total heat transfer coefficient drops with an increase in the gas cooler pressure in the liquid-like region,and it increases in the gas-like region due to different thermophysical properties of CO2 under different pres-sures. The heat transfer reaches amaximum for a bulk temperature close to the pseudo-critical temperaturedue to the variation in the CO2 thermodynamic properties including specific heat and thermal conductivity.The heat transfer coefficient enhances with an increase in the mass flow rate due to a rise in the Reynoldsnumber and the diffusion rate. The larger the DHWwater inlet temperature, the higher the total heat transfercoefficient in the liquid-like region, but no significant influence when CO2 is in a high-temperature state.• The higher average refrigerant temperature results in a lower average density and higher average velocitythrough the gas cooler, resulting in a higher pressure drop. At a givenmass flow rate and gas cooler pressure,pressure drop increases with decreasing water inlet temperature, since as the inlet temperature increases,the viscosity decreases. The increase in the hot side fluid pressure can cause an increase in the densityand thus a decrease in the velocity of CO2, so the CO2 side pressure drop decreases.• The values of heat duty increases with the increases of water and CO2 mass flow rates. The lower thewater inlet temperature is, the higher the average heat duty is. The heat duty of DHW loop increases withan increase in the operating CO2 pressure, while a higher operating CO2 pressure leads to a lower SH heatduty under DHW+SH operation.• The water outlet temperature increases as the mass flow rate of refrigerant increases and the water massflow rate decreases. An increase of operating CO2 pressure leads to a higher and lower value of DHWoutlet temperature and SH outlet temperature, respectively. The supply temperature is higher at the higherwater inlet temperature. The supply temperature is directly affected by the CO2 inlet temperature as the gascoolers are designed to work in a counter-flow configuration.• The higher water mass flow rate is recommended to decrease the temperature approach values under DHW,SH, and DHW+SH operations. The temperature approach also decreases with an increase of pressure and adecrease of CO2 mass flow rate under DHW, SH, and DHW+SH operations. While a lower water inlet temper-ature is beneficial to lower the temperature approach of DHW operation, an opposite trend is demonstratedfor DHW cycle under the DHW+SH operation.• The values of the coefficient of determination exceeding 0.88, 0.86, 0.94, 0.99, and 0.94 for the reheatingheat duty, space heating heat duty, preheating heat duty, DHW supply temperature, and SH supply tempera-ture, respectively, demonstrate high reliability of the developed correlations in this study.
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