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ABSTRACT  

 

The impact of individual upstream superheat control on a two-pass water-cooled 

refrigeration system has been studied. Previous research has verified that the loss of cooling 

capacity and coefficient of performance (COP) of the system due to non-uniform superheat can 

be recovered by applying upstream individual superheat control. This thesis presents the analysis 

of upstream individual superheat control. The experiment apparatus consisted of a two-pass 

water-cooled refrigeration system composed of a 2040 watts scroll type compressor, a water-

cooled coaxial type condenser and two water-cooled coaxial type evaporators. R410A was 

selected as refrigerant.    

The design phase was based on refrigeration cycle of thermodynamics. AUTOCAD and 

Pro/Engineering 4.0 were used in order to do the simulation. Agilent 34980A was used as data 

acquisition hardware and Agilent BenchLink Data Logger Pro was used as data acquisition 

software. Engineering Equation Solver (EES) was used to do all the calculations, including the 

superheat, subcooling, enthalpy, cooling capacity and coefficient of performance (COP).  

Three different conditions were considered in this thesis. Condition I: without control. 

Condition II: with control. Condition III : minimum stable superheat (MSS) phenomenon.  

In condition I, no control was applied and non-uniform superheat was observed. In 

condition II, upstream individual superheat control was applied, and the superheats in two 

evaporating circuits were observered almost evenly distributied. In condition III, close the 

control valve on the corresponding circuit of 98%, and observed the sudden change of superheat.  



iii 

Results showed that there exist significant benefits of system cooling capacity and 

coefficient of performance (COP) by using upstream individual superheat control method. In 

Condition I, the cooling capacity was found to be 7.671kw and the COP was 3.715. In Condition 

II, the cooling capacity was found to be 8.138kw and the COP was 3.955. By applied the 

upstream individual superheat control method, the cooling capacity increased about 5.739% and 

the COP increased about 6.068%.  

Furthermore, the minimum stable superheat (MSS) phenomenon was examined. Close 

one of the control valves on the corresponding circuit of 98%. Instead of getting superheat 

increased, it was found that the superheat of this circuit suddenly decreased. This phenomenon is 

referred as minimum stable superheat (MSS). The exact reasons that cause MSS haven`t been 

found yet. But some reasonable factors that may affect MSS were presented. First, the suddenly 

change of heat transfer coefficient inside the evaporator. Second, different types of refrigerant 

may affect MSS.
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NOMENCLATURE 

                 coefficient of performance 

                coefficient of performance for evaporator 

                            refrigerant side enthalpy (KJ/Kg) 

,                     compressor inlet enthalpy ( KJ/Kg) 

,                    compressor outlet enthalpy ( KJ/Kg) 

∆                       refrigerant enthalpy difference (KJ/Kg) 

∆                   water enthalpy difference (KJ/Kg) 

                  inlet refrigerant mass flow rate (Kg/s) 

             evaporator inlet water mass flow rate (Kg/s) 

                      over all cooling capacity (KW) 

 condenser cooling capacity (KW) 

              refrigerant side evaporator cooling capacity (KW) 

          water side evaporator cooling capacity (KW) 

                           power consumption (KW) 

                            pressure (KPa) 

                       atmosphere pressure (KPa) 

                            gauge pressure (PSIG) 

                            temperature ( ) 

x refrigerant quality 

MCO Superheat       mixing chamber outlet superheat (K) 

       MCO superheat (K) 
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 evaporator superheat (K) 

                       uncertainty of range  0~250PSI pressure transducer 

 uncertainty of range 0~500PSI pressure transducer 

                          uncertainty of superheat 

                           uncertainty of subcooling 

                            uncertainty of refrigerant R410A mass flow rate 

                           uncertainty of compressor power consumption 

                        uncertainty of coefficient of performance (COP) 

                           uncertainty of cooling capacity 
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CHAPTER 1 

INTRODUCTION 

This chapter provides a general background of the field of air conditioning and an 

introduction to the experimental methods used to analyze the two-pass water-cooled refrigeration 

system. A brief overview of certain specific aspects of the study is also provided.  

 

1.1 Background 

  Air conditioning theory was established very early in industrial history. Air conditioning 

in practice can be traced as far back as ancient Greece. In the early 20th century, Willis Haviland 

Carrier who is known as “The Father of Modern Air Conditioning” invented the modern air 

conditioning system [1].

 

1.1.1 Introduction to Split Water-Cooled Refrigeration System 

The concept of water-cooled air conditioning is known to have been applied in Ancient 

Rome, where aqueduct water was circulated through the walls of certain houses to cool them [1].  

In modern times, water-cooled air conditioners are used widely, especially for 

commercial and industrial buildings.  

In urban and modern industrial complexes, space is a limited resource, and thus compact 

commercial and residential buildings have become more and more common. At this point, 

central air conditioning technology, which has split evaporative systems that can distribute 

cooled and dehumidified air to more than one room, is necessary. Thus, split evaporative systems, 
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which provide easy-management and cost saving, have been introduced into modern air system. 

Evaporative water-cooled units for split air conditioning systems have many advantages as 

compare to air cooled units. Multi-evaporator air conditioners are easy to control and can save 

money on purchase several single air conditioners. 

First of all, water removes heat from the condenser coils more efficient than air. In 

addition, water will reduce the temperature of compressed refrigerant, which will reduce the 

workload of the compressor, so the compressor will last longer.  

Secondly, a comparison of refrigeration systems with evaporative condensers versus 

water-cooled condensers has shown that, the system with a water-cooled condenser had a higher 

refrigeration cooling capacity (2.9%~14.4%), and a higher coefficient of performance 

(1.5%~10.2%) than the one with an evaporative condenser [2]. In addition, in some extreme 

cases when the outdoor temperature is very high (exceeding 100 ), there will only be a small 

loss of cooling efficiency for water-cooled units, where typical air cooled units can lose as much 

as 25% of their efficiency at the same temperature [3]. 

 

1.1.2 Economic Benefits of Water-Cooled Air Conditioner 

   Due to rapid economic development around the world and the associated increase in 

demand for energy resources, reducing energy consumption has become increasing more 

important. The United States is one of the largest energy consumers. In 2005, 10 BTUs of 

energy was consumed, three times the consumption in 1950 [4]. Consider the fact that almost 20% 

of electricity used in US each year is for cooling. In another words, if add up the amount of 

power that is used for cooling, the total quantity is actually more than the total electricity 

consumption for Indonesia and India added together [5]. The United States uses more electricity 
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to stay cool than the fourth and second largest countries in the world (in terms of total population 

size) use for everything [6]. Thus, developments on air conditioning technology for energy 

conservation could provide a significant benefit to society.    

Water-cooled air conditioners have proven to have higher efficiencies than the air-cooled 

air-conditioners. The achievable coefficient of performance (COP) for most air-cooled units is 

low, in the range of 2.2-2.4. Compare to air-cooled air conditioner, the overall COP for the 

water-cooled air-conditioner is generally greater than 3, which is higher than the air-cooled units 

at similar outdoor conditions [7]. Under the similar outdoor conditions, using water-cooled air 

conditioner  will save about 15%-30% in overall power consumption, and 30%~ 45% peak 

power consumption [8].  

 

1.2 Refrigerant Flows Through Multi-Circuit Evaporators System 

For a given multi-circuit evaporators refrigeration system under ideal conditions, the 

refrigerate flow can be assumed to enter the evaporators evenly with the same temperature and 

same amount of water flow rate. Thus, the pressure drop and superheat, where the superheat is 

the heat added to refrigerant vapor after the vapor has changed state, on each circuit will be the 

same. In this situation, the system is expected to give a better performance of the coefficient of 

performance (COP) and the cooling capacity compare to the system with an uneven refrigerant 

flow. In reality, uneven two-phase distributions always exist and lead to an uneven superheat. 

Non-uniform superheat will reduce the cooling efficiency of the system, increase the workload of 

compressor, and lead to larger evaporators needed to achieve target-cooling capacity [9]. 
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1.3 Upstream Individual Superheat Control Method 

In order to analyze and control superheat in a multi-circuit refrigerate system, upstream 

individual superheat control is typically applied. In this approach, control valves placed upstream 

of the evaporator and are used to control the refrigerant distribution on each circuit in order to 

achieve superheat control individually. Research shows that there exists loss of cooling capacity 

and COP without superheat control individually, although the overall superheat is maintained. 

According to previous research using computer simulations [10][11], significant benefits could 

be achieved in terms of cooling capacity and COP associated with controlling refrigerant flow 

rates by using upstream refrigerant flow balancing. The lost amount of COP and cooling capacity, 

when no control was applied, can be recovered by applied upstream individual control.  

 

1.4 Water-Cooled Refrigeration System Involved in This Study 

In order to apply and analyze the effects of upstream individual superheat control, a two-

circuit water-cooled refrigeration system was built. Two water-cooled evaporators were used in 

order to compare different superheats in two circuits. One water-cooled condenser and one scroll 

compressor were used [12]. Instrumentation was incorporated in to the refrigeration system to 

measure temperature, pressure, and mass flow rate at select location. R410A was selected as the 

refrigerant. R-410A, sold under the trademarked names Puron, EcoFluor R410, Genetron R410A, 

and AZ-20, is a near-azeotropic mixture of difluoromethane (CH2F2, called R-32) and 

pentafluoroethane (CHF2CF3, called R-125) and is a typical refrigerant used in air conditioning 
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applications [13]. An Agilent 34980A data acquisition system and BenchLink Data Pro software 

were used for data acquisition. Engineering Equating Solver (EES) was used. 

 

1.5 Objectives and Thesis Organization 

The objective of this study is to analyze the upstream individual superheat control in a 

two-pass water-cooled refrigeration system, compare and contrast the experimental results under 

different conditions, and examine the minimum stable superheat (MSS) phenomenon in the 

evaporators.  

The thesis is organized into six chapters. Chapter 2 is a literature review of the topics 

surrounding two-phase refrigerant flow, effects of non-uniform superheat and control methods 

for non-uniform superheat. Chapter 3 presents the original work surrounding the theoretically 

design and introduction of experimental devices. Chapter 4 gives the experimental procedure, 

including testing the DAQ system, programming of the EES software for calculations, and the 

experimental start-up procedure. Chapter 5 focuses on data analysis and presents the 

experimental results for the three conditions considered. Chapter 6 provides explanations for the 

observed results, discussion on the further development of the experiment.
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CHAPTER 2 

LITERATURE REVIEW 

Many previous studies have investigated refrigeration system. This investigation 

concerns refrigerant distribution and superheat control. A brief review of published research into 

refrigerant distribution and superheat control is the focus of this chapter.   

 

2.1 Two-Phase Refrigerant Flow and Correlations  

Two-phase flow situation will happen when refrigerant flow throughout the expansion 

process in the air conditioning system. After the refrigerant flows through the expansion valve in 

the refrigeration system, the simultaneous flow of liquid refrigerant and steam occurs, i.e. two-

phase flow [14]. Hashizume (1983) experimentally studied the flow pattern of refrigerant in a 

horizontal pipe. The experiments with refrigerant two-phase flow in a horizontal pipe were 

performed to determine flow pattern, void fraction, and pressure drop. By analyzed the result 

data, Prandtl mixing length for single-phase flow was found to be 0.18. The experimental data 

will help to develop the theoretical models of two-phase flow [15][16]. Obermeier (1990) 

investigated two-phase refrigerant flow thermodynamic limit theoretically. In this paper, some 

basic equations were derived by considering the flow rate of extensive properties such as energy, 

entropy, and amount of quality. The equations are applied to equilibrium flow with different 

velocities of the vapor and liquid. Result showed that at a given thermodynamic state, a range of 

critical flow-rates exists, and a developing slip yields substantially higher flow rate for short 

tubes compared with flow rates in long tubes [17].  
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Under two-phase flow condition, flow rate will affects the evaporator thermal response. 

Jia, et al. (1995) presented a distributed parameter model for predicting the transient performance 

of an evaporator [18]. The dynamic behavior of the evaporator is investigated for a steep change 

in the inlet refrigerant flow rate. Comparisons were made with experimental measurements on a 

commercial evaporator with refrigerant R134a as the working fluid. The results indicated that the 

model could achieve reasonable estimation of dynamic response. In addition, the evaporator 

thermal response was faster for a steep decrease than for a steep increase in refrigerant flow rate.  

Two-phase flow within a refrigeration system can also occur due to the interior flow 

considerations, i.e., flow rate, flow type, and pressure drop. In addition, some pipe junctions, for 

example T-junctions, could contribute to the presence of two-phase flow. Cho (2006) 

experimentally investigated two-phase refrigerant flow at a T-junction. The direction of the inlet 

tube and the tube diameter ratio of branch to inlet tube were chosen as geometric parameters. As 

inlet flow parameters, a certain range of inlet mass flux and quality were examined and 

reasonable bounds were chosen for the condition of distribution header of a multi-pass 

evaporator in the general refrigeration system. The experiments were performed for refrigerant 

R22, R134A, and R410A. Results showed that among all geometric parameters, branch tube 

direction showed the largest sensitivity to the mass flow rate ratio for the gas phase, while the 

inlet quality showed the largest sensitivity to the mass flow rate ratio [19]. This clearly 

demonstrated that pipe direction could affect on the presences of two-phase flow in a 

refrigeration system.  

Ding (2009) experimentally investigated practical methods for measuring refrigerant 

mass distribution inside refrigeration system. Several convenient and accurate methods for 

measuring refrigerant mass distribution inside a refrigeration system were presented. The quasi 
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on-line measurement method (QOMM) was presented for measuring refrigerant mass inside heat 

exchangers. The deviation of the measurement method for refrigerant in single component and 

the prediction of the total refrigerant charge in an air conditioner were analyzed and verified. 

Results showed that compared with the existed method, QOMM has 19% and 57% measurement 

time shorter [20].   

Since non-uniform refrigerant flow distribution under two-phase flow will affects the 

cooling capacity and COP of the system, methods for balancing refrigerant flow are 

experimentally investigated by Hongliang (2009). A multi-connected air conditioning fluid 

network units (MAU) model was set up with pipe and local fluid resistances being considered. 

Several configurations of fluid circuits including single phase and two-phase pipes, two-phase 

electronic expansive valve, evaporator and pipes in parallel or series were used to make these 

fluid networks. In the experiment, a particular iteration control algorithm was designed to 

distribute the refrigerant mass flow in proportion to the corresponding fluid resistance. The 

refrigerant mass flow through each loop in the MAU is repeatedly distributed in proportion to the 

respective fluid resistances by designed control algorithm for iteration until the pressure of the 

fluid network achieves a balance. The results showed that the designed control algorithm was 

fast and robust for the simulation model under standard test conditions and nominal mass flow. It 

is also concluded that the closer an indoor unit is to the centre of the fluid network, the less its 

mass flow deviates from its nominal value, and the furthest units from the centre of the pipe 

network are the ones with maximum disproportion [21].  

Wongwises (2004) investigated two-phase refrigerant flow during evaporation for heat 

exchanger applications. Heat transfer and flow characteristics of refrigerants during evaporation 

in a horizontal tube were studied. A one-dimensional annular flow model of the evaporation of a 
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refrigerant under constant heat flux was developed. By comparing experimental result with 

previously published data, it was found that the refrigerant temperature decreases along the tube 

corresponding to the decreasing of its saturation pressure. The liquid heat transfer coefficient 

increases with the axial length due to the reducing thickness of the liquid film [22]. This research 

can be considered as an effective tool for evaporator design and can be used to choose 

appropriate refrigerants under design conditions.  

 

2.2 Causes and Effects of Flow Maldistribution  

Refrigerant maldistribution in multi-circuit refrigeration system is a critical factor that 

affects the cooling capacity and COP of the system. Maldistribution of refrigerant mass flow will 

cause non-uniform superheat, where the superheat is the number of degrees that the vapor is 

above its saturation temperature (boiling point) at a particular pressure [23]. Non-uniform 

superheat in multi-circuit refrigeration systems will causes uneven cooling capacities for each 

evaporator. There will be loss of cooling capacity and COP of system when non-uniform 

superheat exists. Various reasons can lead to refrigerant flow maldistribution: (1) improper 

design and installation of the pipe and evaporator, (2) uneven distribution of refrigerant due to a 

design error and friction in multi-nozzle distributors, and (3) water or refrigerant side fouling and 

leaking of the liquid. 

The airflow maldistribution in refrigeration system has been studied previously by Habib 

(2009), who investigated flow maldistribution in air-cooled heat exchangers. An air-cooled heat 

exchanger was investigated using a 3-D computational method. Results showed the effects of the 

number of nozzles, nozzle location, nozzle geometry, nozzle diameter, and inlet flow velocity 

had significant influence on flow maldistribution. The result indicated that diameter and the 
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number of nozzles significantly influenced flow maldistribution with reducing the nozzle 

diameter causing an increase in the flow maldistribution. A 25% increase was obtained in the 

standard deviation of flow maldistribution as a result of decreasing the diameter by 25%. A 

reduction of 62.5% in the standard deviation of the mass flow rate inside the tubes is achieved by 

increasing the number of nozzles from 2 to 4. The results also indicate that incorporating a 

second header results in a significant reduction in the flow maldistribution. A 50% decrease in 

the standard deviation of flow maldistribution is achieved because of the incorporation of a 

second header with 7 holes [24]. Another study on fluid flow maldistribution showed that 

temperature may affects fluid flow maldistribution. Taitel (2011) studied flow rate distribution in 

parallel heated pipes. Four pipes under following conditions were considered: (1) 3 pipes, 1 

heated 1300 W/m, 2 unheated, (2) 3 pipes, 2 heated 1300 W/m, 1 unheated, and (3) 4 pipes, 2 

heated 1300 W/m, 2 unheated. Experimental results indicate that most of the maldistribution 

tends to take place in the unheated pipes and when all pipes were equally heated a severe 

maldistribution occurred [25]. This result indicated that temperature control is necessary for 

certain applications where the system is sensitive to the environmental temperature.  

Refrigerant/air flow maldistribution is believed to have a strong effect on the 

performance of a refrigeration system. In air-cooled refrigeration systems, the air maldistribution 

will cause a loss of heat transfer performance, and loss of the cooling capacity. Coney (2000) 

studied airflow maldistribution and the performance of a packaged air conditioning unit 

evaporator. The effects of velocity maldistribution, superheat drop, and refrigerant flow control 

in multi-circuit evaporators were considered. It was shown that the effect of air maldistribution 

caused a loss in the worst case of up to 38% in evaporator heat transfer performance [26]. Payne 

and Domanski (2003) experimentally studied the effects of individual evaporator-circuit 
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superheat control on cooling capacity. It was found that the capacity dropped as much as 41% 

and 32% for two different fin-and-tube evaporators due to variable superheat values between the 

circuits when circuit pressure drops were induced and the overall superheat was fixed at 5.6K. It 

also mentioned that non-uniform airflow decreased the cooling capacity of the coils by as much 

as 7%, depending on the severity of the non-uniform airflow, but much of that capacity reduction 

was able to be recovered through uniform superheat control [27]. The coefficient of performance 

(COP) of air-conditioning system will also be significantly influenced due to flow 

maldistribution. Kærn (2011) investigated the performance of residential air-conditioning 

systems with flow maldistribution. Refrigerant and airflow maldistribution in fin-and-tube 

evaporators for residential air conditioning was investigated with numerical modeling of a 

R410A system with a two-nozzle distributor. The model considered was a two-pass refrigeration 

system distributed by a two-nozzle distributor. A heat controller was used to simulate an 

expansion valve that maintain an overall superheat at 5K. The model was used to investigate and 

simulated maldistribution in fin-and-tube evaporators. The results showed that non-uniform 

airflow reduced the cooling capacity and the coefficient of performance (COP) of the system. In 

particular, different phase distribution and non-uniform airflow distribution reduced the 

performance significantly. Results showed a decrease in COP by as much as 13%, 4.1%, and 

43.2% for different liquid/vapor distribution in the distributor [28]. 

In refrigeration systems, the types of heat exchangers will affect the refrigerant flow 

maldistribution. Micro-channel type heat exchanger was studied for the refrigerant distribution. 

Brix (2009) studied refrigerant maldistribution in parallel evaporator channels on the heat 

exchanger performance. Two channels in parallel with two different cases were investigated: (1) 

maldistribution of the inlet quality into the channels, and (2) non-uniform airflow on the 
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secondary side is considered. Overall superheat out of the evaporator was kept as constant for 

both cases. It was found that the maldistribution of inlet quality and airflow will affect the 

distribution of refrigerant in the parallel channels. Results showed that in the first case that 

maldistribution of inlet quality, for increasing maldistribution of the inlet quality, the total mass 

flow rate decreases in order to keep a constant superheat. In the second case with non-uniform 

airflow, in order to keep a constant superheat, the total refrigerant mass flow rate decreases due 

to the lower average overall heat transfer coefficient. Because the air side heat transfer 

coefficient depends on the air velocity and the heat transfer coefficient decreases with increased 

maldistribution of the airflow rate. [29]. 

It is believed that due to the complexity of two-phase flow, it is almost impossible to find 

a physically based method to accurately describe the conditions of refrigerant flow in two-phase 

flow areas. Wen (2008) studied two-phase refrigerant distribution in the manifold of the 

refrigeration system. The study considered many of the variables that affect the distribution of a 

two-phase mixture, including geometric factors (manifold cross-section design, branch couplings, 

location and orientation of the tubes) and inlet flow conditions (flow rate, flow structure and 

vapor fraction and heat load on the tubes). In the case of two-phase distribution in the manifolds, 

the situation is more complex due to changes in the thermo-physical properties at each phase 

(density, viscosity, and surface tension in particular), and the flow pattern at the inlet of the 

manifold is of great importance and responsible for promoting the heat transfer performance for 

two-phase flow. These factors affect the intensity of the inertial, gravitational, shear, and 

capillary forces on each of the phases. Due to this complexity, no general physically based 

method has been developed to accurately describe the flow conditions in heat exchanger 
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manifolds and predict the two-phase flow distribution [30]. This result implied that a control 

strategy for two-phase flow may not be stable and sustainable.  

 

2.3 Control Methods of Non-Uniform Superheat 

Non-uniform superheat control has been studied previously in order to improve the 

cooling capacity and the COP of a refrigeration system. Maintaining the overall superheat in a 

reasonable range by controlling the expansion valve is one of the possible superheat control 

method. Broersen (1982) presented a method to control superheat with thermostatic expansion 

valve. A thermostatic expansion valve (often abbreviated as TEV, TXV or TX valve) is a 

component in refrigeration and air conditioning systems that control the amount of refrigerant 

flow into the evaporator thereby controlling the superheating at the outlet of the evaporator. The 

author pointed that a thermostatic expansion valve should be modeled with two separate 

feedback branches, one of which appears the transfer function of the bulb. A method to simplify 

the multivariable control problem was described. By applying feedback control to the experiment, 

the explanations for the stability dealing with a proportional superheat controller are insufficient, 

because the two separate feedback branches of the thermostatic expansion valve must be treated 

differently in their respective feedback loops. [31]. Thus, different controllers are investigated 

for controlling the superheat.  

Changenet (2008) studied functional control for controlling evaporator superheat. 

Because of the variation in refrigeration unit parameters under disturbances, the conventional 

Proportional-Integral-Derivative (PID) controller with invariable parameters does not perform 

well. A Proportional–Integral–Derivative controller (PID controller) is a generic control 

loop feedback controller used in industrial control systems [32]. A PID is the most commonly 
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used feedback controller. A PID controller calculates an error value as the difference between a 

measured process variable and a desired set point. The controller attempts to minimize the error 

by adjusting the process control inputs. The author presented the method called Predictive-

Functional-Controllers (PFCs) for superheat control. This method is based on a theoretical model 

of the appliance studied to allow calculation of parameters needed for the use of PFCs. The 

control system created is incorporated into an industrial programmable logic controller. The 

comparison between the PID and PFD controllers indicated that superheat is more efficiently 

controlled by using the PFC controllers. The analysis of COP average values showed that an 

energy saving about 2% with the use of PFC controllers compared to PID controller [33]. 

Changenet (2010) performed an experimental investigation of PFC controllers. This method was 

shown to be more accurate than conventional PID controller in the previous research. Some 

investigations have been conducted on the minimum stable superheat setting value by using PFC. 

In order to reduce possible disturbances at electronic expansion valve (EEV) inlet, the control 

system created was also implemented for regulating the condensing pressure. In the previous 

research, the analysis of COP average values indicates that it is possible to obtain an energy 

saving of about 2% with PFC. By regulating the condensing pressure, the superheat may be 

reduced in a significantly, and the PFC controller leads to an additional energy saving from 1% 

to up to 6% depend on the operating conditions [34].  

Superheat control also affects on subcooling, which will influence the capacity of 

condenser and the performance of heat exchanger. Domanski (2007) presented an optimization 

model for achieving maximum capacity for a finned-and-tube condenser. Since the refrigerant 

circuitry influences a heat exchanger’s attainable capacity, a novel intelligent optimization 

module, ISHED (Intelligent System for Heat Exchanger Design) was proposed. By examining 
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the application of ISHED, the author suggested that for given operating parameters and technical 

constraints, the ISHED system was able to generate an optimized circuitry architecture that were 

as good as or better than the ones prepared manually. ISHED was particularly superior in 

optimizing circuitry architectures for operating cases with non-uniform air velocity profile [35].   

Research showed that controlling the overall superheat of a refrigeration system alone is 

insufficient in the multi-circuit refrigerant system. Domanski (1991) noted that non-uniform 

superheat in evaporator circuits would decrease cooling capacity significantly even with a 

maintained overall superheat. The amount of decreased cooling capacity could be recovered by 

applying individual superheat control [36]. This result showed the significance of individual 

superheat control on refrigeration systems. Kim (2009) studied a hybrid method for refrigerant 

flow balancing in multi-circuit evaporators by comparing upstream and downstream flow control. 

A 10.55 kW residential heat pump using R410A was simulated in cooling mode. The simulation 

model was verified by comparing simulated results with measurement data for cooling capacity 

and COP at different outdoor temperatures and evaporator airflow rates. Three cases were 

studied: (1) superheat with no control, (2) superheat with upstream control, and (3) superheat 

with downstream control. The hybrid-individual superheat control method used a primary 

expansion valve to provide most of the necessary pressure drop, whereas the individual valves 

provide flow balancing of the individual circuits. The results showed that there could be a 

significant performance benefit associated with controlling individual refrigerant circuit flow 

rates using upstream refrigerant flow balancing [37]. However, there is very little influence in 

using downstream refrigerant flow balancing control due to the large pressure drop at the exit of 

the circuit. Kim (2009) presented a further companion study. An R410A heat pump was 

simulated in order to study the effects of individual air and refrigerant flow mal-distributions. 
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Comparing the effects of maldistribution superheat by applying upstream and downstream 

control, the companion paper demonstrated that the flow balancing valves should be located 

upstream rather than downstream of the evaporator in order to realize significant benefits. The 

paper simulated two cases: (1) circuit has unbalanced feeder tube diameter, and (2) a circuit with 

an unbalanced feeder tube length. Depending on the severity of the maldistribution, cooling 

capacity and system COP decreased by as much as 15 and 10%, respectively, compared to values 

for the baseline case of uniform distributions. Unbalanced feeder tube diameters had a more 

pronounced effect on cooling capacity and system COP of the R410A heat pump than 

unbalanced feeder tube length. Cooling capacity and system COP were penalized by 12 and 8%, 

respectively, when the effective diameter of each feeder tube of circuit decreased by 25%. 

Simulated results showed that, regardless of working fluid, test conditions, and applications that 

were studied, losses in cooling capacity and system COP caused by air and refrigerant flow 

maldistribution were mostly recovered through individual upstream superheat control. Without 

hybrid-individual upstream flow control, large increases in both coil size and evaporator 

volumetric airflow rate would be required to recover the entire loss in cooling capacity and 

system COP [38]. 

Rasmussen (2010) experimentally investigated nonlinearity with control on reducing 

evaporator superheat by introducing electronic expansion and hybrid valves. The paper showed 

that nonlinearities in the system behavior made control difficult in HVAC systems. Experimental 

result showed that linearizing the flow rate as a function of valve position will linearize the 

superheat response. Electronic expansion valves are generally not linear, mass flow 

measurements may not always be available, and this may not be a viable solution for most 

applications. A single evaporator with an electronic expansion valve was considered in this 
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system. By introducing a hybrid expansion valve (HEV) to achieve individual superheat control, 

the result proposed a cascaded control algorithm that eliminated most of the nonlinearity of the 

response between algorithm generated control input and the superheat output, while only 

requiring pressure and temperature measurements [39]. 

In the project outlined in this thesis, two control valves were introduced. Throughout 

adjusting the opening of the control valves, individual superheat control on the corresponding 

circuit can be achieved. However, under certain conditions associated with the degree to which 

the valves are opened, anomalous results can be observed, these results are associated with a 

phenomena known as Minimum Stable Superheat (MSS). Not so many studies were presented on 

MSS, which can have a large impact on refrigeration system. Chen (2002) experimentally 

investigated minimum stable superheat control for a system. An electronic expansion valve 

(EEV) was used to provide pressure drop and maintain overall superheat in this experiment. It 

was found that although the opening of EEV was not changed in the experiment process, the 

superheat decreases suddenly when the heat transfer temperature gradient reduced to a certain 

degree. This behavior indicated that the minimum stable superheat is the inherent characteristic 

of the evaporator. The results showed that the variation in flow type and heat transfer coefficient 

is primarily the reason for minimum stable superheat and that this phenomenon is not just due to 

the control strategies. [40].  

The expansion valve is a critical factor that will affect heat exchanger MSS behavior. 

Christensen and Robinson (2001) studied thermostatic expansion valve (TEV) hysteresis and 

evaporator characteristics. Functions and characteristics of a TEV were introduced in this study. 

The authors noting that minimum stable superheat can exist in every evaporator. Through 

practical experiments and hands-on experience, it was found the evaporator is most efficient at 
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the minimum stable superheat (MSS) point because this is the point at which the entire 

refrigerant has finished evaporating and the evaporator is fully utilized [41]. Higuchi and Hayano 

(1982) also studied on TEV. The research mentioned that in practice, achieving minimum stable 

superheat for optimum system performance might involve first decreasing the TEV's static 

superheat setting until the system begins to become unstable, and then slightly increasing the 

static superheat until stability is just reached [42]. 

The purpose of this project is to achieve upstream individual superheat control and 

examined the MSS phenomenon. Non-uniform individual superheat control exists in every 

refrigerant cooling system, but the concept of minimum stable superheat has not been 

extensively explored. 
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CHAPTER 3 

EXPERIMENTAL REFRIGERATION SYSTEM 

Previous computational modeling work indicated that upstream individual control of 

superheat on each circuit of a multi-circuit refrigeration system has benefits on the cooling 

capacity and COP of the system.  

Considering the advantages and practicality of water-cooled refrigeration systems, a two-

circuit water-cooled refrigerant system was used in experiment.  

The system is a cooling cycle without heating part, because a cooling cycle is enough for 

investigating on individual superheat control. Figure 3-1 gives the 2-D picture of this system 

while Figure 3-2 provides a 3-D representation. 

 

Figure 3-1. 2-D picture of the two-pass water-cooled refrigeration system 
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Figure 3-2. 3-D picture of the two-pass water-cooled refrigeration system 

The complete experimental two-pass water-cooled refrigeration system is shown in 

Figure 3-3. This system was designed and built specifically for this study. 
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Figure 3-3. Two-pass water-cooled refrigeration system 
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3.1 Design Phase of Refrigeration System 

All calculation data are based on the choice of compressor. With suitable operating 

conditions, all the components are fixed for this project. The operating conditions of compressor 

are shown in table 3-1[43]:   

Table 3-1. Compressor operating conditions 

Evap ( )/Cond( ) 45/130 50/100 

RG( )/Liq( ) 65/115 70/85 

Capacity (Btu/hr) 20000 27300 

Power (Watts) 2040 1330 

Current (Amps) 9.10 6.10 

EER (Btu/Wh) 9.80 20.60 

Mass Flow (lbs/hr) 295 337 
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3.2 Theoretical Analysis for Condenser and Evaporators 

Figure 3-4 shows the T-s, and P-h diagram for a typical thermodynamic refrigeration 

cycle. 

 

Figure 3-4. Design phase T-S and P-h diagram 
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From state 1 to 2: 

T =45 =7.22 P =995.1kPa, T =20  

  =295lbs/hr=0.037kg/s 

T T T
P P

h =296.1kJ/Kg 

P =P , T =130 =54.44  

WithT , P  can be determined as P =3386kPa  

Q =20000Btu/hr=5.86KW 

Q =   (h h )   h =454.48kJ/kg, T =186.4  

 

From state 2 to 4: 

T

P P P P P

T T .

T T T

h =138kJ/kg, h =155.6kJ/kg 

Q =   (h h ) =11.71KW 

 

From state 4 to 5: 

h =h =138kJ/kg, P =P =995.1kPa, T =T =45  

From state 5 to 6: 

P P . P
T T

h =283.3kJ/kg 

 

Q =   (h h ) =5.38KW 
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Overestimate the capacity, multiply 1.2, where the number is from practical experience 

provided by professional air conditioning system designer, to every energy factor in order to 

make sure the result is sufficient for experiment. 

Q ,OE=Q 1.2=6.46KW 

Q ,OE=Q 1.2=14.05KW 

Thus, the total cooling capacities for evaporators are 6.46KW, which is about 2 tons. The 

cooling capacity for condenser is 14.05KW, which is about 4 tons. The choice of condenser and 

evaporators are based on the cooling capacities [44].  
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3.3 Experimental System Components 

 

3.3.1 Compressor 

A scroll compressor was used in this project for compressing refrigerant from states 1 to 

2. A scroll compressor is a form of air compressor first invented in 1905. Scroll type 

compressors have been widely used in air conditioning system, central heat pumps, and 

automotive air conditioners.  

In a scroll compressor, two offset spiral scrolls that are nested together compress the 

refrigerant. The upper scroll is stationary while the lower scroll moves in orbital fashion. The 

orbiting action of the lower scroll inside the stationary scroll creates sealed spaces of varying 

volume. Refrigerant is sucked in through inlet ports at the perimeter of the scroll. A quantity of 

refrigerant becomes trapped in one of the sealed spaces. As the scroll orbits the enclosed space, 

the refrigerant is transferred toward the centre of the scroll and its volume decreases. As the 

volume decreases, the refrigerant is compressed and the pressure increases. The compressed 

refrigerant is discharged through a port at the centre of the upper scroll [45]. Scroll compressors 

are quiet, smooth-operating units with the highest efficiency ratio of all compressor types. Figure 

3-5 shows two scrolls inside compressor. Figure 3-6 shows the section drawing of scroll 

compressor. 
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Figure 3-5. A scroll set of scroll type compressor [46] 

 

Figure 3-6. Hermetic scroll compressor [46] 
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The compressor used in this project is model ZP20K5E-PFV Copeland scroll type 

compressor, R-410A, 60Hz, 1- Phase, 208/230V. Figure 3-7 shows the compressor used in this 

project. Table 3-2 shows the detail performance information. 

 

Figure 3-7. ZP20K5E-PFV Copeland scroll compressor 
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        Table 3-2. Performance of compressor 

Performance Mechanical 

Evap ( )/Cond( ) 45/130 50/100 Overall Length (in) 9.56 

RG ( )/Liq( ) 65/115 70/85 Overall Width (in) 9.56 

Capacity (Btu/hr) 20000 27300 Overall Height (in) 15.27 

Power (Watts) 2040 1330 Suction Size (in) 3/4 

Current (Amps) 9.10 6.10 Discharge Size (in) 1/2 

EER (Btu/Wh) 9.80 20.60 Oil Recharge (oz) 21 

Mass Flow (lbs/hr) 295 337 Initial Oil Charge (oz) 25 

 

3.3.2 Condenser 

a. Condenser Analysis 

Before choosing the right type condenser, the analysis of condenser is necessary in order 

to calculate the water flow rate through the condenser and to ensure that extreme conditions 

when no heat transfer occurs in evaporators. Figure 3-8 shows 2-D picture of water-cooled 

condenser [47].  

 

Figure 3-8. Analytical picture of water-cooled condenser 

 

Consider an energy balance for the condenser water: 
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Q , = C , m , (T ,   -T ,   )                                                                  3.1 

 

Figure 3-9. T-x diagram of condenser analysis 

Figure 3-9 shows the T-x diagram of the condenser. 

Assuming the temperature of water inlet is at room temperature (25 ). 

Q , =Q ,OE=14.05KW                                                                                                3.2 

ΔT is the temperature difference between refrigerant and water. If the temperature of 

outlet water is over T , then there will be no heat transfer to water because the water temperature 

is higher than the refrigerant temperature. Assuming the outlet water temperature equals to the 

condensing temperature, in this case, the water temperature curve will always under the curve of 

refrigerant temperature. 

Q , = C , m , (T ,   -T ,   ) Where, T ,   =25 =298.15K            3.3 

C , =4200J/Kg·K, T ,   =T =130 =327.59K m , =0.114Kg/s                         3.4 

  b. Condenser Selection 
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A coaxial type water-cooled condenser is used in this project. In water-cooled condenser, 

the hot liquid comes out of compressor is coming through condenser. The condenser allows the 

heat escape from the refrigerant via the water, and thus when the refrigerant reaches the end of 

condenser coil, it is markedly cooler and in liquid form. A water-cooled condenser is more 

efficient compared to air-cooled condenser. The coaxial condenser involves a “tube-in-tube” 

design, water flows through the inner tube while refrigerant flows in the annulus between the 

inner and outer tubes. Compared to other condensers, the benefits of coaxial coil condenser are: 

(1) engineered for maximum heat transfer, (2) high efficiency, and (3) simplicity for design and 

installation. Figure 3-10 shows the condenser that has been used in this project. 

 

Figure 3-10. Coaxial water-cooled condenser 

 

The condenser used in this system is from Doucette Industries.  

Following table 3-3 shows the detail information of the condenser. 

Table 3-3. Information of coaxial water-cooled condenser 
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Model NO. CX-S 300 

Nominal HP (ton) 3 

Width (inch) 14-3/4 

Length (inch) 16-1/8 

Height (inch) 7-1/4 

Refrigerant In O.D. (inch) 5/8 

Refrigerant Out O.D. (inch) 5/8 

Water O.D. (inch) 7/8 

Shipping Weight (lbs) 32 

 

3.3.3 Evaporator 

a. Evaporator Analysis 

Before choose the right type of evaporators [48], analysis for evaporator is necessary in 

order to find out the water flow rate and avoid the extreme condition. Figure 3-11 shows the 2-D 

picture of water-cooled evaporator.  

 

Figure 3-11. Analytical Picture of Water-Cooled Evaporator 

   

Assuming the temperature of inlet water is 25  (room temperature). Thus, each of the 

evaporator`s capacity is 
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 Q ,OE, =
Q ,OE=3.23KW                                                                                                       3.5 

 Q ,OE, =Q , =3.23KW                                                                                                 3.6 

Figure 3-12 shows the T-x diagram of the evaporator 

 

Figure 3-12. T-x diagram of Water-Cooled Evaporator 

According to the diagram: ∆T=T ,   -T , T ,   =T +∆T                                    3.7 

Since Q , = C , m , (T ,   -T ,   )                                                         3.8 

Assume ∆T=5K.  

Q , =3.23KW, C , =4200J/Kg·K, T ,   =25 =298.15K 

m , =0.06Kg/s                                                                                                                         3.9 

 

 

b. Evaporator Selected for System 
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Two coaxial type water-cooled evaporators were incorporated into the system. In water-

cooled evaporator, the low-pressure refrigerant comes into the evaporators, and the low-pressure 

allows refrigerant to expand and evaporate. When refrigerant evaporates, it removed heat from 

water around in order to make refrigerant cools. It works very similar with water-cooled 

condenser. Figure 3-13 shows the coaxial water-cooled evaporator used in this system. The two 

evaporators incorporated in the experiment were purchased from Doucette Industries.  

 

Figure 3-13. Coaxial water-cooled evaporator 

 

 

 

 

Table 3-4 shows the detail information of condenser. 
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Table 3-4. Information of coaxial water-cooled evaporator 

Model NO. CX-H 200 

Nominal HP (ton) 2 

Width (inch) 10-3/4 

Length (inch) 13-1/4 

Height (inch) 8-1/4 

 

3.3.4 Refrigerant Receiver 

A R410A refrigerant receiver was necessary for the system. The refrigerant after the heat 

has been removed will still be a two-phase system. Produce a good cooling effect is necessary to 

have only liquid refrigerant enter into the evaporator. This is the reason to set up refrigerant 

receiver, whose function is to store refrigerant first and then bring it from the bottom to the 

evaporator.  

A R410A receiver is selected and ordered from Refrigeration Research, Inc. Figure 3-14 

shows the picture in the project.  
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Figure 3-14. R410 receiver 

 

Figure 3-15 gives a detail outline drawing of this receiver. 

  

Figure 3-15. Outline drawing of R410A receiver [49] 
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  Table 3-5 shows the detail information about this R410A receiver. 

Table 3-5. Information of R410A receiver 

Model NO. 3309 

R410A Capacity (lbs) 5.5  

“A” Diameter (inch) 5 

“B” Length (inch) 10 

Inlet & Outlet Connection 1 inch Rotalock 

 

3.3.5 Refrigerant Filter-Drier 

In order to make sure the refrigerant coming through evaporator without impurity and 

moisture, a Catch-All Filter-Drier was selected. A filter-drier is able to remove moisture from 

refrigerant by absorbing within the desiccant granules. Scale, solder particles, carbon, sludge, 

dirt, and any other foreign matter will also be filtered out with negligible pressure drop. Figure 3-

16 shows the filter-drier used in the system.  

 

Figure 3-16. Catch-All filter-drier 
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Table 3-6 shows the detail information about filter-drier. 

Table 3-6. Information about Catch-All filter-drier 

Model NO. C-163-S 

Connection Size (inch) 3/8 

Volume of Desiccant ( ) 262 

Overall Length (mm) 149 

Solder Socket Depth (mm) 11 

Diameter of Body(mm) 76 

 

3.3.6 Mass Coriolis Flow Meter 

A mass coriolis flow meter is used in this system to measure the refrigerant flow rate. 

Compare to other liquid flow meters, mass coriolis flow meter has many advantages: (1) high 

accuracy, (2) no moving parts, (3) ability to measure flow, density and temperature, and (4) 316L 

stainless steel flow tubes allow measurement of a wide range of materials.  

Figure 3-17 shows mass coriolis flow meter used in this system.  
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Figure 3-17. Mass coriolis flow meter 

The ACM 300 mass coriolis flow meter from AW Flow Meters Company was selected 

and incorporated into the experimental apparatus. This type of flow meter has superior process 

control capabilities that allow real-time measurement of density and flow in liquid, slurries, and 

gases. As refrigerant flows through the meter, the flow tube is vibrated and the resulting coriolis 

forces (Fc) are measured to determine mass flow rate and density. Figure 3-18 shows the cycle of 

deformation. 
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Figure 3-18. Cycles of deformation—with and without flow [50] 

Table 3-7 shows detail information. 

Table 3-7. Information about Mass Coriolis Flow Meter 

Model NO. ACM 300 

Flow Range (kg/hr) 5~300 

Internal Diameter (mm) 4 

Analog Output (mA) 4~20 

Supply Voltage (VDC) 14~26 

In order to collect data of flow rate measured by mass coriolis flow meter on DAQ (Data 

Acquisition System), certain method of electrical installation should be applied. By removing the 

blue cover on top of the flow meter, the electrical terminal are made accessible. Figure 3-19 

shows the electrical terminals.  
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Figure 3-19. Electrical terminal for ACM 300 mass coriolis flow meter 
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Table 3-8 gives detail information of terminal connections.  

Table 3-8. ACE 300 mass coriolis flow meter terminal connections 

1 + I1 current loop 1 positive terminal 

2 - I1 current loop 1 negative terminal 

3 + I2 current loop 2 positive terminal 

4 - I2 current loop 2 negative terminal 

5 F out Frequency/pulse output 

6 STAT OUT Status output 

7 CTL IN Control input 

8 GND Ground (for pins 5 through 7) 

20 COMMON Common (for pins 21 and 22) 

21 - RS485 RS 485 negative line 

22 + RS485 RS 485 positive line 

50 + 24 VDC Positive supply voltage (24 VDC) 

51 - 24 VDC Supply ground 

52 PE Protective Ground 

Note that the analog outputs of ACE 300 mass coriolis flow meter are current (4~20mA), 

and the DAQ collects data in VDC signal. Thus, a resistor was needed to convert the current 

outputs to voltage. A 250W resistor is selected. Figure 3-20 shows the installation of resistor.  
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Figure 3-20. Installation of Resistor on Electrical Terminal 
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Both the screen on the flow meter and computer will show the number of flow rate while 

the system is running.  

 

3.3.7 Electronic Expansion Valve (EEV) 

An expansion valve provides the largest pressure drop in the system and is used to 

maintain the overall outlet superheat, which is referred as mixing chamber outlet (MCO) 

superheat in this project. Considering accuracy and controllability of the valve, an electronic 

expansion valve (EEV) was purchased from EMERSON Climate Technology. Figure 3-21 

shows the picture of EEV. 

 

Figure 3-21. Electronic expansion valve (EEV) 
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Through controlling the opening of EEV, different pressure drops can be achieved in 

order to get different MCO superheat. Table 3-9 shows the detail information of EEV. 

Table 3-9. Information about EX4-I21 EEV 

Model NO. EX4-I21 

Nominal Capacity in Tons (10%~100%) 0.6~5.5 

Inlet Outlet (inch) 3/8 5/8 

Electrical Connection 4 pin terminal via plug 

Supply Voltage (VDC) 18~36 

An electronic expansion valve (EEV) controller is necessary since the EEV is controlled 

electronically. EMERSON Climate Technology also provides corresponding EEV controller. An 

EXD-U00 Universal Driver Module is selected to control EEV in this project. Figure 3-22 gives 

a picture of it.  

 

Figure 3-22. EXD-U00 universal driver module 
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This universal controller has both current and voltage analog input signal. 4-20mA or 0-

10V. For this project, 0-10V voltage analog input is selected. Detailed information of this 

controller is given in Table 3-10. 

Table 3-10. Information about EXD-U00 universal driver module 

Model NO. EXD-U00 

Analog Input Signal 0~10V, 4~20mA 

Supply Voltage 24V AC/DC 

The EEV controller keeps the EEV at fully close position when the input signal is 0V or 

4mA, and the EEV will be fully open when the input signal is 10V or 20mA. Figure 3-23 shows 

the relation of analogue input and the valve opening. 

 

Figure 3-23. Valve opening correspond to analogue input of EXD-U00 [51] 
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Figure 3-23 shows that the relation between percentage of valve opening and input signal 

can be treated as linear. 

The EXD-U00 needs no set-up except configuration of the dipswitches for the application 

of different valves and different analogue input signals. Figure 3-24 shows picture of it. 

 

Dipswitch Number 

1 2 3 4 5 6 7 8 

0 1 1 0 1 0 - - 

Figure 3-24. Dipswitches configuration on EXD-U00 [53] 

Figure 3-25 shows the cording diagram of the controller and the EEV. 
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Figure 3-25. Cording diagram of EXD-U00 and EX4-I21 EEV [51] 

Illustration of the cording diagram: 

(1) = Supply Power 

(2) = Transformer 

(3) = Fuse 

(4) = Plug cable for connection to EX4-I21 

(5) = Controller supplies (4-20mA or 0-10V) 

(6) = Digital input signal (0V=OFF, 24V=ON) 

(7) = Analogue input signal (4-20mA or 0-10V) 

Thus, by changing the input voltage signal from 0-10V of EXD-U00 controller, 0%-100% 

openings of EEV and different mixing chamber outlet (MCO) superheats can be achieved [51].  
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3.3.8 Control Valves 

Two small individual control valves are introduced into this system in order to achieve 

upstream individual control for each circuit. Two Diaphragm Valves purchased from MUELLER 

INDUSTRIES were used as control valves in this system. Figure 3-26 shows the picture.  

 

Figure 3-26. Diaphragm valves 

By changing the amount to which each valve is opened, refrigerant flow rate through 

each circuit can be controlled in order to achieve upstream individual superheat control. Table 3-

11 gives detail information of the diaphragm valve. 

Table 3-11. Information about diaphragm valve 

Model NO. Directly ordered from Wittichen Supply 

(Local Air-Conditioning Store) 

Maximum Pressure (PSI) 500 

Temperature Range ( ) -40~300 

Material Brass 
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3.3.9 Pressure Switch 

In some conditions, the system pressure will exceed or drop below what the compressor 

can withstand when the system is running. This can cause serious damage to the compressor. 

Pressure switches are used to prevent the compressor from becoming damaged. Two pressure 

switches were used in this system, a high pressure switch and a low pressure switch. If the 

pressure on the discharged line is higher than the pressure set on the higher pressure switch, the 

system will automatically shut off. Similarly, when the pressure drops below the set pressure 

then the low pressure switch shuts off the system. Figure 3-27 is a photograph of the two 

pressure switches.  

 

Figure 3-27. High pressure switch and low pressure switch 

The high pressure switch is installed on discharge tube of compressor since the discharge 

tube has high level pressure, and the low pressure switch is installed on suction tube because of 

low level pressure exist there. Table 3-12 gives detail information about pressure switch. 

 

 

Table 3-12. Information about pressure switches 
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Description High Pressure Switch Low Pressure Switch 

Model NO. P70CA-400E P70AA-400E 

Pressure Range (PSI) 200~610 100~470 

Differential Pressure Range (PSI) 60~150 35~200 

Connection Size (inch) 1/4 Flare Nut 1/4  Flare Nut 

In this system, high pressure switch was set as in 450 PSI and differential pressure in 

325PSI; low pressure switch was set as in 100 PSI and differential pressure is in 35PSI.  

 

3.3.10 Liquid Indicator 

A See·All Moisture and Liquid Indicator (EMERSON Climate Technology) was used to 

observe the status of refrigerant exiting the condenser. When exiting the condenser, the 

refrigerant should be subcooled liquid if enough subcooling is achieved. If there is a bubble in 

liquid indicator then the amount of subcooling is insufficient. Excessive pressure drop in the 

liquid line caused by undersized components, such as filter-driers or flow restrictions of any type 

(kinked tubing), can create a pressure drop to loss of subcooling, insufficient refrigerant can also 

cause losing subcooling. Figure 3-28 gives a picture of liquid indicator.  
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Figure 3-28. Liquid indicator 

The presence of a vapor bubble in the indicator is a direct measure of whether adequate 

subcooling has been achieved. Table 3-13 shows detail information about liquid indicator. 

Table 3-13. Information about See·All moisture and liquid indicator 

Model NO. SA-13S 

Overall Length (mm) 86 

Connection Size (inch) 3/8 

 

3.3.11 Two-Nozzle Distributor 

A four-nozzle distributor (Parker Hannifin Company) was used for dividing the 

refrigerant flow into the two circuits for two evaporators. Since the minimum number of nozzle 

on distributor that the company sold is four, two of the nozzles were blocked in order to make a 

two-nozzle distributor. Figure 3-29 shows the picture of it.  
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Figure 3-29. Two-Nozzle distributor 

Table 3-12 gives detail information of the two-nozzle distributor. 

Table 3-14. Two-Nozzle distributor information 

Model NO. Directly bought from Wittichen Supply ( Local 

Air Conditioning Store) 

Connection Size (inch) 1/2 

Material Brass 

 

 

 

 

 

 

 

 

3.4 Experimental Data Acquisition (DAQ) Device 

 

3.4.1 DAQ Hardware 

The data acquisition hardware used in this system was chosen to have the ability to 

handle multiple inputs and outputs signals. Programmable and recordable functions are also 

necessary. By considered the factors above, Agilent 34980A Multifunction Switch/Measure Unit 

and the BenchLink Data Logger Pro software are used as data acquisition device for this system.  

Figure 3-30 shows the picture of this unit.  
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Figure 3-30. Agilent 34980A measure switch/unit [52] 

The 34980A DAQ unit is easy to handle. One acquisition card has 40 slots that can be 

connected to the measure units whose data wants to be read. By turning measured data into target 

signal reading, almost any data can be collected by this unit. The 34980A DAQ unit can use 

USB, LAN, RS-232 or GPIB cables to connect to the computer. This project used USB to 

connect to the computer. Installation of Agilent IO Libraries Suite is necessary before running 

34980A DAQ unit on the very first time. The interface of IO Libraries will tell whether 34980A 

unit has already connected to the computer. Connecting steps are as follow: (1) Install Agilent IO 

Libraries Suite software on the computer (2) Hook up the cable between your instruments and 

the computer (3) Detect instruments and devices, and then configure interfaces using Agilent IO 

Libraries Suite. Figure 3-31 shows the picture of these steps and the interface of Agilent IO 

Libraries Suite. 
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Figure 3-31. Three steps to run the 34980A DAQ unit [52] 

 

 

 

 

 

3.4.2 DAQ Software 

With the use of software Agilent 34832A—BenchLink Data Logger Pro [53] for Agilent 

34980A, all collected data can be read directly to computer. Figure 3-32 shows the connection 

between system and measurement unit. 
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Figure 3-32. Computer and system connection interface 

BenchLink Data Logger Pro is simple to operate, it provides a convenient way to collect 

and analyze data with no programming required. Just by setting the converted equations and 

configure scan list, all the data can be directly measured for analysis. The data will be 

automatically saved in Microsoft Excel format after collection. Table 3-15 shows the functions 

provided by BenchLink Data Logger Pro.  

 

 

Table 3-15. Functions of BenchLink Data Logger Pro [53] 

Feature BenchLink Data Logger Pro 

Easy set up and configuration √ 

Identify measurement for each channel √ 

Set up and execute scans √ 



 

57 
 

Set up alarms conditions √ 

Math functions including mx+b √ 

View real-time and historical data √ 

Support of multiple graphs √ 

Log data to disk √ 

Save and export data √ 

Limit checking and decision making √ 

Support of multiple scan lists √ 

Customizable scripts √ 

Run external programs based on alarms and events √ 

Conditional control other instruments via SCPI √ 

Advanced math and formula support √ 

Data reduction rules √ 

Simulation mode √ 

BenchLink Data Logger Pro software has many functional tabs. Following three 

functions were used in this project.  

a. Types of measurements: Different types of measurements can be selected here.  

b. Reference: Provides Internal/Fixed/External references.  

c. Units: Different output signals. SI unit  is used in this project. 

 Figure 3-33 shows the scan list interface for this system. 
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Figure 3-33. Configure scan list on BenchLink Data Logger Pro [53] 

After finished the setting scan list and checking the appropriate boxes in the front of each 

channel, (indicating what data is to be collected), the software will begin collecting data once the 

green triangle button, Figure 3-34, is chosen. Figure 3-34 also shows the data collection interface 

of BenchLink Data Logger Pro. 
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Figure 3-34. Agilent 34832A BenchLink Data Logger Pro collecting data interface [53] 

 

 

 

 

 

3.5 Measurement Components and Sensors 
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Different types of data need to be measured and collected in order to analyze the cooling 

capacity and COP of the system. The following sections will introduce all the measurement 

components and sensors that were used in this project.   

 

3.5.1 T-Type Thermocouples 

T-type thermocouples (Omega) were used in order to measure temperature in this system. 

There were totally of 9 thermocouples used to measure temperature. Probe type thermocouples 

were used to measure refrigerant temperature and beaded wire thermocouples were used to 

measure water temperature in the system. T-type thermocouple can handle the temperature range 

from -200 ~350  (-328 ~662 ), which is sufficient for this study. Figure 3-35 shows probe 

T-type thermocouple and beaded wire thermocouple used in this system. 

Figure 3-35. Probe T-Type thermocouple and beaded wire thermocouple 

Probe type thermocouple is accurate, response fast and quick disconnected. The probe 

will directly touch refrigerant, sense the temperature, and produce a voltage signal that can be 
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collected by DAQ. Thus, direct and accurate reading of refrigerant temperature can be observed 

on the computer.  

Beaded type thermocouple is simplest form of thermocouple. It consists of two dissimilar 

metals, which is the thermocouple wire in this system, joined together at one end. The junction is 

tied tightly at the entrance and exit on waterside pipe. When the junction of the two metals is 

heated or cooled, a voltage is produced that can be correlated back to tell the input and output 

temperature of water.  

The thermocouples were ordered from OMEGA ENGINEERING, INC. Table 3-16 

shows the information. 

 

 

Table 3-16. Information about T-Type thermocouples 

Probe T-Type 

Thermocouple 

Model NO. Materials Probe Length Accuracy 

TMQSS-062G-6 Copper-Constantan 6 inches 0.75% 

Beaded T-Type 

Thermocouple 

Model NO. Materials  Accuracy 

SMPW-CC-T-M Copper-Constantan  0.75% 

SMPW-CC-T-F Copper-Constantan  0.75% 

 

3.5.2 Pressure Transducers 

Setra Model207 Gauge Pressure Transducers were used as pressure sensors to measure 

pressures in this project. A total of 9 pressure transducers were used. Figure 3-36 shows Model 

207 pressure transducers. 
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Figure 3-36. Setra Model 207 gauge pressure transducers 

The pressure transducer directly touches refrigerant and senses the pressure. Through 

connecting with cable, corresponding voltage signals can be produced to reflect the pressure, and 

this pressure can be collected and observed. Table 3-17 shows the detail information about 

pressure transducer. 

Table 3-17. Information about Model 207 gauge pressure transducer 

Model NO. 207 

Pressure Range (PSIG) 0—500PSIG 

0—250PSIG 

Excitation Voltage (VDC) 12-28 

Accuracy 0.13% FS 

Output Voltage (VDC) 0.1-5.1 
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The pressure transducer requires a excitation voltage, which is provided by a power 

supply. Cable connection is required for the pressure transducer. Figure 3-37 shows the cording 

diagram. 

 

Figure 3-37. Model 206/207 pressure transducer cording diagram [54] 

 

3.5.3 Water Flow Meter 

Two Micro-Flow meters (OMEGA) are used in this project, one for each circuit. Water 

flow meters are used measure water volume flow rate throughout each circuit. Figure 3-38 shows 

the picture of the water flow meter. 
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Figure 3-38. Micro-Flow meter with display 

The micro-flow meter can measure water flow rate in ml/min when water enters, and the 

water flow rate can be read from display directly. Table 3-18 gives detail information. 

Table 3-18. Information about Micro-Flow meter with display 

Model NO. FTB 336D 

Connection Size (inch) 3/8 OD Tube 

Range ( L/min) 0.7~7 

Supply Voltage (VDC) 9~28 

Accuracy (%) 6% FS 

 

 

3.5.4 Power Supply  

Some components in this system need power supply or excitation voltages, like EXD-

U00 Universal Driver Module, EEV, Mass Coriolis Flow Meter, Micro Flow Meter, and 

Pressure Transducer. Power supply is required for the system. Since these different components 
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have different supply voltages, the power supply should be adjustable. Thus, two EXTECH DC 

Regulated Power Supply ordered from MSC Industrial Supply Co. was chosen. Figure 3-39 

gives the picture of it.  

 

Figure 3-39. EXTECH DC regulated power supply 

Easy snap terminals for 5V and 12V outputs are also included on the power supply. Table 

3-19 shows detail information. 

Table 3-19. Information about EXTECH DC regulated power supply 

Model NO. 382213 

Output Signal Voltage and Current 

Range 0~30V, 0~3A 

 

 

3.5.5 Power Transducer 

In order to measure the power consumption of compressor, a power transducer is required. 

According to the performance data of compressor, the power consumption range is 
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1330W~2040W. Based on this point, a single phase, two-wire model AC Watt Transducer (Ohio 

Semitronics, Inc) was selected. Figure 3-40 provides a photograph of the transducer. 

 

Figure 3-40. AC watt transducer 

Detailed information is given in Table 3-20. 

Table 3-20. Information about AC watt transducer 

Model NO. GW5-020EG 

Supply Voltage (VDC) 200~280 

Frequency (HZ) 58~62 

Input Watt (KW) 0~4 

Output Current (mA) 4~20 

Compressor power consumption can be measured by connecting to the power transducer 

as shown in Figure 3-41. 
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Figure 3-41. Cording drawing of power transducer [55] 

Notice that the output of power transducer is current but the input signal for DAQ is 

voltage. Thus, a 250W resistor, similar to that mentioned in Mass Coriolis Flow Meter section, 

was used to convert the current signal to voltage. Figure 3-42 shows the connection of resistor.  
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Figure 3-42. Connection of resistor 

 

3.5.6 Calculation Software 

EES (Engineering Equation Solver) software [56] is used in this project for solving all the 

calculations. EES provides multiple functions. EES gives the numerical solution of a set of 

algebraic equations. It can also solve differential and integral equations, does optimization, 

provides uncertainty analyses, linear and non-linear regression, and generates publication quality 
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plots. All the calculations and plots are made by EES in this project. Figure 3-43 gives the 

equations interface of EES. 

 

Figure 3-43. Equations interface of EES [56] 

The results can be directly calculated by typing in the corresponding parameters. Take 

enthalpy for instance. R410A is used as refrigerant, temperature can be measured by 
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thermocouple as in T1, and pressure transducer can measure pressure as in P1. Thus, temperature 

and pressure are known at a certain locations in the system. Type in h= Enthalpy (R410A, T=T1, 

P=P1), the enthalpy for this location of the system will shown on the software. Units and 

symbols can be modified for desired purpose.  

All the results and plots in this project are programmed and solved by EES. Figure 3-44 

shows the plot interface of EES. 

 

 

 

Figure 3-44. Result and plot interfaces of EES [56] 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE 

The design model and corresponding components were introduced in Chapter 3. Detailed 

experimental procedure, corresponding equations, and related programs will be presented in the 

following section.  

 

4.1 Data Acquisition System (DAQ) 

Detailed information about DAQ has been introduced in Chapter 3. The data of following 

items should be collected.  

1. Thermocouple 

2. Pressure Transducer 

3. Mass Coriolis Flow Meter 

4. Power Transducer 

5. Overall Superheat and Individual Superheat on each circuit 

6. Subcooling 
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4.1.1 Temperature Data Collection   

Thermocouple data collection for temperature, which is in SI unit for this system. After 

connected the thermocouple wire in slots of the collection card (notice the “+” and “-” poles), the 

temperature will be shown on computer directly by using BenchLink Data Logger Pro Software. 

This software has temperature section for different types of thermocouples and different units. 

No conversion equations and programs are needed. Figure 4-1 shows the temperature collection 

software interface for T-Type thermocouple.  

 

Figure 4-1. T-Type thermocouple data collection interface [53] 

Click the function tab and choose the right type of thermocouple. Choose Type T for this 

system. Choose internal for thermocouple. SI unit  is used here, click the tab and choose C. 

Then, check the box as in corresponding channel of target temperature.  
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4.1.2 Voltage Data Collection 

The input signal for DAQ collection is voltage and all the signals of components have to 

be converted to VDC in order to be collected. After collected output voltages for different 

components, the corresponding data can be achieved by edited equations on software. Figure 4-2 

shows the collections of voltage outputs.  

 

Figure 4-2. Voltage output signal collection interface [53] 

The software provides DC voltage signal input choices directly, click the function tab and 

choose DC Voltage. Check the little boxes represent the corresponding channels.  
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4.1.3 Pressure Data Collection 

The output signal for pressure transducer is 0.1-5.1VDC, and the corresponding pressure 

range are 0-250 PSIG and 0-500 PSIG. A linear relationship is assumed between output signal 

and pressure, (SI units: kPa). The convert equations are as followed.  

a. For range 0-250 PSIG:  Pressure (KPa) = 6.895 (50 -5) +103.25                                    4.1 

b. For range 0~500 PSIG:  Pressure (KPa) = 6.895 (100 -10) +103.25                               4.2 

The  is the corresponding voltage output. For instance, in order to measure the pressure   ,  

needs to be collected, and then use the convert equation to calculate  with   . The convert 

equations can be edited in the software. Figure 4-3 shows the convert equations software 

interface. Ch1012 stands for the channel 1012, which is the corresponding input voltage signal 

 of the pressure transducer. 

 

Figure 4-3. Pressure convert equation software interface [53] 

 

 



 

75 
 

4.1.4 Refrigerant Flow Rate Data Collection 

The output signal for mass coriolis flow meter is current from 4-20mA and the 

corresponding flow range is 5-300kg/hr, linearly. The voltage output is 1-5V, which is achieved 

by installing a 250W resistor. The convert equation for refrigerant flow rate is:  

Mass Flow Rate (kg/s) = 0.0205  -0.0191.                                                                              4.3 

 stands for the corresponding voltage output collection.  

Figure 4-4 gives the convert equation of refrigerant flow rate. Ch1014 stands for the channel 

1014, which is the corresponding voltage signal input  of the mass coriolis flow meter. 

 

Figure 4-4. Refrigerant mass flow rate convert equation software interface [53] 
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4.1.5 Compressor Power Consumption Data Collection 

The output signal for power transducer is current from 4-20mA, which stands for the 

corresponding watts range from 0-4000W. Voltage output is 1-5V, which is achieved by 

installing a 250W resistor. The convert equation for power transducer is:  

Power (KW) = -1                                                                                                                       4.4    

 stands for the corresponding voltage output collection.  

Figure 4-5 gives the convert equation for power consumption. Ch1031 stands for channel 

1031, which is the corresponding voltage input  of the power transducer.  

 

Figure 4-5. Compressor power consumption converts equation software interface [53] 
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4.1.6 Mixing Chamber Outlet (MCO) Superheat and Individual Superheat 

When the refrigerant is at saturation point, the temperature of the liquid and vapor are the 

same. However, if additional heat is added to the vapor, the temperature of the vapor will 

increase. The temperature increase above its saturation temperature is called superheat. The 

mixing chamber outlet (MCO) superheat is the total superheats come out of the two circuits. EES 

software is used in this project to convert the saturation pressure to temperature. Also, the P-T 

form can also be applied to accomplish this process. Figure 4-6 shows the picture of EES 

drawing and the equation of the conversion.  

 

Figure 4-6. P-T convert equation for superheat produced by EES [56] 

The black line is the actual relation between saturated temperature and corresponding 

pressure, while the red line is the simulative result. EES shows the fitting accuracy rate is 

99.87%.  
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Thus, the superheat convert equation is as below: 

Superheat (K) = T - (-30.4199 + 0.0426042  P – 0.0000054626  P )                                     4.5 

where  stands for the actual temperature measured by thermocouple,  stands for pressure 

measured by pressure transducer. For individual superheat on each circuit, just change the  and 

 on the equation to the corresponding channels.  

Figure 4-7 shows the software interface of superheat equation.  

Figure 4-7 (a) is the MCO superheat. Ch1001 stands for the channel 1001, which is the 

corresponding saturated temperature. Ch9003 stands for the channel 9003, which is 

corresponding pressure.  

Figure 4-7 (b) is the superheat of evaporator 1. Ch1006 stands for the channel 1006, 

which is the corresponding saturated temperature. Ch9011 stands for the channel 9011, which is 

corresponding pressure.  

Figure 4-7 (c) is the superheat of evaporator 2. Ch1007 stands for the channel 1007, 

which is the corresponding saturated temperature. Ch9012 stands for the channel 9012, which is 

corresponding pressure.  

 

 

 

 

 

(a) 
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(b)  

 

(c) 

 

Figure 4-7. Software interface of superheat equations [53] 
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4.1.7 Subcooling 

When heat is removed from a saturated refrigerant, the temperature of the liquid is 

reduced. The difference between the saturated liquid temperature and the actual liquid 

temperature is the subcooled temperature, referred as in subcooling. EES software is used to 

convert the condensing pressure to temperature. Figure 4-8 shows the picture of EES drawing 

and the equation of subcooling conversion.  

 

Figure 4-8. P-T convert equation of subcooling produced by EES [56] 

The black line is actual saturated temperature and corresponding pressure, and the red 

line is the simulative result. EES shows the fitting accuracy rate is 99.87%.  

 

 

Thus, the subcooling convert equation is: 
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Subcooling (K) = (-30.5948+0.0426513  P  - 0.00000546878 P ) - T                                   4.6 

where  stands for the actual temperature measured by thermocouple,  stands for the 

condensing pressure measured by pressure transducer.  

Figure 4-9 gives the picture of subcooling equation. Ch9007 stands for the channel 9007, 

which is the corresponding condensing pressure. Ch1005 stands for the channel 1005, which is 

the corresponding temperature.  

 

Figure 4-9. Software interface of subcooling equation [53] 
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4.2 EES Calculation Programs 

Data such as cooling capacity, COP, superheat, enthalpy and refrigerant mass flow rate 

need calculated and these calculations were performed in EES. EES software is used to finish the 

calculations and drawings.  

The following EES programs were prepared for data analysis. 

a. Calculation Program. Calculation programs are for calculating experimental results under 

different conditions. 

b. Cycle Analysis Program. Cycle analysis program is for drawing the p-h diagram. 

The whole EES programs are listed in Appendix A. 

System start-up procedure will be introduced in next section after finished all the convert 

equations and EES calculation programs. 

 

4.3 System Start-Up Procedure 

This two-pass water-cooled refrigeration system followed the following start-up 

procedure. Water is pumped into evaporators and condenser via plastic tube and the wastewater 

goes into the drain. Following sequences should be followed in order to start the system correctly 

and safely. 

a. Pump the water into the system for 3 minutes. 

Tap water is used in the system, turn on the tab and let water flows into the system. 

Control the plastic valve on the water tube and watch the micro flow meter in order to make sure 

the flow rates on both evaporators are stable. 

b. Turn on the power supply and make the input power for EEV in the range 1.9~2.3V 
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The opening amount of EEV is controlled by input voltage signal of EXD-U00 universal 

controller. This range was fixed in debug phase. An input signal that is too high implies the EEV 

is opened too much, and the pressure drop will not be enough; if too low, too much pressure drop 

will be achieved and that will cause the system shut off because the low or high pressure will be 

lower or higher than the pressures set on the pressure switch.  

c. Turn on the DAQ for data collection 

The time interval of DAQ for collecting data was set as 5 second. Different time interval 

options are available for different situations. 

 d. Turn on the power supply to give supply power to pressure transducers, mass coriolis flow 

meter, and power transducer 

The voltage set on power supply was 22.6V, since this amount satisfied the excite voltage 

range for all the components that need to be excited.  

e. Turn on the switch of system and wait about 30 second for starting 

It will take some time for starting the system after the switch is turned on. There will be 

an obvious noise when the system starts running.  

f. Open BenchLink Data Logger Pro software to record the data 

Observe the data on software until it does not change a lot, which implies the system 

reached the steady state.   
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4.4 Measurements Conditions 

Based on previous simulative research, the MCO superheat should be kept in 5K while 

the subcooling should be maintained in 3K. However, according to the practical experience and 

experimentally analysis, wider ranges for superheat and subcooling are allowed in order to 

protect the compressor. MCO superheat can be kept in 8-15K and subcooling can be maintained 

in 4-12K. The data is collected under certain conditions in order to see the benefits of upstream 

individual superheat control. The three conditions below are considered in this project. 

a. Condition I —Two valves are fully open and no control is applied 

Make both control valves on two circuits fully open and collect data until the system 

reaches steady state. Plug the data into calculation program in EES to calculate cooling capacity, 

COP, and enthalpy, etc.  

b. Condition II —Make even superheat by applying upstream control 

When both valves are fully open, the superheats of two circuits are not even, and that is 

because the maldistribution of refrigerant flow. Adjust two control valves in corresponding 

circuit, make the superheats of two circuits are even. Until the system reaches steady state, 

collect the data and plug into calculation program in EES to calculate corresponding results. 

c. Condition III—Minimum Stable Superheat Condition  

Minimum Stable Superheat (MSS) is the inherent characteristic of the heat exchanger and 

it exists in every heat exchanger. Certain parameters would affect the MSS of heat exchanger, as 

in expansion valve opening, liquid type, and heat transfer coefficient. When the MSS is 

surpassed, the superheat of heat exchanger will suddenly decrease and strongly affects the 
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performance of system. Theoretically, the heat exchanger will be fully utilized when hits the 

MSS. In this project, MSS will be verified and discussed.  

Close one control valve on the corresponding circuit down to about 98% and observe the 

step decrease of superheat on this circuit. Wait until the system reaches the steady state, collect 

data, and the percentage of valve opening. Record the superheat value under this condition as for 

the phenomenon of minimum stable superheat for evaporator. Reverse and repeat this sequence 

for the other control valve. 
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CHAPTER 5 

DATA ANALYSIS 

Three different conditions have been introduced in chapter 4 and data analysis will be 

introduced in this chapter. 

 

5.1 Uncertainty Analysis 

Before the data analysis starts, an uncertainty analysis should be applied. Table 5-1 gives 

the uncertainty of experiment components. 

Table 5-1. Uncertainty of measurements devices 

T-Type Thermocouple 0.75%  

Pressure Transducer  0.13% FS (Full Scale) 

Power Transducer  0.2% FS(Full Scale) 

Water Meter  6% FS(Full Scale) 

Mass Coriolis Flow Meter 0.5%  

 

DAQ System 

 

Temperature Reading 1.0  

Voltage Reading 0.0035%  
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5.1.1 Uncertainty Analysis for Pressure Transducer 

The signal input of pressure transducer is voltage. The convert equations for pressure are 

listed below. 

Range 0~250PSIG: P= 344.75V+68.775                                                                                      5.1  

Where V is the voltage output of the pressure transducer, P is the pressure. 

Uncertainty: = ∆  =1.21%                                                                                       5.2  

The uncertainty of range 0-250 PSIG is calculated as the uncertainty of output voltage 

single of the pressure transducer.  

Range 0~500PSIG: P= 689.5V+34.3                                                                                            5.3 

Uncertainty: = ∆  =2.41%                                                                                       5.4 

The uncertainty of range 0-500 PSIG is calculated as the uncertainty of output voltage 

single of the pressure transducer.  

 

5.1.2 Uncertainty Analysis for Superheat and Subcooling 

The convert equations for superheat are:  

Superheat=T-(-30.1499+0.0426042P -0.0000054626 )                                                            5.5 

Subcooling= (-30.5984+0.0426513P -0.00000546878 ) – T                                                    5.6 

Where T is the temperature measured at certain location and P is the pressure in the same 

location.  

 

 

Uncertainty:  = ∆ ∆ = 0.752%                                                                5.7 
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                      = ∆ ∆ =0.757%                                                                 5.8 

  The uncertainties of superheat and subcooling are calculated as the combinations of the 

uncertainties of temperature and pressure transducer.  

 

5.1.3 Uncertainty Analysis for Refrigerant Flow Rate 

The convert equation for flow rate is: 

F= 0.0205V-0.0191                                                                                                                       5.9 

Where F is the flow rate and V is the output voltage signal of mass corioli flow meter. 

Uncertainty: = ∆ =0.0000717%                                                                                 5.10 

The uncertainty of mass corioli flow meter is calculated as the uncertainty of output 

voltage signal.  

 

5.1.4 Uncertainty Analysis for Power Consumption 

The convert equation for power consumption is: W= V-1                                             5.11 

Where, W means the power consumption of compressor and V means the output voltage 

signal of compressor. 

Uncertainty: = ∆ =0.0035%                                                                                     5.12 

The uncertainty of compressor power consumption is calculated as the uncertainty of 

output voltage signal.  

 

 

5.1.5 Uncertainty Analysis for COP 
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The equation for calculating COP is: COP= /W= /                               5.13 

where  is the cooling capacity for the system, W is the power consumption of compressor,  is 

refrigerant mass flow rate,  is the enthalpy of discharged line and  is the enthalpy of suction 

line. 

= ∆ ∆ ∆ ∆ =0.0035%                           5.14 

The uncertainty of COP is calculated as the combinations of the uncertainties of 

refrigerant mass flow rate, the enthalpy of suction and discharged line and the power 

consumption. 

= ∆ ∆ ∆ =0.0000717%                                                        5.15 

The uncertainty of cooling capacity is calculated as the combinations of the uncertainties 

of refrigerant mass flow rate, the enthalpy of discharged line and the enthalpy of suction line. 

Table 5-2 gives the summarization of measurements uncertainty for this project. 

 

 

 

 

 

 

 

 

Table 5-2. Summarization of measurements uncertainty 

Measurement Uncertainty (%) 



 

90 
 

Temperature ( ) 0.75 

Pressure (kPa) 0~250PSIG: 1.21 

0~500PSIG: 2.41 

Power Consumption (kW) 0.0035 

Refrigerant Flow Rate (kg/s) 0.0000717 

Superheat (K) 0.752 

Subcooling (K) 0.757 

Cooling Capacity (kW) 0.0000717 

COP 0.0035 

 

5.2 Data Analysis for Condition I 

In condition I, both valves are fully opened, no control is applied. According to the 

previous research result, the MCO (Mixing Chamber Outlet) Superheat should be maintained as 

low as possible while in a reasonable range. Based on the condition of system and the EEV 

controller, the MCO superheat range should be kept in 8~15K, the corresponding EEV input 

voltage range is 1.9V~2.3V. Thus, adjust the EEV input voltage for three points, 1.9V, 2.1V and 

2.3 V. Compare the superheats, cooling capacities and COPs of the system, and draw the 

corresponding pictures in the three different openings of EEV. EES program is used to calculate 

superheat. The corresponding programs are as follow. 

Superheat= T - Temperature (R410A, P=T , x=1)                                                                      5.16 

Subcooling= Temperature (R410A, P=T , x=0) - T                                                                    5.17 

 stands for the corresponding temperature. The results can be directly calculated through 

plugging in the temperature. 

Certain attentions should be concerned during condition I. 
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 Maintain the overall superheat around 8-15K; adjustable operation of EEV is available in 

order to achieve the target MCO superheat. 

 Maintain the subcooling around 4-12K; adjustable operation of EEV and water flow into 

condenser is available.  

 Maintain the lowest pressure above 690KPa when adjusting EEV, since the low pressure 

set on pressure switch is 100 PSI that is about 690KPa.  

 Maintain the highest pressure below 3102KPa when adjusting EEV, since the high 

pressure set on pressure switch is 450 PSI that is about 3102KPa.   

 

5.2.1 Condition I Data Analysis with EEV 1.9V 

Based on theoretical analysis and practical experience, superheat should be maintained as 

low as possible while in the reasonable range. Damage will occur on the compressor if not 

enough superheat is achieved or over loaded. 200 data points were collected after the system 

reached steady state for at least 30 minutes. Three sets of experiment were compared under 

different openings of EEV. Figure 5-1 shows the superheat comparison in condition I with EEV 

has 1.9V opening.  
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Figure 5-1. Superheat comparison with EEV 1.9V in condition I 
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Figure 5-2 shows the pressure comparison with EEV 1.9V. 

 

Figure 5-2. Pressure comparison with EEV 1.9V in condition I 
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Figure 5-3 shows the water temperature comparison with EEV 1.9V. 

 

 Figure 5-3. Water temperature comparison with EEV 1.9V in condition I 
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Table 5-3 gives average values of superheats, pressures and temperatures in evaporators 

with EEV 1.9V. 

Table 5-3. Average values of superheats and pressures with EEV 1.9V in condition I 

MCO Superheat (K)   0.752% 14.09 

Evaporator1 Superheat (K)  0.752% 16.27 

Evaporator2 Superheat (K)  0.752% 11.87 

Evaporator1 Pressure (kPa)  1.21% 722.54 

Evaporator2 Pressure (kPa)  1.21% 736.13 

Water Inlet Temperature (  )  0.75% 16.17 

Evaporator 1 Water Outlet Temperature (  )  0.75% 10.66 

Evaporator 2 Water Outlet Temperature (  )  0.75% 9.58 

Table 5-4 gives the other results under condition I with EEV 1.9V, these data stays 

constant when the system reaches steady state.   

Table 5-4. Constant results in condition I with EEV 1.9V 

Subcooling (K) 0.757% 8.83 

Power Consumption (KW) 0.0035% 2.05 

R410A Flow Rate (kg/s) 0.0000717% 0.031 

Discharge Pressure (kPa) 2.41% 1722.11 

Suction Pressure (kPa)  1.21% 724.87 

 

 

 

 

Table 5-5 gives the EES calculation results for EEV 1.9V. 
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Table 5-5. System performance results for EEV 1.9V in condition I 

Evaporators Cooling Capacity (KW) 0.0000717% 6.519 

C.O.P 0.0035% 3.174 

Figure 5-4 shows the p-h diagram produced by EES with EEV 1.9V under condition I. 

 

Figure 5-4. p-h diagram for two circuits with EEV 1.9V in condition I [56] 

 

 

 

 



 

97 
 

5.2.2 Condition I Data Analysis with EEV 2.1V 

Change the EEV as in 2.1V and compare the results. 200 data were collected after the 

system reached steady state for at least 30 minutes. Figure 5-5 shows the superheat comparison 

with EEV 2.1V.  

 

Figure 5-5. Superheats comparison with EEV 2.1V in condition I 

   

 

 

 

 

Figure 5-6 shows the pressures in two circuits.  
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Figure 5-6. Pressures comparison with EEV 2.1V in condition I 

  

 

 

 

 

 

 

 

Figure 5-7 gives the water temperature comparison with EEV 2.1V. 
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  Figure 5-7. Water temperature comparison with EEV 2.1V in condition I 
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Table 5-6 gives average values of superheats, pressures and temperatures in evaporators 

with EEV 2.1V. 

Table 5-6. Average values of superheats and pressures with EEV 2.1V in condition I 

MCO Superheat (K)  0.752% 12.41 

Evaporator1 Superheat (K) 0.752% 14.95 

Evaporator2 Superheat (K) 0.752% 10.49 

Evaporator1 Pressure (kPa) 1.21% 821.98 

Evaporator2 Pressure (kPa) 1.21% 834.73 

Water Inlet Temperature (  ) 0.75% 16.42 

Evaporator 1 Water Outlet Temperature (  ) 0.75% 10.40 

Evaporator 2 Water Outlet Temperature (  ) 0.75% 9.89 

Table 5-7 gives the other data results under condition I with EEV 2.1V, these data stays 

constant when the system reaches steady state.   

Table 5-7. Constant results in condition I with EEV 2.1V 

Subcooling (K) 0.757% 8.13 

Power Consumption (KW) 0.0035% 2.08 

R410A Flow Rate (kg/s) 0.0000717% 0.035 

Discharge Pressure (kPa) 2.41% 2017.85 

Suction Pressure (kPa)  1.21% 819.65 

   

 

 

 

Table 5-8 gives the EES calculation results for EEV 2.1V. 

Table 5-8. System performance results with EEV 2.1V in condition I 
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Evaporators Cooling Capacity (KW) 0.0000717% 7.151 

C.O.P 0.0035% 3.576 

Figure 5-8 shows the p-h diagram produced by EES with EEV 2.1V under condition I. 

 

Figure 5-8. p-h diagram for two circuits with EEV 2.1V in condition I [56] 

 

 

 

 

5.2.3 Condition I Data Analysis with EEV 2.3V 
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Change the EEV as in 2.3V and compare the results. 200 data were collected after the 

system reached steady state for at least 30 minutes. Figure 5-9 shows the superheat comparison 

with EEV 2.3V.  

 

Figure 5-9. Superheats comparison with EEV 2.3V in condition I 

   

 

 

 

Figure 5-10 shows the pressures in two circuits.  
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Figure 5-10. Pressures comparison with EEV 2.3V in condition I 

  

 

 

 

 

 

 

 

 

Figure 5-11 gives the water temperatures comparison with EEV 2.3V. 
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  Figure 5-11. Water temperatures comparison with EEV 2.3V in condition I 
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Table 5-9 gives average values of superheats, pressures and temperatures in evaporators 

with EEV 2.3V. 

Table 5-9. Average values of superheats and pressures with EEV 2.3V in condition I 

MCO Superheat (K)  0.752% 8.46 

Evaporator1 Superheat (K) 0.752% 10.82 

Evaporator2 Superheat (K) 0.752% 6.83 

Evaporator1 Pressure (kPa) 1.21% 872.64 

Evaporator2 Pressure (kPa) 1.21% 888.97 

Water Inlet Temperature (  ) 0.75% 16.45 

Evaporator 1 Water Outlet Temperature (  ) 0.75% 9.99 

Evaporator 2 Water Outlet Temperature (  ) 0.75% 8.89 

Table 5-10 gives the other data results under condition I with EEV 2.3V, these data stays 

constant when the system reaches steady state.   

Table 5-10. Constant results in condition I with EEV 2.3V 

Subcooling (K) 0.757% 7.54 

Power Consumption (KW) 0.0035% 2.06 

R410A Flow Rate (kg/s) 0.0000717% 0.038 

Discharge Pressure (kPa) 2.41% 1784.53 

Suction Pressure (kPa)  1.21% 864.77 

Table 5-11 gives the EES calculation results for EEV 2.3V. 

Table 5-11. System performance results for EEV 2.3V in condition I 
Evaporators Cooling Capacity (KW) 0.0000717% 7.671 

C.O.P 0.0035% 3.715 

Figure 5-12 shows the p-h diagram produced by EES with EEV 2.3V under condition I. 
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Figure 5-12. p-h diagram with EEV 2.3V in condition I [56] 

Compare the results of EEV 2.3V, EEV 2.1V and EEV 1.9V, EEV 2.3V is selected to use 

for maintaining MCO superheat at condition I and the further conditions, since it gives better 

performance of system cooling capacity and COP. This proves that the MCO superheat should 

be maintained as low as possible while in a reasonable range. 
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5.2.4 Repeatability of Condition I 

Repeat the experiment for condition I for 4 times and compare the results. Table 5-12 

gives the results of repeatability.  

Table 5-12. Repeatability for condition I 
Measurement Data 

EEV Opening 

Repeat Times 

1 2 3 4 

 

 

EEV 

1.9V 

MCO Superheat (K) 0.752% 14.29 13.69 14.54 14.37 

Evaporator1Superheat(K) 0.752% 16.47 15.87 16.73 16.55 

Evaporator2Superheat(K) 0.752% 12.07 11.47 12.33 12.15 

Evaporator1 Pressure(kPa) 1.21% 723.55 720.53 723.99 724.06 

Evaporator2 Pressure(kPa) 1.21% 737.14 734.12 737.58 737.65 

 

 

EEV 

2.1V 

MCO Superheat (K) 0.752% 12.89 12.52 12.33 12.93 

Evaporator1Superheat(K) 0.752% 15.24 14.87 14.68 15.29 

Evaporator2Superheat(K) 0.752% 10.68 10.30 10.11 10.72 

Evaporator1 Pressure(kPa) 1.21% 819.85 814.29 814.32 818.85 

Evaporator2 Pressure(kPa) 1.21% 832.34 826.78 826.81 831.34 

 

 

EEV 

2.3V 

MCO Superheat (K) 0.752% 9.11 8.60 8.75 8.72 

Evaporator1Superheat(K) 0.752% 11.27 10.76 10.90 10.88 

Evaporator2Superheat(K) 0.752% 7.14 6.62 6.77 6.74 

Evaporator1 Pressure(kPa) 1.21% 858.78 858.87 865.22 858.56 

Evaporator2 Pressure(kPa) 1.21% 869.42 869.51 875.86 869.20 

Repeat 4 times for condition I and the results proved the operability and the repeatability 

of this experiment under condition I.  
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5.3 Data Analysis for Condition II 

In Condition II, valves are adjusted in order to make uniform superheats. EES program is 

used to calculate the cooling capacities, enthalpies, COPs, etc.  

Certain attentions should be concerned during condition II. 

 Maintain the overall superheat around 8-15K, EEV input voltage is used with 2.3V as the 

result of condition I. 

 Maintain the subcooling around 4-12K, EEV input voltage is used with 2.3V as the result 

of condition I. 

 Maintain the lowest pressure above 690KPa when adjusting EEV, since the low pressure 

set on pressure switch is 100 PSI that is about 690KPa.  

 Maintain the highest pressure below 3102KPa when adjusting EEV, since the high 

pressure set on pressure switch is 450 PSI that is about 3102KPa. 

Control valve for evaporator 1 was closed by 45% and control valve for evaporator 2 was 

closed by 80%.  

 

 

 

 

 

 

 

5.3.1 EEV 2.3V with Control Applied  

Figure 5-13 gives the superheat comparison with EEV 2.3V with control applied. 
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Figure 5-13. Superheat comparison with EEV 2.3V in condition II 

 

 

 

 

 

 

 

Figure 5-14 shows the pressure comparison. 
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 Figure 5-14. Pressure comparison with EEV 2.3V in condition II 

 

 

 

 

 

 

 

 

 

Figure 5-15 shows the water temperature comparison in two evaporators.  
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  Figure 5-15. Water temperature comparison with EEV 2.3V in condition II 
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Table 5-13 gives average values of superheats, pressures and temperatures with EEV 

2.3V under condition II. 

Table 5-13. Corresponding average values with EEV 2.3V in condition II 

MCO Superheat (K)  0.752% 10.54 

Evaporator1 Superheat (K) 0.752% 10.81 

Evaporator2 Superheat (K) 0.752% 10.44 

Evaporator1 Pressure (kPa) 1.21% 839.47 

Evaporator2 Pressure (kPa) 1.21% 841.50 

Water Inlet Temperature (  ) 0.75% 16.43 

Evaporator 1 Water Outlet Temperature (  ) 0.75% 9.68 

Evaporator 2 Water Outlet Temperature (  ) 0.75% 9.47 

Table 5-14 gives the other data result for condition II with EEV 2.3V with control, these 

data stays constant when the system reaches steady state.   

Table 5-14. Constant results in condition II with EEV 2.3V 

Subcooling (K) 0.757% 8.23 

Power Consumption (KW) 0.0035% 2.06 

R410A Flow Rate (kg/s) 0.0000717% 0.036 

Discharge Pressure (kPa) 2.41% 1794.14 

Suction Pressure (kPa)  1.21% 838.22 

Table 5-15 gives the EES calculation results for EEV 2.3V in condition II. 

Table 5-15. System performance results for EEV 2.3V in condition II 
Evaporators Cooling Capacity (KW) 0.0035% 8.138 

C.O.P 0.0000717% 3.955 

Figure 5-16 shows the p-h diagram produced by EES with EEV 2.3V with control under 

condition II. 
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Figure 5-16. p-h diagram with EEV 2.3V in condition II [56] 

 

 

 

 

 

 

5.3.2 Repeatability of Condition II 
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The repeatability of condition II is very hard to apply. Because the control valves are 

manually and the fluid there is two-phase, so accurate and stable control is tough to achieve. The 

good performance result above is based on many times of failed experiments. Further 

development on the two-phase refrigerant flow control will be discussed in the next chapter. 

 

5.4 Data Analysis for Condition III 

In Condition III, one valve is closed down to a small amount of 98%. Compare the 

superheat, pressure of the system, and draw the corresponding pictures. Record the step decrease 

of superheat, and analyze the minimum stable superheat for the evaporator. EES program is used 

to calculate related results. Make sure the system reaches steady state for at least 30 minutes 

before MSS condition starts, and then record 120 data in order to examine the MSS condition.  

Since in MSS condition, the superheat is very low, and this will cause damage of the 

compressor. Thus, long time of running system under MSS condition is not recommended.     

  

5.4.1 Control Valve 1 Closing of 98% 

Control valve 1 is closed by 98% and control valve 2 is fully opened. 120 data was 

collected after the system has already reached the steady state. Figure 5-17 gives the superheat 

comparison with valve 1 closing of 98%. 
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Figure 5-17. Superheat comparison with valve 1 closing of 98% 
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Figure 5-18 gives the pressure comparison in two circuits with valve 1 closing of 98%. 

 

Figure 5-18. Pressure comparison with valve 1 closing of 98% 
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Figure 5-19 shows the water temperature comparison with valve 1 closing of 98%. 

 

Figure 5-19. Water temperature comparison with valve 1 closing of 98% 
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Figure 5-20 shows the subcooling picture with valve 1 closing of 98% 

 

Figure 5-20. Subcooling changes with valve 1 closing of 98% 
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Table 5-16 gives average values of superheats, pressures, temperatures and subcooling 

after valve 1 closing of 98%. 

Table 5-16. Corresponding average values after valve 1 closing of 98% 

MCO Superheat (K)  0.752% 0.72 

Subcooling (K)  0.757% 6.11 

Evaporator1 Superheat (K) 0.752% 0.59 

Evaporator2 Superheat (K) 0.752% 2.82 

Evaporator1 Pressure (kPa) 1.21% 815.36 

Evaporator2 Pressure (kPa) 1.21% 860.24 

Water Inlet Temperature (  ) 0.75% 16.09 

Evaporator 1 Water Outlet Temperature (  ) 0.75% 13.81 

Evaporator 2 Water Outlet Temperature (  ) 0.75% 7.01 

Table 5-17 gives the other data result for condition III after valve 1 closing of 98%, these 

data stays constant through the system runs. 

Table 5-17. Constant results in condition III after valve 1 closing of 98% 

Power Consumption (KW) 0.0035% 2.06 

R410A Flow Rate (kg/s) 0.0000717% 0.038 
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5.4.2 Control Valve 2 Closing of 98% 

Close the valve 2 by 98% and valve 1 is fully opened. 120 data was collected.  

Figure 5-21 shows the superheat comparison picture.  

 

Figure 5-21. Superheat comparison with valve 2 closing of 98% 

   

 

 

 

 

Figure 5-22 shows the pressure comparison in two circuits with valve 2 closing of 98%. 
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Figure 5-22. Pressure comparison with valve 2 closing of 98% 

 

 

 

 

 

   

 

 

Figure 5-23 shows the water temperature with valve 2 closing of 98%. 
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Figure 5-23. Water temperature comparison with valve 2 closing of 98% 

 

 

 

 

 

 

  

 

Figure 5-24 gives the subcooling picture with valve 2 closing of 98%. 
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Figure 5-24. Subcooling changes with valve 2 closing of 98% 

 

 

 

 

 

 

   

 



 

124 
 

Table 5-18 gives average values of superheats, pressures, temperatures and subcooling 

after valve 2 closing of 98%. 

Table 5-18. Corresponding average values after valve 2 closing of 98% 

MCO Superheat (K)  0.752% 0.50 

Subcooling (K)  0.757% 7.98 

Evaporator1 Superheat (K) 0.752% 0.43 

Evaporator2 Superheat (K) 0.752% 2.05 

Evaporator1 Pressure (kPa) 1.21% 823.36 

Evaporator2 Pressure (kPa) 1.21% 790.25 

Water Inlet Temperature (  ) 0.75% 16.26 

Evaporator 1 Water Outlet Temperature (  ) 0.75% 6.55 

Evaporator 2 Water Outlet Temperature (  ) 0.75% 15.11 

Table 5-19 gives the other data result for condition III with valve 2 closing of 98%, these 

data stays constant through the system runs. 

Table 5-19. Constant results in condition III with valve 2 closing of 98% 

Power Consumption (KW) 0.0035% 2.13 

R410A Flow Rate (kg/s) 0.0000717% 0.038 
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5.4.3 Repeatability of Condition III 

In MSS condition, the repeatability is operable. However, since the superheat is very low 

in this condition and will cause damage on compressor. Thus, repeat this condition too many 

times is not recommended. Table 5-20 shows two times of condition III was applied in this 

project.  

Table 5-20. Repeatability for condition III 

Measurement Data 

Valve Closing 98% 

Repeat Times 

1 2 

 

 

Valve 1  

MCO Superheat (K) 0.752% 0.82 0.62 

Subcooling (K) 0.757% 6.23 6.03 

Evaporator1Superheat(K) 0.752% 0.67 0.40 

Evaporator2Superheat(K) 0.752% 2.78 2.52 

Evaporator1 Pressure(kPa) 1.21% 789.09 782.54 

Evaporator2 Pressure(kPa) 1.21% 841.13 834.58 

 

 

Valve 2 

MCO Superheat (K) 0.752% 0.64 0.41 

Subcooling (K) 0.757% 8.12 7.77 

Evaporator1Superheat(K) 0.752% 0.56 0.37 

Evaporator2Superheat(K) 0.752% 2.13 1.94 

Evaporator1 Pressure(kPa) 1.21% 803.46 795.01 

Evaporator2 Pressure(kPa) 1.21% 782.93 774.48 

Repeat 2 times for condition III and the results proved the operability and the 

repeatability of this experiment under condition III. 
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CHAPTER 6 

RESULTS AND DISCUSSIONS 

The performance of the two-circuit water-cooled refrigeration system, the data of which 

was presented in Chapter 5, was analyzed under three different conditions. In this chapter, 

discussions and explanations of the experimental results will be presented. Future improvements 

and suggestions are also discussed.  

 

6.1 Explanations and Discussions of Condition I  

Three different EEV voltages were compared under condition I. Table 6-1 shows the 

results comparison with the EEV of 1.9V, 2.1V and 2.3V. 

Table 6-1. Results comparison with EEV of 1.9V, 2.1V and 2.3V 

Input EEV Voltage (V) MCO Superheat (K) Cooling Capacity (kW) COP 

1.9 14.09 6.519 3.174 

2.1 12.41 7.151 3.576 

2.3 8.46 7.671 3.715 

EEV 2.3V was used as input signal for EEV by comparing the results with EEV 2.1V and 

EEV 1.9V, because the system gives a better cooling capacity and COP with EEV of 2.3V. This 

indicated that the MCO superheat should be maintained as low as possible while in a reasonable 

range.  

According to the previously published results, the superheat should be maintained around 

8-15K. With an EEV of 2.3V, the superheat is close to 8K and the system gives a better 

performance compared to the EEV of 1.9V and 2.1V.  
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When the system reached steady state for at least 30 minutes, 200 of data was collected in 

order to investigate superheat distribution. Based on the superheat data presented Chapter 5 

under condition I, the superheats in the two circuits are not even. The pressure distribution and 

water temperature pictures also indicated that there exists flow maldistribution in the two circuits. 

By analyzing the superheat, pressure and water temperature comparison pictures, it is 

believed that the superheat in evaporator 1 is higher than the superheat in evaporator 2 and, the 

pressure in evaporator 1 is lower than the pressure in evaporator 2. These indicate that the circuit 

of evaporator 2 has more refrigerant flows compare to evaporator 1. This may be because of the 

improper tube distribution due to the errors made by the technicians or uneven flow distribution 

from the two-nozzle distributor. 

Successfully repeated the experiments for 4 times under condition I with three different 

EEV input voltages and the results proved the fact that non-uniform superheat exist because the 

results gave an uneven superheats on two evaporating circuits every time. 

  

6.2 Discussions and Further Development of Condition II 

According to previously published results, upstream individual superheat control has 

significant benefits on controlling non-uniform superheat compares to downstream individual 

superheat control, which almost has no benefits. The experiment results proved that uniform 

superheat and refrigerant distribution will produce a better system performance when compared 

to the cooling capacities and COPs form the Condition I. The COP is 3.955 under Condition II 

and is 3.715 under Condition I; cooling capacity is 8.138 under Condition II and is 7.671 under 

Condition I. COP increased about 6.068% and cooling capacity increased by 5.739% through 
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upstream superheat control. However, based on the operability of experiment, individual 

superheat control is very difficult to manipulate. The possible reasons for this behavior are: 

1. The manual controlled valves are not as accurate as electronic control valves. It is very 

difficult to achieve an accurate amount valve opening by using hand-controlled valves. In 

order to get better results and performance, small capacity of accurate electronic control 

valves can be used for further investigation. 

2. Two-phase flow is always a complicated phenomenon that is not completely understood. 

Even though numerous control methods have been proposed, superheat and refrigerant 

distribution cannot be steadily controlled due to the complexity of two-phase refrigerant flow.  

Due to these possible reasons, methods of upstream individual superheat control needs 

further development. Introduce more accurate electronic control valves may be considered as a 

good choice. Other control methods could also be applied for upstream individual superheat 

control. One of the recommendations is to use the hybrid expansion valve (HEV) in order to 

achieve better control on superheat.  

Rasmussen (2010) experimentally investigated on the control method of evaporator 

superheat [39]. A hybrid expansion valve (HEV) was introduced in order to achieve evaporator 

superheat control with a cascade control method. Figure 6-1 gives a picture of HEV. 
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Figure 6-1. Hybrid expansion valve (HEV) [39] 

This device consists of a mechanically adjustable pressure-regulating valve with an 

electronically controlled stepper motor to adjust to the desired pressure; an electronic controller 

changes the pressure ‘‘set point’’ to regulate evaporator superheat. 

The first advantage of HEV is that the stepper motor used for electronic control requires 

much less actuation than the EEV, since much of the control effort is performed by the valve 

diaphragm and spring. The second advantage is that the mechanized feedback loop built into the 

valve mechanism affords an extremely fast response. This gives the HEV superior transient 

regulation and disturbance rejection compared to traditional control methods. The experiment 
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results also showed that an HEV can successfully control high and low refrigerant flow rates. 

Thus, introduction of HEV as upstream individual superheat control may be treated as another 

control method for further development.  

 

6.2 Discussions and Explanation of Condition III 

The minimum stable superheat (MSS) phenomenon was first examined by Huelle in 1972. 

It was believed that MSS is an inherent characteristic of a heat exchanger. Theoretically, a heat 

exchanger will give a better performance when the superheat heat hits the MSS line. However, 

not enough study has focused in this area, especially in terms of experimental studies. Under 

Condition III, which is the MSS condition, the experimental results showed that when the control 

valves were closed down to a certain small amount, the superheat in each circuit would decrease 

suddenly. The reasons for the presence of the MSS are fully understood, but some experiments 

were conducted in order to analyze MSS. Chen (2002) experimentally investigated minimum 

stable superheat control by analyzing the MSS phenomenal experimentally and some primary 

reasons were represented [40].  

1. Behavior of the heat transfer coefficient may be the reason of MSS. A nearly closed control 

valve (98% close) was observed to result in MSS. The superheat of the evaporator under 

these conditions sharply decreased to about 0.5K. The EEV position was not changed during 

the sudden decrease of superheat and the refrigerant flow rate could not change rapidly. The 

only reason left for this phenomenon could be the heat flux. Namely, it is very possible that 

the heat transfer inside the evaporator deteriorates suddenly. 

2. Refrigerant type may be another reason of MSS. The flow and heat transfer of refrigerant in 

the evaporator tube is very complex. In the two-phase flow regime, the flow type is mainly 
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wavy flow and/or annular flow. Different types of refrigerant flow will have very different 

wavy flows and/or annular flows characteristics. Thus, the type of refrigerant could be a 

possible factor that affects MSS. R410A was used as refrigerant in this project; future 

experiment should be conducted using other types of refrigerants.  
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CHAPTER 7 

CONCLUSION 

This thesis has focused on upstream individual superheat control in refrigeration system. 

Three conditions were investigated in the experiment—Condition I without control, Condition II 

with control and Condition III the Minimum Stable Superheat (MSS). By comparing the 

experiment results under different conditions, following conclusions can be obtained: 

 The MCO (Mixing Chamber Outlet) superheat should be maintained as low as possible 

while in a reasonable range. Compared the three different EEV input voltages, 1.9V, 

2.1V and 2.3V, the results showed that with EEV input voltage as 2.3V, the system gave 

a better performance.  

 The cooling capacity of system is 7.671KW and the COP of the system is 3.715 in 

condition I. The cooling capacity of system is 8.138KW and the COP of the system is 

3.955 in condition II. COP increased about 6.068% and cooling capacity increased about 

5.739% by applied upstream individual superheat control.      

 The loss of cooling capacity and COP under condition without control was obviously 

improved by applied the control method. However, due to the limitation of experimental 

devices, further development needs to be applied in order to achieve better control 

method.  

 The superheat in evaporator could be suddenly decreased when the control valves were 

closed down to 98%. Two possible reasons that may affect MSS situation were posted. 

One is sudden change of heat transfer coefficient and the other one is different types of 



 

133 
 

refrigerant. Further research and development could be applied in order to establish better 

solving methods and more accurate reasons for MSS situation.  
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APPENDIX 

The experiment data was saved as EXCEL format. Certain EES programs were used to 

do the calculations. The following sections will provide corresponding EES programs. 

 

a. P-T Superheat and Subcooling Conversion Program 

T_sat=Temperature(R410A,P=P1,x=1) 

{P1=1000} 

T_sat=Temperature(R410A,P=P3,x=0) 

{P3=1000} 

T_sat=Temperature(R410A,P=P9,x=1) 

{P9=1000} 

T_sat=Temperature(R410A,P=P10,x=1) 

{P10=1000} 
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b. Calculation Program 

{Unit Convert} 

{Pg(500)=100V-10}  {Read from pressure transducer convert from voltage to psig} 

{Pg(250)=50V-5}  {Read from pressure transducer convert from voltage to psig} 

{Pa=Pg+Patm}  {Patm is the atmosphere pressure, convert from Pg to Pa} 

{m_dot=(m_dot)/3600}  {From mass coriolis flow meter, convert from Kg/hr to Kg/s} 

{F=74.25V-71.25} { Mass coriolis flow meter flow rate, convert from voltage} 

{Else} 

{COP_net=Q_dot/w_dot} 

{Q_dot=m_dot*(h_comp_in-h_evap_in)=m_dot*(h_1-h_4)} 

{w_dot=m_dot*(h_comp_out-h_comp_in)=m_dot*(h_2-h_1)} 

{Compressor Inlet} 

{P_1= 33.59           {P_1 is P_comp_in} 

T_1= 20.37}        {T_1 is T_comp_in} 

h_1=Enthalpy( R410A, P=P_1,T=T_1)  {KJ/Kg}  {h_1 is h_comp_in } 

{Compressor Outlet} 

{P_2= 67.52        {P_2 is P_comp_out} 

T_2=  40.53 }        {T_2 is T_comp_out} 

h_2=Enthalpy( R410A, P=P_2,T=T_2)  {KJ/Kg}   {h_2 is h_comp_out} 

{Condenser Outlet} 
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{P_3=    67.52        {P_3 is P_cond_out}  

T_3=   15.65}        {T_3 is P_cond_in} 

h_3=Enthalpy(R410A, P=P_3,T=T_3) {KJ/Kg}      {h_3 is h_cond_out_1} 

{Mass Coriolis Flow Meter Outlet} 

{P_4= 67.52          {P_4 is P_flow_out, P_4=P_3} 

T_4=  10.46}           {T_4 is T_flow_out}     

h_4=Enthalpy(R410A, P=P_4, T=T_4) 

{At the Mass Coriolis Flow Meter Outlet Subcooling Temperature} 

Subcooling=Temperature(R410A,P=P_4,x=0)-T_4  {Flow Meter Outlet} 

{EEV Outlet} 

{P_7=1578} 

{Metering Valve Outlet} 

{P_8=   17.65          {P_8 is P_metering1_out} 

P_9=     18.96}      {P_9 is P_metering2_out} 

{At the evaporator outlet} 

Superheat_total=T_1-TEMPERATURE(R410A, P=P_1, x=1)     {Compressor Inlet} 

Superheat_evap1=T_5-TEMPERATURE(R410A, P=P_5,x=1)  {Evaporator 1 Outlet} 

Superheat_evap2=T_6-TEMPERATURE(R410A,P=P_6,x=1) {Evaporator 2 Outlet}           

h_5=Enthalpy( R410A, P=P_5, T=T_5) {KJ/Kg}      {h_5 is h_eavp1_out} 

{P_5= 67.52          {P_5 is P_evap1_out} 

T_5=  10.46}           {T_5 is T_evap1_out} 

h_6=Enthalpy( R410A, P=P_9,T=T_6) {KJ/Kg}      {h_6 is h_eavp2_out} 

{P_6= 67.52          {P_6 is P_evap2_out} 



 

142 
 

T_6=  10.46}           {T_6 is T_evap2_out}     

h_20=Enthalpy(Water, T=T_20, P=101.3) 

h_21=Enthalpy(Water, T=T_21,P=101.3)  

h_22=Enthalpy(Water,T=T_22,P=101.3)      

{Evaporator water side} 

{T_20=20.6      {T_20 is T_evap1_water_out} 

T_22=25.8      {T_22 is T_evap_water_in} 

T_21=20.6 }     {T_21 is T_evap2_water_out} 

{Mass flow rate} 

{m_dot_ref_in= 0.05}  {Kg/s}{From the Mass Coriolis Flow Meter, apply the unit convert} 

{Cooling Capacity} 

Q_dot_total=m_dot_ref_in*( h_1-h_4 ) {KW} 

Q_dot_cond=m_dot_ref_in*(h_2-h_3) 

{Power Total} 

{w_dot=1.2} {KW} 

{C.O.P} 

C.O.P_total=Q_dot_total/w_dot 

C.O.P_cond=Q_dot_cond/w_dot 


